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ABSTRACT

Gagnon terrane in the Parautochthonous Belt of the Grenville Province in
southwestern Labrador is 2 metamorphic foreland fold-and-thrust belt which carried
Lower Proterozoic metasediments and their Archean crystalline basement in a
north-northwest-directed thrust movement onto the Superior Province foreland. Itis
separated from the foreland in the northwest by the Grenville Front and overlain by the
Parautochthonous Molson Lake terrane to the southeast.

Metasediments in Gagnon terrane are part of the Knob Lake Group and were
deposited in the Early Proterozoic on the passive continental margin of the Superior
Craton. They form the southern extension of the Labrader Trough into the Grenville
Province. The basement rocks are predominartly granulite-facies gneisses, migmatites
and amphibolites, which form 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 thinning.

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
zone, 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 beit
in 2 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-dominated system and an upper, metasediment-dominated system. Thrust



sheets in the lower system, are separated by steeply east-southeast-dipping, narrow,
ductile shear zones, are several kilometess thick and weakly deformed intemnally. In
contrast, the upper, thin-skinned thrust system counsists of an imbricate stack of
pervasively, ductilely deformed thrust sheets which vary in thickness from about 200 m
in the northwest, to several kilometers in the southeast. Thrusting in Gagnon terrane
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
sequence, but postdated the thrust activity in the upper system and caused
out-of-sequence thrusting in the latter, where basement thrusts breached the
metasediments. The thrusts in the basement formed by reactivation under oblique
compression of the pre-exising extensional faults.

A pervasive southeast-dipping simple-shear foliation (S,) and
south-southeast-plunging elongation lineation (L) characterize the fabric in the upper
thrust system and in the shear zores of the lower thrust system. The thrusts in both
systems are formed by southeast-dipping ductile shear zones. D, deformation occurred
in the footwall of the thrust wedge and during accretion of the rocks into the wedge.
During progressive thrusting, D, structures inside the thrus: wedge were folded into
northwest-verging F, folds and were affected by northwest-directed out-of-sequence
thrusts. D, 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
F, cross-folds that developed as a result of the oblique convergence of the belt.
Although the peometry of the stacked thrust sheets resembles that of thrust belts at high
crustal levels, all Grenvillian deformation was ductile, typical for rocks of mid-crustal
levels.

Greavillian metamorphic grade of the rocks increases towards the structurally
higher thrust sheets in the southeast, and also along the strike of the belt towards the
southwest. It ranges from sub-greenschist facies in the north, at the Grenville Front, to
upper amphibolite facies (700°C and 11 kbar) in the southeast, near Molson Lake



terrane. Thrusting in Gagnon terrane caused a telescoping and inversion of the
metamorphic gradient, with discontinuities in the metamorphic field gradient across
thrust faclts. P-T paths derived from zoned gamets in metapelites have a “hairpin
shape” and suggest rapid cooling and decompression of the rocks after attainment of the
“peak” metamorphic conditions. Incorporation of thrust sheets into the thrust wedge
caused the switch from prograde to retrograde metamorphism and from predominantly
mylonitic deformation (S,), near the base of the thrust wedge, to folding and
out-of-sequence thrusting (D,), in the remainder of the thrust wedge.

Metasedimentary thrust sheets were incorporated in the thrust wedge by
underplating, rather than by accretion at the toe, after they were buried underneath
Molson Lake terrane down to a depth of about 30 km. Underplating as mode of
accretion of material to the thrust wedge may be the mechanism that causes inversion of
the metamorphic gradient in this and other thrust belts.
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CHAPTER 1

INTRODUCTION

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 continvation of the
adjoining older structural provinces, and the discovery of the previously unknown
Labradorian Orogeny (Thomas et al., 1985, 1986) have 'ed to a new tectonic
subdivision of the Grenville Province in Labrador and eastern Québec 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



PROVINCE

FORELAND PARAUTOCHTHONOUS BELT

X3 Lower Proterozoic sediments Archean Parautochthon (TT)

/] Middie Proterozoic sediments Lower and Middie Proterozoic Parautochthon (CFT)
ALLOCHTHONOUS Lower Proterozoic Parautochthon (GT)
TERRANES [*,*.] Trans Labrador Bathoiith (CFT, GBT & MLT)

- Medium to high grade gneisses Pre-Grenvillian gneisses (GBT)

Fig. 1.1 Tectonic map of the eastern part of the Grenville Province in Labrador and east-
ern Québec. The location of the fieldwork area in southwestern Labrador is outlined. CFT =
Churchill Falls terrane, GBT = Groswater Bay terr., HRT = Hawke River terr., LMT = Lake
Melville terr., MLT = Molson Lake terr., MMT = Mealy Mountains terr., TT = Timiskaming
terr. GB = Goose Bay, MIC = Manicouagan impact crater. Modified from Rivers and
Chown (1986).
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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

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 southemn Québec and Ontario by; 1) the
transition from greenstone belts in the neighboring Superior Province 10
quartzo-feldspathic gneisses in the Greaville 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 Grenville Province is defined as that part of the Canadian
Shield which was affected by the Grenvillian orogeny about 1000 Ma ago (Stockwell,
1961; Wynne-Edwards, 1972; Easton, 1986). It is part of the Grenvillian orogenic
belt, characterized by rocks yielding similar K/Ar and Ar/Ar ages, which stretches
from Mexico and Texas in the southeast to the Sveco-Narwegian 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 (Windley, 1986). Presently most workers in the Grenville
Province assume a continental collision model (Moore, 1986). Several sites for suture
zones within the Grenville Province have been suggested (Thomas and Tanner, 1975;
Windley, 1981, 1986; Rondot, 1986), but it is possible that the actual locus of collision



$a

is hidden in the 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 a2 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 THRUST TECTONICS

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
remnansts of a foreland fold-and-thrust belt (van Gool et al., 1987a, b; 1988z, b; 1989).
This warrants an approach from a thrust tectonic perspective.

Since the work of Dahlstrom (1969, 1970) and Boyer and Elliott (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 worid 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
Elliott, 1982; Butler, 1952; Mitra, 1986; de Paor, 1988). Other studies concentrated
on the mechanics of thrust sheet movement (Elliott, 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,



Moriey, 1988; Lucas, 1989; surge zones, Coward, 1982} or thermal patterns within
thrust belts (Oxburg and Turcotte, 1974; England and Richardson, 1977; England and
Thompson, 1984; Shi and Wang, 1987; Karabinos and Ketcham, 1988; Barr and
Dahlen, 1989).

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 deformation mechanisms to determine the
geometry of structures. In the study area in western Labrador, the thrust belt geometry
has been described in rocks which have been exhumed from mid-crustal levels and
which have been deformed by ductile processes. These rocks represent a deeper level
foreland fold-and-thrust belt than those generally preserved in Paleozoic and Mesozoic
orogenic belts. Thus, the map area provides 2 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 ¢), 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 Greaville Front.

The significance of the presented model for .ne regional geology is discussed
together with the implications for the relations with the surrounding terranes of the
Grenville Province in Labrador. Finally conclusions are drawn for the structural and



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 the 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 varniations in structural style, in microstructures and deformation mechanisms
through the map area;

- the variation of metamorphic grade in the area;

- the P-T 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 METHODS OF RESEARCH

Fieldwork was carried out in three consecutive summers, from 1986 to 1988 and
was concentrated 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 of Wabush
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 ar presented in a 1:50,000
scale map of the Bruce Lake area (Figure 2 in pocket 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
petrography and thermobarometry. In this part of the map, only the Flora Lak« shear
zone to the east of Flora Lake and an area around Moose Head Lake (Figure 1.2) were
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 1A in pocket) is a
compilation of the small scale maps, reconnaissance mapping and the partly
re-interpreted geological maps of Rivers (1980a,b,c; 1985a,b,c). Information 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 reconstruction of the belt, combined
with data on the kinematics of the belt resulted in an interpretation of the stacking order
and the movement pattem 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 gamnets
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 DESCRIPTION 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.0.C.C.) iron
mine, just east of the Québec border. The area is roughly bounded by the coordinates
66°32'W, 67°23'W, 52°52'N and 53°28'N. Forests, lakes and peat bogs dominate the
arez, with a topographic 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



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 Front, have particularly low relief. Only areas underlain by
“pristine” basement rocks (i.¢. not reworked during the Grenvillian orogeny), by large
gabbro bodies or by medium to high grade metasediments have higher elevatons. The
part of the map area that is best exposed and has easiest access is the area in which the
[.0.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 parts that were easily accessible from the Trans Labrador Highway
(Figure 1.2) or by boat from Wabush Lake and Flora Lake,

Abundant lakes, wetlands, heavy forest cover, and glacial debris generally prevent
good exposure of the rocks in the area. Only areas underiain 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 1A). This is
the same area that appears in maps throughout the thesis. Wherever the map is used to
show the distribution of metamorphic facies, stratigraphic variations, P-T data etc., the
main features of the geology (the main thrust faults) are shown, generally without
reference to them in the legends of these maps.
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1.6 ORGANIZATION 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 Chapter S. In Chapter 6 the microstructural variations
throughout the area are described and the deformation mechanisms and the timing of
deformation and metamorphism are discussed. Chapter 7 presents the metamorphic
features and a geothermobarometric study. A model for the thermal and structural
evolution of the thrust belt is presented in a synthesis of the resuits 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 essentiai 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.



CHAPTER 2

GRENVILLE GEOLOGY
AND TECTONIC SETTING 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 part 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 Québec is presented.

2.1 THE GRENVILLE FRONT

On a continental scale the Greaville Front is a rectilinear northeast trending
structure, exposed for approximately 2000 km along strike (Figure 2.1), bounding
rocks characterized by Grenvillian metamorphism, deformation and X-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-Edwards, 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



12

N ALLOCHTHON
- “* — BOUNDARY
: THRUST

FORELAND

Fig. 2.1 Tectonic map of the Grenville Province, showing the subdivision into allochtho-
nous and parautochthonous belts, after Rivers et al. (1989). The tectonic affinity of the
unshaded area is unknown, due to lack of appropriate data.
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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 stacking 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 amphibolite 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 emphasized different aspects of the Front. The main variations are in the
width 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 2 definition for the Grenville
Front is not straightforward, 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. 1A and 1B, 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 2 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
mapoing to the northwest of the study area (James and Stephenson, 1992; James, pers.
comm. 199Z) 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 stmilar to that of the Front defined
here, as a Grenvillian thrust, which would move the locus of the Grenville Front 5 to
10 km 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 TECTONIC SUBDIVISION 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 zones. 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 Greaville 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 rocks ranges from Archean to Middle Proterozoic. Many geatly
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 crust. This is reflected in a negative gravity anomaly southeast of the
Grenville Front, which is most pronounced in Labrador and Eastern Québec
(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 Paravtochthonous Belt and kyanite is the dominant
alumino-silicate. The grade of metamorphism generally increases towards the
southeast, 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 must.

The Allochthonous Polycyclic Belt (Fig. 2.1), tectonically overlying the
Parautochthonous Belt and separated from it by the Allochthon Boundary Thrust, is
composed of several far travelled high grade terranes (Rivers et al., 1989). These
terranes contain rocks of pre-Grenvillian age which generally cannot be correlated to
equivalent terranes in the foreland. Northwest directed transportation has been
estimated to exceed 100 km 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 event, 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 event, and
thus are monocyclic. During the Grenvillian orogeny, these pre-Grenvillian terranes
were assembled into the Grenville Province.

A9
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The Allochthonous Monocyclic Belt comprises the Wakeham terrane in eastern
Québec and several terranes underlain by rocks of the Grenville Supergroup in Ontario
and western Québec (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 PARAUTOCHTHONOUS 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 Xnob Lake Group and their
Archean 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 form a foreland fold-and-thrust belt (Rivers,
1983a). Lack of significant deformation and metamorphism in Knob Lake group
sediments just north of the map area, nc-th of the Grenville Front and west of the front
of the New Québec orogen, and the post-Hudsonian age of the Shabogamo gabbros
suggest that prior to the Grenville orogeny the rocks in the map area were undeformed
(Rivers, 1983a). The front of the Hudsonian defonﬁation in the New Québec 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 tetrane 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 terrane. This dominantly igneous terrane forms the
eastern part of the Parautochthonous Belt (Fig. 2.2), separated 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 terrane (Fig. 1.1), composed of Archean
metasediments that were reworked during the Grenvillian orogeny. The nature of the
boundary is interpreted 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.

The parautochthonous terranes are bounded to the southeast by the allochthonous,
polycyclic Lac Joseph terrane (Figures 1.1 and 2.2), composed mainly of upper
amphibolite to granulite grade paragneisses and gabbros of Labradorian age (Nunn et
al., 1984, 1986; Rivers and Nunn, 1985; Connelly et al., 1989a, b, 1991). The
Grenvillian imprint on these rocks is minor and car oaly 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 during 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 Québec 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 part of the Kaniapiskau Supergroup,
which constitutes the supracrustal fill of the Labrador Trough (Dimroth, 1972; Wardle
and Bailey, 1981). The platformal portion of these sediments, which comprises the
sediments in Gagnon terrrane, is known as the Knob Lake Group. The Kaob Lake
Group sediments were deposited or 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 Grenviilian 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 Québec, which started with the first reconnaissance surveys by
Low (1895). Exploration activity in the area has concentrated on the iron ore
occurrences west of Wabush Lake and to the southwest of the map area. Extensive
mapping and drilling programs were undertaken in the areas of high grade ore, the
results of which were reported in intemal mining and exploration company reports.
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Knowles and Gastil (1959) and Gastil and Knowles (1960) published the first regional
maps with a description of the stratigraphy and structure in the map area. A more
detailed 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
Greaville orogen in western Labrador was published by Rivers (19833, b), as part of a
mapping project of the Newfoundland Department of Mines and Energy (Rivers, 1978,
1980d, e; Rivers and Massey, 1979). This project resulted in a series of maps on
1:50,000 and 1:100,000 scales (Rivers, 1980 a, b and ¢, 1985 2, b and ¢). Publications
by Rivers and co-workers on the tectonic subdivision of the Greaville Province
incorporate this work (Rivers and Chown, 1986; Rivers et al., 1989).

Part of the early work for this thesis has 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 part of a study fora
B.Sc. honours thesis (Brown, 1988; Brown et al., 1991). Recent detailed studies in
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 terranes cast of the study area, by Indares (in 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 Ashuanipi Metamorphic Complex in the Superior
Province northwest of Sawbill Lake.



CHAPTER 3

STRATIGRAPHY AND LITHOLOGY OF THE MAP AREA

The map area is underlain by rocks of three distinct lithotectonic terranes: the
Superior Province foreland, and the parautochthonous Gagnon and Molson Lake
terranes.

Because rocks that originated from the Superior Province are incorporated into
Gagnon terrane, locally preserved in their original state, the lithologies of these two
terranes 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 underiain by rocks of at least three
different ages. Archean gneisses and granites of the Ashuanipi Metamorphic Compiex
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 part 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 terrane follows.

3.1.1 LITHOLOGICAL DESCRIPTIONS

The crystalline basement on which the Knob Lake Group sediments were
deposited consists of Archean mafic and quartzo-feldspathic gneisses and migmatites,
all with granulite facies mineralogies and late granitoids which were virtually
undeformed prior to the Grenvillian Orogeny. These rocks form part of the Ashuanipi
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undeformed prior to the Grenvillian Orogeny. These rocks form part 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 (2425 Ma, K/Ar on biotite, Fahrig, 1967; 2386 and 2371 +25 Ma, Ar/Aron
biotite, Dallmeyer, 1982). The Ashuanipi Metamorphic Complex consists of a complex
of probable supracrustal lithologies 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 + pla + gnt. These rocks have been affected by at least two phases of
deformation. Post-kinematic granites are especially common in the southwestern part
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 form the southern
extension of the Labrador Trough. The stratigraphy of the central and northem parts 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 forms the lower part of the Kamapiskau Supergroup,
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
marble, calc-silicate and metavolcanic amphibolites occur locally, 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 Québec 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 wrbiditic 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 Attikamagen, 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 pure, massive,
coarse-crystalline 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). Itis interpreted to have formed a reef on the edge of the continental shelf and is
now preserved in a narrow strip, approximatoly paraliel to the strike of the belt. It
separates platformal deposits to the west from deeper water sediments to the east.

The Wishart 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 Wishart 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-silicate member.
Its appearance varies with its metamorpkic grade. Whereas carbonates (predominantly
Fe-rich) dominate the lowest and highest member at low metamorphic grade, silicates
(Fe-rich amphiboles and pyroxenes) are more abundant at higher grades. It is banded
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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 amphibolite which are rich in either garnet, sulphides or plagioclase, and
in the western part of the map as thin, well layered intercalations of chlorite-actinolite
schist in the Sokoman Formation and near the bottom of the Menihek Formation. In
the map area it does not appear in the same stratigraphic position that it occupies farther
to the northeast, where it is situated in between the Denault and the Wishart formations.

The Menihek Formation forms the top of the Knob Lake Group sequence in the
map area. In the western part of the map area it is a2 homogeneous pelitic schist, rich in
graphite and biotite, 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 Formation lic 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 kyanite, which makes these rocks quite similar in
appearance to the Attikamagen Formation.

The Knob Lake Group sediments were deposited unconformably 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 basemeat-cover interface is a site of strain localization 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



McKay River Formation. 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 medium to coarse-grained
olivine 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
interpreted 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 increasss towards the higher thrust sheets in the southeast, 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 antiperthitic
plagioclase, quartz and biotite (+ muscovite, + clirozoisite). 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 sane 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 +50 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.
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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 quartzo-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 the
Attikamagen Formation or from the eastern quartzo-feldspathic facies of the Menihek
Formation. This is specifically a problem in the Elmer Lake thrust sheet in the
northern-central part of the map (for thrust sheet locations see Chapter 4) and the
gneissic rocks east of Wabush 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 part of the map
area and very high strain, the basement rocks are transformed 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 Attikamagen and
Menihek formations at amphibolite facies in the southeastern part of the map area.
Both can appear as quartzo-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 protolith, as in the identification of the Menihek Formation south of Wabush Lake
on top of the Sokoman Formation (Figure 1A, 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 Elmer 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 nelp 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 consideratly 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 Elmer Lake thrust sheet and in the Mont Bondurant area, and to a minor
extent in the adjoining thrust sheets, were previously interpreted as part of the
Attikamagen Formation 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 Connelly (1991) and
preliminary reconnaissance of the bonndaries of Molson Lake terrane by the author has
resulted in the recognition of at least two lithological units.

- Metagabbros of the Shabogamo 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 2 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 hoinogeneously 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 formed the eastern margin of an Early Proterozoic continent,
represented by the rocks of the Superior Province. Wardle and Bailey (1981) presented
a model for the sedimentary basin of the Kaniapiskau Supergroup 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 (1983a) schematically
reconstructed the sedimentary basin for the Knob Lake Group within the Gagnon
terrane in southwestern Labrador. Below follows a revision of this model,
encompassing the new data from the mapping project.

3.3.1 VARJATIONS IN THE STRATIGRAPHIC SEQUENCE

The distribution of the formations is shown in the 1:100,000 map (Figure 1A in
pocket) and 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. e 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 lateral changes in thickness of the formations are comimon 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, especially 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 whare 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 B-B’ indicate the locations of the
sections in Figure 3.2. Columns that have their base not exacty 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 Flatrock Lake t.s., CL = Corinne Lake t.s., DL = 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., SD =
Sokoman Duplex, SFL = south Flatrock 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. Furthermore, within small areas the thickness is locaily 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 continent2l 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 Wernicke (1981, 1985) and Lister et al. (1986). This
proposed geometry of the continental margin in the map area is further discussed in
Chapters 5 and 8.

In the occurrences of sediments farthest to the northwest in the map area (Fig.
3.1), the Sokoman Formation unconformably overlies the basement (SWL and BL),
although locally the contact is of a tectonic rature 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
carbonate/silicate member appears near Carol Lake {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 1.0.C.C. mine area (Fig. 1.2).

The Wishart Formation occurs farthest west in the Goethite Bay and Lorraine
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 esumated thickness varies from approximately S0 metres near Mont
Bondurant, to up to 200 metres south of Lorraine Lake. In the central part of the area
the Wishart 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
Lorraine Lake thrust sheet, however, the Wishart Formation overlies the Attikamagen
Formation and the basement is not exposed. The actual thickness of the Attikamagen
Formation here is unknown.



The Denault Formation appears as a relatively narrow strip of 2 t0 3 km wide,
east and south of Wabush Lake, marking the eastern edge of the continental shelf (DL
and JP). East of it we find a thick succession of metapelites and psammites of the
eastern facies of the Attikamagen Formation (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 fromm Wardle and Bailey (1981)
and the model for the continental margin of Rivers (19832), a schematic reconstruction
was made of the restored depositional basin, as is shown 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 paraliel 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 east of Wabush
Lake representing the margin and slope deposits. The sediments were deposited with
an onlap 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-uniform subsidence at the time of deposition.
A basement high 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 southem part of the map, where the older units are
exposed and where the stratigraphic sequence is significantly thicker. A considerable



33

Menihek Formation Denault Formation
Sokoman Formation [:l Attikamagen Formation
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McKay River Formation

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.
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increase in the amount of exposed rocks of the Attikamagen 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 Bondurant, north of section A-A", the deeper
part of the shelf widens again and contains thick deposits of the Sokoman Formation
lithologies.

The site of the Denault Formation marks a brezak in the stratigraphy, which
supports the interpretaticn 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
Attikamagen Formation.

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 2 common
shallow-dipping detachment.

It should be noted that the total thickness of the sediments in the map area is
extremely thin compared to other orogens and present continental margins. The rocks
in the shallow northwestern part of the shelf comprise no more than 200 m in total and

are locally less than 100m thick. The sequence on the deeper southeastern part 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 interpretations are largely speculative in the context of this study.

Yy



CHAPTER 4

THRUST BELT GEOMETRY OF GAGNON TERRANE
IN THE LABRADOR CITY / WABUSH AREA

Gagnon terrane in southwestern Labrador is a foreland fold-and-thrust belt in
which rocks of the Grenvillian Parautochthonous Belt are emplaced on the Superior
Province foreland by northwest-directed thrusting. For an evaluation of the tectonic
development of the area, 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 Greavillian
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. Aftera
detailed discussion of the variations in structural style and metamorphic grade 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 1B 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 (1985a, 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
are left out of this map and are preseated only in the more detailed maps in the text of
Chapter 5 and in Figure 2 (in pocket). The cross sections in Figure 1B (in pocket)
incorporate more details and interpretaticns than the 1:100,000 scale map in Figure 1A.
As a result, many of the structures shown in the cross-sections do not match similar
features in the map.
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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 Greaville age structures, of
which the first two were directly attributed to thrusting. The cldest Greavillian
structure that can be recognized in the area is a regionally developed, shallowly
southeast-dipping foliation, which is axial planar to isoclinal, locally rootiess 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 S, foliation
plane and together with shear-sense criteria indicate the northwest-directed movement.
Northeast-trending folds which overprint this foliation were grouped together by Rivers
(1983a) into a second generation of structures, F,, 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 S. The D, and D, structures
dominate the map pattern in a zone up to 20 km wide southeast of the Grenville Front
and control the NNE-trending structural grain of the belt. The youngest structures are
kilometer-scale, ENE-vergent, south-southeast-plunging cross folds (F,), which are
restricted to the southeast corner 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 important characteristics of the system are
discussed below and 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 beit. In his model a northwest-vergent thrust
stack developed in the early Proterozoic shelf sediments during D,, 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,). During the last stage of development of the belt a small portion of the basement
rocks was plucked off the buttress and incorporated in the thrust stack. These
generations of structures were interpreted to be formed during progressive stages of the
development of the thrust belt. The Greaville Front was located at the main boundary
between basement and cover rocks. Rivers (1983a) suggested a possible 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 foreland thrust belt is
commonly controlled by the emplacement of a dominant thrust sheet, with dimensions
an order of magnitude larger than the sheets in the underlying system. These features
will be compared to those o the fold-and-thrust belt in southwestern Labrador.



39

4.1 LITHOTECTONIC DOMAINS IN THE MAP AREA

In the lithotectonic map in Figure 4.1 the rocks of Gagnon terrane are grouped
into one of five lithotectonic domzins which form 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, separating 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 stratigraphy,
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 Greavillian shear zones. Only in the
northemn end of this domain, in the Sawbill Lake thrust sheets, is a significant
amount of cover rocks present, 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.

Domain I

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 Sokoman and Menihek formations. Of the Sokoman Formation only the two
upper (oxide and carbonate) members are present. Basement rocks in domain IT
are subordinate and appear as: i) thin, highly deformed slices near the floor of the
thrust sheets; i) as less deformed bodies in the cores of fold nappes; or iii) as
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large, virtually undeformed inliers. The thrust sheets in this domain can be
extremely thin. They vary in thickness from about 100 m to several hundreds of
meters.

Domain Il
Overlying the northern part of domain II is a belt of rocks dominated by intensely
deformed 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 deformed basement rocks are also present.

Domain IV
This domain, adjacent to Wabush and Shabogamo Lakes, is dominated by
metasedimentary rocks of the deeper part of the continental shelf and contains the
complete stratigraphic sequence of the Knob Lake Group in the region. In the
southern part of the domain the metasediments are folded in kilometer-scale,
north-northeast-trending F, folds which are overturned to the northwest. In the
central part of domain IV around Mont Bondurant, and farther south, highly
sheared basement rocks are present, similar to those in domain IIl. 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 Formation 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 Attikamagen Formation, that were deposited on the continental slope.
South of Wabush Lake the domain aiso contains significant amounts of marble of
the Denault Formation. The sequence of clastic metasediments is interpreted to be
up to several kilometers thick and is strongly folded in originally
northwest-verging F, folds which are overprinted by southeast-plunging F, 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 separates 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 area, 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 conform to
existing models for thrust belt geometry.

4.2 SUBDIVISION OF GAGNON TERRANE INTO THRUST SHEETS

The northwestern part of Gagnon ~nnaae consists of an imbricate stack of thrust
sheets, bounded by thrusts that dip shall 1y to moderately to the southeast (Rivers,
1983a; van Gool et al., 1987a. b, 192~ b; Brown et al., 1991). “_.e highest, furthest
travelled thrust sheets are found :~ ¢  southeast. The bounding thrusts occur as ductile
shear zones, in which the shear strain xs 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 parts 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 Figure
4.3. The thrust sheets are described below from the lowest structural level in the
northwest to the highest in the southeast,
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LEGEND
-~ Thrust fault
A Strike slip fault
—— Other geological contact
- — Metamorphic zone boundary
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Molson Lake terrane

WABUSH LAKE
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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; SD = Sokoman Duplex; WV = Wide Valley triangle
zone. TS = thrust sheet.
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Menihek Formation
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D Wishart Formation
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Fig. 4.3 Variations of the stratigraphy in the thrust sheets in two sections through the area.

The lines of section from which the stratigraphic columns are taken is shown in Figure 3.1, which

are the same as the restored sections in Figure 3.2. For explanation of the acronyms see

Figure 3.1.



42.1 DOMAINI

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 50 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 virtually 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 I

The Corinne Lake thrust 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 the thrust sheet exposes the underlying,
almost pristine basement.

In the Flatrock Lake thrust sheet metasediments 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 Valley area, previously referred to as the Wide Valley thrust sheet (van
Gool et al., 1987b), forms 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 southwest is not well defined.

The southwestern part of the O'Brien 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 could, at
least in part, be phyllonitic basement mylonites. Rocks of the Sokoman Formation are
subordinate.

The Emma Lake thrust stack 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 deformed, together with the
overlying sediments, by shearing and folding. The thrust stack is truncated in the
northeast 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 basement. Basement and cover rocks are interieaved on
a fairly small scale by both thrusting and intense folding.

The Sokoman duplex is 2 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. Itis
the only thrust sheet in the map area which could be mapped as a true duplex. To the
northeast the duplex is cut off or ends in a Lateral ramp.



4.2.3 DOMAIN II

The Elmer Lake thrust sheet overlies the Flatrock Lake thrust sheet and consists
mainly of highly deformed basement rocks, containing several large (km-size) lenses of
low strain (i.e. with respect to the Grenvillian deformation) Archean basement. Only
thin slices ( <50m) of cover rocks appear in the thrust sheet. it appears that most of
the sedimentary cover has been tectonically removed from the thrust sheet, since the
roof thrust, which is best cons..ained at the foot of Mont Bondurant, is situated in
basement rocks.

In previous work the strongly deformed basement rocks in the Elmer Lake tnrust
sheet were interpreted as metasediments of the Attikamagen Formation (Rivers, 1985b)
or their equivalents (Fahrig, 1960, 1967). It is possidle 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 component of the thrust sheet.
Amphibolites are common in the Elmer Lake thrust sheet, most of which were
originally mapped as metagabbros (Rivers, 1985b). Some of the amphibolite bodies
have been re-interpreted as an original mafic component of the basement complex.
42.4 DOMAINIV

The Lorraine Lake thrust sheet, in which the I.0.C.C. iron mine is located,
contains the greatest thickness of both the Sokoman and the Wishar: formations
(together over 400 m). Rocks of the basement 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 part of the thrust
sheet, previcusly separated from the southern part as the Mont Bondurant tiirust sheet
(van Gool et al., 1987a), is dominated by strongly deformed basement with a small
amount of quartzite of the Wishart Formation.

The southern part of the Lorraine Lake thrust sheet is dominated by
metasediments and basement rocks are not exposed. The exact position of the floor
thrust with respect to the coatact between 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 sheet, 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 transition in stratigraphy and metamorphic
grade along a line east of Carol Lake, wiiich lies along the extension of an observed
thrust fault near Rivigre aux Fraises (Fig. 1A; see Chapter 5). South of Carol Lake the
floor thrust cuts up to the level of the Wishart and Sokoman formations. The fioor
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 west, the lower part of the stratigraphy is lost: both Attikamagen and Wishart
Formations and the oxide member of the Sokoman Formation do not appear west of the
boundary. On the other hand, basement rocks appear in the Carol Lake thrust sheet,
which seem to be absent in the southern part of the Lorraine Lake thrust sheet (Fig.
4.3, section B-B').

The transition from the northern to the sputhern part of the thrust sheet is gradual
and lies between the northem end of Lorraine Lake and d'Aigle By at the mouth of
Rivitre aux Fraises. In the trans:tion zone the basement is overlain by a thin cover of
rocks of the Attikamagen Formation, 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 Wishart Formation lie directly on
the basement.

The floor thrust of the Lorraine 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 northem part of the Lorraine Lake thrust sheet is
dominated by shearing and thrusting. Folding becomes more important towards the
south. From Lorraine 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). Itis possible, however, that the continuity of the stratigraphy, as
presented in the map and cross section of figures 1A and 1B, has been disrupted by
thrusting in this part 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 Wishart Formation and carbonate and oxide members of the Sokoman
Formation, the latter two exposed in a syncline in the Julienne 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 sheet, forms an imbricate stack of thrust slices which are
dominated by massive rocks of the Sokoman and Wishart 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 50 m in thickness) are
exposed at its western boundary, close to the floor thrust and on the northeastem shore
of Julienne Lake. The original floor thrust is interpreted to lie at the base of the
Wishart Formation and the basement slices were introduced afterwards by thrusting that
originated at a lJower level. A transition in the stratigraphic 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 thrust sheet south of Wabush Lake contains rocks that
originated on the continental margin. It stretches beyond the map boundaries to the
southwest for several tens of kilometers, where it is dominated by massive dolomitic
marbles of the Denault Formation and gneisses of the Attikamagen Formation. It is
separated from the Wabush Lake thrust sheet 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 Lake. This thrust sheet may not be completely disconnected from the Lorraine
Lake thrust sheet. The boundary 2one consists of a kilometer-scale, overturned,
northwest-vergent antiform of which the lower limb is partially thrust through (Fig. 1B,
in pocket). The Duley Lake thrust sheet is characterized by an interference pattern of
large-scale, northeast-trending folds (F,) and younger southeast-trending folds (F,)
(Rivers, 19832).

The Wabush Lake thrust 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 1A).
Basement rocks may be present in the thrust sheet, but are no: recognized as such,
because of the similarity of metasediments and deformed basement rocks at high
metamorphic grade and high strain.

No internal thrusts were recognized in this thrust sheet. Both F, folds that were
originally northwest-vergent and kilometer-scale northeast-vergent F, 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 thrust, but it may
well be that locally the Attikamagen and Denauilt 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 F, cross-folds.

4.2.6 LARGE SCALE FAULT ZONES

The Grenville Front is defined as the lowest Greavillian thrust fault that has been
recognized. West of Sawbill and Bruce lakes it has a clear topographic 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.
Further southwest its trace is lost and the Front is tentatively connected with the thrust
through Lac Montenon. Possibly the northern-most part of the thrust dies out
southwestwards in a ap line and the Grenville Front sidesteps to 2 higher thrust. It is
also possible that 2 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 .a wide (Fig. 2, in pocket). It can be traced for over 20 km
and is inferred to extend northwards for at least another 15 km. In the northeast it
separates 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 Sokoman Formation. 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. Tne normal 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 2zone. 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
Flatrock Lake thrust sheet. These two shear zones are tentatively connected to form a
continuous, steeply southwest-dipping, oblique-slip fault zone with a right-lateral
component of displacement, causing a clock-wise rotation in plan view of the structures
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in the southern end of the Flatrock Lake thrust sheet. However, no evidence of a
continuous shear zone is found in the Elmer Lake 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 METAMORFPHISM IN THE MAP AREA

Gagnon terrane has a telescoped, inverted metamorphic gradient which is typical
for thrust belts in general. The peak metamorphic conditions vary from lower
greenschist facies in lithotectonic domain I in the northwest, to upper amphibolite facies
in domain V in the southeast of Gagnon terrane, 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 (1973). 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 greenschist facies), covering the Sawbill Lake, Bruce Lake,
Corinne Lake, Flatrock Lake, Wide Valley and Lac Montenon thrust sheets; 2) low to
medium grade zone (upper greenschist facies): Read Lake, 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): Wabush Lake and Duley Lake thrust sheets.

This metamorphic zonation does not coincide exactly with the. 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 lithotectonic domains
the metamorphic grade increases from northeast to southwest. Towards the southwest,
rocks have been exhumed from increasingly deeper crustal levels and the present
erosion level forms ar oblique cut through the fold-and-thrust belt.



4.4 THREE-DIMENSIONAL GEOMETRY OF THE
FOLD-AND-THRUST BELT

The lack of significant topographic relief in the map area prevents a true
three-dimensional reconstruction of the structures. The geometry of the belt at depth
can only 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.

The general geometry of the belt in the third dimension is outlined in Figure 1B
(in 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 detailed
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 respect to the movement direction. They show
that Gagnon terrane 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 form thrust
systems on two different scales and levels.

The upper, sediment-dominated system consists of lithotectonic domains I, IV
and V and is intersected by the reworked basement rocks of domain III. In contrast to
existing models, this belt appears not to have a sole thrust that cuts progressively
up-section in the direction of movement. A geometry that would be expected,
according to the rule of an upward cutting sole thrust, would show from southeast to
northwest a decreasing amount of basement involved in the thrust belt. Instead the
sediment dominated system has a maximum amount of basement incorporated in the
ceater of the belt, in the Carol Lake, Elmer Lake and northern part of Lorraine Lake
thrust sheets (Fig. 1B, in pocket, and Fig. 4.3).
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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
basement, rather than follow the basement-cover interface, which forms a level of
mechanical discontinuity and of strain localization and would be 2 favourable site for
the basal detachment. This will be discussed further in Chapter S.

The lowes 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 II (Fig. 1B, sections I and II). 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 ki 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 Front, is a narrow shear 2one 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 detachment 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
Elliott (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 2xplained 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 dispiacement on the floor thrust of Molson Lake terrane is larger than on any thrust
in Gagnon terrane (see Chapters S and 8), the thrust belt forms a trailing imbricate
stack (Boyer and Elliott, 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. First
the details of the geometry, structural relationships, kinematics, metamorphic
development and other aspects of the belt are discussed in the ensuing chapters.



CHAPTER 5

STRUCTURAL 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 100 m 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 Elliott, 1982), presumably provided the load for the
metamorphism and caused the deformation of the rocks in the underlying Gagnon
terrane (Connelly, 1991). Thrusts and folds have deformed the 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 terrane 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 Grenviltian
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.
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5.1 DETAILED DESCRIPTIONS OF THE STRUCTURES IN GAGNON
TERRANE

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 rcma.inder
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 Lake 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 inforsration than the
1:100,000 or 1:50,000 maps (Figures 1A and 2 respectively). Cross sections are
presented for all maps. As discussed in Chapter 4, the cross-sections in Figure 1.B
show more detail and interpretation than the map of the same scale. As a result thrre 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 area (Figure 1B, in pocket)
schematically show the relationships between the different thrust sheets and the
variations in large-scale structures, both observed and interpreted.

Structural 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) / 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).



58

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 NOMENCLATURE AND AGE RELATIONSHIPS OF THE STRUCTURES

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 that 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 localized 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 deformed. 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
localized 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. Coward
and Potts (1985) and Holdsworth (1990) reported similar problems of correlating
generations of structures in thrust belts. An example of the problems that can arise, is
the situation where one generation of early structures affecting the rocks in the upper,
sediment-dominated thrust stack in Gagnon terrane (D, in a local numbering scheme), is
followed by a thrust which cuts up from the basement (where it is a D, structure) into
the sedimeats (where it is a D, 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 II.
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] 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 (S,,). The deformation related to this thrust that originated
in the basement creates first generation structures in the basement (S,,) and second genera-
tion structures in the overlying metasediments (S, ). 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 correlation can be made between equally
numbered generations of structures and that the time connotation of the numbers is lost.
On the other hand, the common occurrence of similar overprinting patterns throughout
the belt suggests that all parts of the belt have gone through similar phases of
development. Structures that are grouped together may therefore represent similar
processes that took place in different parts of the belt at different times.

The Grenvillian structures are subdivided into: 1) a regionally penetrative
foliation S,; 2) structures related to the west-directed thrusting which deform the §,
foliation (D,); 3) structures related to the large-scale cross folding F,. Thisisa
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 western part of the area cannot be correlated regionally and they
represent 2 wide variety of ages, types and orientations of structures which formed after
the development of the S, and during the northwest-directed thrusting event. In
lithotectonic domain V the structures are more regionally consistent and can be
correlated through the thrust sheets. The F, cross-folds postdate all D, structures and
are related to a different stress field. They dominate the southeastern part 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 information is available to do so. For structures that originated in the lower
level, basement-dominated thrust systeru, the subscript "L" is added to foliation or fold
references (e.g. S,;, F). For those structures that originated in the upper level,
sediment-dominated thrust system, the subscript “U" is added (e.g. S,y, Fx)-
‘Wherever no indications existed for linkage of structures 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
systemn structures was made only in the labelling of the thrust faults.

The majority of the shallow t0 moderately dipping shear zones in the area repeat
parts 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-of-sequence thrusts were recognized. The definition of these
terms is based on local overprinting -elationships. 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-of-sequence thrust, even if the thrust did originate 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 hanging wall.

5.12 PRE-GRENVILLIAN STRUCTURES

Basement rocks which have not been affected by a penetrative Grenvillian
deformation reveal part of a complex Archean tectonic history. in the high-grade
gneisses and migmatites, as well as the amphibolites, structurss of at least two
generations can be regionally recognized. The older is a penetrative 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-Greavillian granulite-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 recognized 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 related to the Grenvillian
orogeny. Any further mention in the text of deformation of the basement rocks, or lack
thereof, refers to Greavillian 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 Froat in this thesis, but as noted, a lower Greavillian thrust may exist 5 to 10
kan further west (Yames 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 Virot in the southwest of the map.
At the lowest metamorphic 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 (in sequence of increasing strain, containing respectively
10% to 5S0%, S0% to 90% and 90% to 100% matrix; 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 cm 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 uitramylonitic zones of several
meters wide were observed. Towards the shear zone boundaries the frequency of these
discrete movement zones decreases. The foliation (S;;) is formed by extremely
fine-grained 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
(Berthé 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 L, (Appendix D, Fig. D.1B, 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 greenschist facies and has a slightly different character. It is well exposed on the
northwestern shore of Reid Lake and west of the northern tip of Lac Virot (Fig. 5.1;
Fig. 1A, in pocket). At Reid Lake strongly sheared rocks of the basement and
Sokoman Formation represent the southwestern extension of the Greaville Fror:  The
higher metamorphic 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 range from protomylonites to ultramylonites.
In contrast to the northern part of the Grenville Front, deformation here is more
homogeneous throughout the shear zone. Oriented micas, quartz ribbons and pressure
shadows around feldspar porphyroclasts define the foliation. All rocks have L-S fabrics
in which the lineation is dcfined 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 Front, 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 Grenvillc Front. Foliation planes were plotted with
scparate 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 data 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 separated by
35 1o 45° (Fig. 5-3a). Orientations of foliations in the high strain domains within the
shear zone are different from those in both low strain ienses 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 170/65 for the low strain foliations) are
similar to the orientations of two sets of S and C planes in the shear zone (Fig. 5.3a).
The strike of the Grenville Front between Bruce and Sawbill lakes 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 S and C-planes are virtually parallel) is
assumed to represent 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. 5.3b). 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 represent 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
zone. -
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170/65
155/65

Bruce Lake - Sawbill Lake Reid Lake

Foliation plane in low strain domain
Foliation plane in high strain domain
S-plane in S-C mylonite

C-plane in S-C mylonite

@ x0 +m

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 Sawbill Lake (A) and west of Reid Lake (B). 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 Greaville Front are due to either an heterogeneity of the stress field, or
to the fact that the orientations of the shear zones were determined by pre-existing
structures, such as pre-Grenvillian extensional faults, which were originally
non-parallel. The dip of the Grenville Front, as indicated by the foliation in the high
strain domains, is moderately steep (50 to 55°), which is in accord with the oblique-siip
nature of the shear zone.

5.1.4 STRUCTURES IN THE LOWER THRUST SHEETS, DOMAINS [, II, III
AND IV

The oldest Grenvill:an structural element that can be recognized in the field is the
S, schistosity, which is pervasive in the metasediments, but in the basement rocks in
domain I is concentrated in shear zones. The S, commonly has a mylonitic character
and kinematic indicators combined with a stretching lineation (Ly), 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 recognized.
Specifically in the high strain zones the observed foliations are predominantly C-planes.
Boudins in the iron formations, extreme flattening of grains as well as shear band
cleavage in the mica schists indicate a large component of extension during shear
movement. The S, 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 northwestern vergence of the structures. The
orientations of Ly lie in the southeast-dipping S, plane with a strong maximum in the
SSE. The orientation ranges from down-dip in the S, plane to oblique with 2 southerly
pitch. F, folds have an axial planar foliation defined by S, and are generally tight to
isoclinal and asymmetric. F, folds axes are curvilinear and generally plunge SSE. In
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the thrust sheets of the upper level system the S, foliation is pervasive, but the strain
increases towards the shear zones which form the thrusts. In the lower level thrust
systers, the S,, foliation is concentrated in the shear zones and is not penetrative on
outcrop scale in the interior of the basement thrust sheets.

All structures deforming the S, foliation are grouped together in D,, even though
they represent a wide range of relative ages of formation. D, structures are mainly
folds, or fold nappes, which also show 2 variation in fold-axis orientations, but the
maximum orientations are commonly shallowly south- to southwest-plunging. These
folds are asymmetric, northwest-vergent and the axial planes dip moderately to steeply
to the southeast. In the thrust sheets of lithotectonic domain II the F, folds are
commonly related to fold nappes which appear on 2 scale ranging from centimeters to
hundreds of meters. In the basement rocks of domain I F, folds are found only in shear
zones in the southern part 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. The ductile nature of the deformation is discussed in more detail in
Chapter 6. All kinematic indicators of both D, and D,, in the upper and the lower
thrust system indicate northwest-directed movement. The kinematic indicators are
discussed in more detail in Chapter 6.
5.1.5 BRUCE LAKE AREA

Figure 2 (in pocket) shows the geology of the Bruce Lake area. Parts of the area
were described previously by van Gool et al. (1987a and b, 19882 and b, 1989). It
comprises parts of lithotectonic domains I, II, III and IV and covers the Bruce Lake,
Corinne Lake, Flatrock Lake, Wide Valley, Elmer Lake, Goethite Bay thrust sheets
and the northern part 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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§.1.5.1 Basement rocks

Most of the basement rocks in domain I are 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 2ze also of Archean age (Appendix D,
Fig. D.1B). In areas of penetrative Grenvillian overprint these orientations change,
e.g. in the Emma Lake area (Appendix D, Fig. D.1B).

The shear zones in domain I have identical characteristics to the shear zone that
forms the Grenville Front and likewise show slight variations with increase in
metamorphic grade from northeast to southwest. Orieatations of the S;; foliation planes
are similar to those of the Grenville Front (cf. Fig. D.1B, 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 are more common and
plunge south-southeast, slightly oblique in the high strain foliation plane (Fig. D.1B).

Deformation of the basement rocks inside the thrust sheets in domain I is
generally negligible on outcrop scale. However, close inspection shows a poorly
defined S,; fabric consisting of preferentially oriented microfractures. At higher
metamorphic grades the fractures change to microshears, which are coated with
microscopic micas (sec Chapter 6). The density of the microshears .ncreases 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
S,, fabric.



5.1.5.2 Bruce Lake shear zone

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 characteristics 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 ranging 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 area, quartz porphyroclasts
are common. At two bends in the shear zone slices of moderately deformed rocks of
the Sokoman Formation occur at the southeastern boundary. The Bruce Lake shear
zone can be mapped for at least 20 km along strike, but is inferred to extend at least 15
km further to the northeast (cf. James and Stephenson, 1992). S, 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.1C). S and C planes, shear bands and
tailed porphyroclasts indicate an oblique dextral-normal sense of movement, 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 Lake shear zone is an overturned backthrust.

5.1.5.3 Corinne Lake and Flatrock Lake thrust sheets

Structures in the Corinne Lake and Flatrock Lake areas are similar and are
discussed together. The southemn 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 Flatrock Lake area (Figures 5.4 and 5.5).
Figure 2 (in pocket) covers the Corinne Lake thrust sheet and the central part of the
Flatrock Lake thrust sheet.

These two Iowest thrust sheets of domain II 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 Flatrock Lake thrust sheet and inliers of less deformed basement rocks in
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A3 S, axial plane

\, F4 fold axis or intersection lineation
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Detailed map of the southern Flatrock Lake area. Cross sections |, |l and |l are shown in Figure 5.5.
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Menihek Formation
Graphitic and garnetiferous biotite schists

Sokoman Formation
Banded iron lormations

Archean basement
Gneisses, migmalites and granites

Bedding or foliation

Geological contact

Thrust fault, upper system or unspecified
Thrust fault, lower system

High angle fault

Fig. 5.5

Schematic cross sections through the southern part of the Flatrock Lake area. The sections are not parallel to the

movement direction and are not balanced. They incorporate information from both sides of the sections, which was projected along
the plunge onto the plane of the sections. Locations of the sections are shown in Figure 5.4. ELT = Elmer Lake thrust sheet.
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both thrust sheets. These rocks are deformed by imbricate ductile thrusts and folded in
generally northwest-vergent folds. Thrusts are either shallowly southeast-dipping.
related to the upper thrust system, or sieeply southeast-dipping and related to the lower
thrust system. The regionally penetrative S, 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 north towards the southern part of the Flatrock Lake
thrust sheet.

Small-scale structures

The S, 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 protomylonite 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-sirain rocks
and generally contain shear bands, which together with the phyllonitic foliation define
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Fig. 5.6 Boudins 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 (mainty
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 ¢ap near the top of the
outcrop is S cm. Traced from a photograph.

Fig. 5.7 Asymmetric boudins and folds in banded Sokoman Formation near the southern end of
Flatrock Lake. The boudins consist of carbonate-rich material (mainly siderite). The boudin necks
are filled with dolomite and the surrounding rock consists predominantly of quartzite interbedded
with thin carbonate layers. Asymmetry of the folds and boudins indicates northwest-directed
movemnent. 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
footwall ramp undemeath the boudinaged tayer, Traced from a photograph.



an anastomosing pattern (Plate 5.5). The basement rocks in these thin slices in
lithotectonic Domain II are more homogeneously deformed than in Domain I, where
strain localization 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 S, 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 commeonly up to several melers
wide and have a2 well developed mylonitic 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 2 northwest-directed, reverse sense
of shear. Displacement on these thrusts, which form 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 mineral- or stretching lineation (Lg), 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 Ly is
oriented quite consistently throughout the area and has a shallow south-southeasterly
plunge. In the quartzites the lineation is defined by elongated or rodded quartz grains
(Plate 5.6). Alignment of amphiboles (grunerite or cummingtonite in the Sokoman
Formation and actinolite in the basement rocks), elongated carbonate minerals or
pressure shadows around porphyroclasts form the Ly in most other rock types. At very



Fig.5.8 Low strain lens of basement rock in mylonitic reworkec basement in a ductile thrust in
the Goethile Bay area. The shaded malerial consists of low-strain granitic basement. The
remainder is biotite schist. Most of the low-strain lenses and porphyroctasts are asymmetric in
shape and indicate northwest-directed thrust movement. Moth with wingspan of about 4 cm, at
bottorn of outcrop for scale. Traced from a photograph.
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Fig.5.9 Sketch of cutcrop containing two generations of reverse faults in rocks of the Sokoman
Formation at the southern end of the Flatrock lake thrust sheet. The oider Dqy fault (at amow) cuts
at a small angle through the bedding in a footwall ramp at the right hand side of the outcrop, but is
paraliel to the bedding in a fiat on the left. The younger reverse fault is steeper and Is associated
with an F, fold. Traced from a photograph.



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 2 result of insufficient prismatic minerals.

Small intra-formational D,,; thrusts were observed in several outcrops and
examples are shown in figures 5.7 and 5.9. In the latter, a fault (at arrow) cuts at a low
angle through bedding in a footwall ramp and becomes parailel to bedding in both
footwall and hanging wall in the flat at the left part of the outcrop. Both the bedding
and the thrust fault were folded by a younger D, structure. These early reverse faults
can only be recognized where they form ramps, or where they repeat the stratigraphy.
In the flats within the Sokoman Formation they cannot be recognized. Presumably such
faults are abundant on a wide range of scales. They may b= an important factor in the
thickening of the formations and hamper estimation of original thicknesses.

The §,,, foliation planes are generally oriented sub-parallel to S, (the sedimentary
layering), and both dip shallowly to the south-southeast (Figures D.1D, D.1E and
D.1F). F,, folds have an S,;; axial planar cleavage and most are asymmetric, isoclinal,
intrafolial folds (Fig. 5.10 and S.11), which suggests that bedding planes have been
transposed towards the S,;. F,, folds are not common. In the few outcrops where a
distinct angle between S, and S, exists, S, is the steeper of the two. F,,, fold axes and
S¢S,y intersection lineations are curvilinear and have variable orientations which lie in
a shallowly south-dipping plane, with a maximum in the south-southeast, close to that
of the Ly (Figures D.1D, D.1E and D.1¥). 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,;; 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 F,, folds, as proposed by Rivers (19832), 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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Fig.5.10 Fy, -Fyy fold interference in rocks of the Menihek Formation at the northern end of
Flatrock Lake. The graphitic biotite schist (dashed) has 3 strong S, ; schistosity which is axiat
planar to isoclinal Fy,; folds with anguiar fold hinges. The enveloping surface of Sy in the sketch is
about horizontal. Quartzo-feldspathic layers (in white) do not show a clear foliation. The contact
between the two is assumed to represent bedding (Sp). Fy; folds. with axial planes dipping to the
left, refold the Fyfolds and the S, schistosity, resulting in a complex fold interference paitern.
Traced from a photograph.

Fig. 5.1 Ru-Fu fold interference in rocks of the Sokoman Formation in the Wide Valley area.
A quartz-rich layer in a well foliated quartz-carbonate matrix is foided in isoclinal F, folds. The S1u
schistosity forms the dominant foliation in the surmrounding rocks and is axial planar to the Fy,foids.
Younger Fy fokds. with an axial plane that dips shaliowly to the left, caused a fold interference
patiern. In the botum right-hand corner an Sy crenulation cleavage is developed. Note that both
generations of foids are northwest-vergent.



Fig.5.12 F; sheath fold in the Sokoman Formation in the Sickle Lake shear zone. south of the
Flatrock Lake thrust sheet The fold axis of this ‘old, like most other folds in the shear zone, is
paralle! to the stretching lineation, parallel to the direction of view. Note the F, fold in the bottorn
right-hand comer of the outcrop. Traced from a photograph.

SE

Fig.5.13 Field sketch of a fold nappe in banded 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 towards the right. Both a hanging wall
anticline and a fooltwall syncline are developed.
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A secend generation of structures is characterized by asymmetric F,,, folds, which
are predominantly northwest-vergent. They overprinted F,,, folds and folded the S,
foliation, as well'as the L, and L, lineations (Fig. 5.10 and 5.11). The geomerries of
F,,, 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 F,, folds have shallowly plunging fold axes, axial planes dipping between
30 and 60° and are commonly overtumed. Tnae S, dip-directions are similar to the
S,y but they are 10 to 40° steeper. Locally in the Sokoman Formation, especially in
the Corinne Lake thrust sheet, folds have axial planar foliations consisting of widely
spaced parallel quartz veins, indicating extension in the outer part of the fold hinge. In
2ones of D,,,-strain in schists of the Menihek Formation and in phylionites in the
basement or the Sokoman Formation, S, forms a crenulation cleavage which is axial
planar to F,, folds (Fig. 5.10). At high D,,-strain this crenulation cleavage has become
the dominant cleavage in the rocks and locally obliterated the S, foliation, forming a
transposed schistosity. In a few locations several generations of F,,, folds of similar
style formed overprinting patterns. These multiple generations of F,,, folds presumably
developed during one progressive deformation event. Locally F.,, 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 F,,, fold which sheared through along the axial plane
to form a small fold nappe. An older D, thrust fault, indicated by the solid arrow, is
affected by the F,, 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 F, fold nappe on a larger-scale in the southern
part of the Flatrock Lake thrust sheet. A reverse fault with a hanging wall antiform and
a footwall synform changes in the direction of movement into a ductile, asymmetric,
northwest-verging F, fold. The fault changes from left to right from a brittle fracture o
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



out in a widening zone of progressively less intense and more open folding. In the
high-strain zone a new post-S,;, foliation is formed. These fold nappes are cither
restricted to the sediments and form true D,,, structures, or they form at the tips of
thrusts that cut into the sediments from the lower thrust system and are D,, 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-S, folds suggests that
they formed under varying conditions during an extended period of thrusting.

F,,, fold axes are curvilinear and show a wide spread of orientations within a
shallowly south dipping plane (Figures D.1D, D.1E and D.1F). 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 F,, folds locally form sheath folds. In the Corinne
Lake thrust sheet, the S, and S,,, were folded over shallow, south-southeast-plunging
F.; and F,; fold axes, of which the latter are related to thrusting in the basement.

Large-scale structures

In the Corinne Lake thrust sheet and the central-western part of the Flatrock Lake
thrust sheet the metasediments are detached from the underlying basement (Fig. 5.5,
section I; Fig. 5.14 section I), as suggested by the high-strain zone at the contact
between the two units. However, locally thin sheets of basement rocks are
incorporated into the Flatrock 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. 5.5, section
D.

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 sheet. The northwest 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 the shear
zone. Two basement culminations, consisting of low-strain basement rocks, occur as
windows in the area, the smalier, western one is the Corinne Lake culmination, the
larger castern one is the Grace Lake culmination. The asymmetry of the small-scale
F,, 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 F,, folds. A stack of
steeply southeast-dipping, meter-scale, brittle reverse faults, with cm to dm-scale
offsets, situated in the metasediments 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 metasediments. The fold in the center of the
thrust sheet is a true F; structure, which caused the development of a second
crenulation cleavage in the schists of the Menihek formation.

The Flatrock 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 the 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 Flatrock 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 ona D,
thrust (Fig. 5.5, section IT) and a similar structural setting is assumed for the two
others. The rocks of the Flatrock Lake thrust sheet are strongly folded and fold nappes
are common and locally overturned (Fig. 5.5 and 5.13). A detailed map of the south
Flatrock Lake area (Fig. 5.4) shows the structures in the southern part of the thrust
sheet. One large ~verturned basement-cored fold east of the southern end of Flatrock
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 I 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 part 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
Lake/ Julienne Lake shear zone. Note that in spite of this rotation, the elongation
lineations in the rotated part of the thrust sheet are still consistent with those in the
remainder of the area, 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 Flatrock 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 D,, 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 III in Figure 5.5. In section Il a D,, thrust
carrying basement rocks cross-cuts and folds an older D,,, thrust which emplaced rocks
of the Sokoman Formation on top of schists of the Menihek Formation.

5.1.5.4 Sickle Lake shear zone

The southern boundary of the Flatrock Lake area is partially formed by the Sickle
Lake shear zone (Fig. 5.4). Itis 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 rocks 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 Ly and sheath folds are common (Fig. 5.12).

The shear zone is outlined by a string of lakes 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 form 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 S, planes in the stereoplot of Figure D.1G
(Appendix D) is mainly caused by folding on a small scale. The calculated fold axis,
the orientations of the maximum concentration of F, fold axes and the maximum of the
L, all have virtually the same SSE-plunging orientation, parallel to the regional
orientation of Lg. The F, 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.
5.1.5.5 Wide Valley area

In the Wide Valley area in the southwestern part of the map of Figure 2 (Fig.
4.2), metasediments and basement rocks are cross-cut by steep thrust faults of the lower
thrust system. The rocks in the area form 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 IIT) shows that the
area forms a triangle zone between northwest- and southeast-dipping 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-S,,, folding are common in the banded iron
formations. All rocks, with the exception of schists of the Menihek Formation, are
strongly lineated. Foliations, axial planes, fold axes and stretching lineations are
generally steep (Fig. D.1H), as a result of the thrusting in the basement.

The northwestern boundary of the Wide Valley triangle zone is a steeply dipping
backthrust, which emplaced basement rocks against the metasediments in the area.
Actual changes in dip direction from northwest 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 D,; thrusts which rooted in the basement,
and formed out-of-sequence thrusts with respect to those in the metasediments. The
axial planes of the F, 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 Rividre aux Fraises in the southeast.
5.1.5.6 Elmer Lake thrust sheet

The Elmer Lake thrust sheet stretches from north of Elmer Bay to Rividre 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 rocks to protomylonitic and mylonitic quartzo-feldspathic rocks.
On outcrop-scale the structures are quite similar to those in the thin basement slices 11
the Flatrock Lake thrust sheet. The rocks have a penetrative monoclinic S; fabric,
implying a stmple shear component of deformation, and contain small asymmetric
lenses of low-strain rocks and well-rounded or eye-shaped porphyroclasts. The S,
schistosity is defined by aligned biotite, muscovite and locally chiorite as well as quartz
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ribbons and elongated feldspar porphyroclasts. The orientations of the S, planes plotted
in figures D.1I and D.1J (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,
folds were not observed in the basement rocks. F, folds are asymmetric,
northwest-vergent and lack an axial planar cleavage. S, axial planes are steep,
southeast-dipping and the folds are commonly overturned. Fold axes are curvilinear,
but are not re-oriented completely towards the Ly. No sheath folds were observed.
Structures in the scarce metasediments are similar to those in the highest-strain zones of
the Flatrock Lake 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 undeformed 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 deformed at the boundaries, but the cores
of the larger bodies appear to be undeformed.

The age of the structures in the Elmer Lake thrust sheet relative to the
deformation in the upper or lower thrust system is not clear. T floor thrust south of
Flatrock Lake cuts up from the lower basement thrust system and forms an
out-of-sequence thrust with respect to thrust planes within the underlying metasediments
of the Flatrock Lake thrust sheet (Fig. 5.5). Other structures, specifically those in the
sediments away from the floor thrust, are most likely related to thrusting in the upper
level thrust system. The floor thrust of the Elmer Lake thrust sheet is 2 D,, thrust
cutting up from the lower system. A splay from this thrust cuts into the Flatrock Lake
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Fig. 5.15 Sketch of an F, 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;; and the lineation in the
planes is the elongation lineation Lg. The overall orientation of the fold axis is perpendicuiar to
the Lg , but its orientation fluctuates over 90°. Reconstructed from serial sections through a
sample from an outcrop northeast of Eimer Lake.

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 cm. 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 cm long. Traced from a photograph.
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thrust sheet and causes out-of-sequence thrusting there (Fig. 5.5, section III).
However, for most of the structures in the basement rocks it is not possible to
determine the timing of deformation.

5.1.5.7 Goethite Bay area

The Goethite Bay area (Fig. 5.1) forms 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 dominant structures on outcrop-scale are the S,,; foliation and 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 S,y 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.
S,-S, intersection lineations (L,;,) are at a very small angle to the L. 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-strain lenses and porphyroclasts
are less common than in the basement rocks that were deformed at a lower

metamorphic grade.

Shear zones are not clearly recognizable in small-scale structures 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 recrystallization
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has obliterated the mylonitic structures and textures. In Chapter 6 1t 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 top 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.1K, Appendix D) show the same orientation patterns as
the surrounding areas with S, and S,;; 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. L and L,,, are parallel and virtually down-dip in the
S,y plane. F,, 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 Elmer 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 northemn 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 inferred, rather than
observed.

The Sokoman duplex consists of banded iron formations, 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 Flatrock Lake thrust sheet, with
mylonitic strucires in the ductile thrusts. The S, and the S, are sub-parallel and few
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isoclinal F,;, 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 F,, folds, which locally
have a weak axial planar fabric, consisting of a fracture cleavage. Open
southeast-plunging F; folds also have affected the duplex and the overlying thrust sheet.
This is reflected in the stereo plots in Figure D.1L in Appendix D. S, foliations show
a wide spread in orientations. The maximum in the southwestern orientations is caused
mainly by the F, folding and the ill-defined great circle distribution over a
southwest-plunging axis is a result of the F, folding, illustrated by the maximum of F,,
fold axes in an equivalent orientation. The maximum concentrations of the F,,, fold
axes and the L have similar orientations.

The Lorraine Lake thrust sheet in the Mont Bondurant area consists
predominantly of basement rocks. Near the floor thrust, just north of the top of the
hill, 2 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). Near
the shore of Wabush Lake, the presence of two bands of quartziies of the Wishart
Formation 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 L,, these
observations suggest north-northwest directed thrusting. The orientation of the L, in
both the Sokoman duplex and the Lorraine 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.1L and D.1M). The rocks
in the thrust sheet are folded in a similar style to the underlying duplex. F, folds are
pot common and are generally isoclinal, with fold axes at a low angle to L,. F, 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 2 kilometer-size F, synform which plunges
to the southeast and has a fairly steep axial plane. Outcrop-scale F; folds are rare and
occur as very gentle, meter-scale folds. The floor thrust, 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 AUX FRAISES AREA

A section across the strike of the thrust belt was mapped near Riviere aux Fraises,
just north of the I.O.C.C. mine area, west of Wabush Lake (Fig. 5.17 and Figure 1A).
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 area, 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 Riviere 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 directly 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 - Menihek 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 Menihek Formation immediately overlies basement. To the
scuth of the Riviere aux Fraises area the Sokoman Formation re-appears between the
basement and the rocks of the Menihek Formation.

The fabric in the Menihek Formation is a schistosity defined by oriented micas
and flattened quartz grains, locally resembling a slaty cleavage. Locally a shear band
cleavage was recognized which probably represents a high-strain zone.
Northwest-verging F.,, folds occur locally and are commonly associated with an S,
crenulation cleavage. The high-strain zones, the presence of the thin basement slices
and the F,,, 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-grained 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 character is preserved in some
outcrops. Rocks of the basement and Sokoman Formation are L-S tectonites and are
folded in northwest-verging overturned F.; folds that have curvilinear fold axes at high
angles to the L. 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 southemn end of the basement-dominated Elmer Lake thrust
sheet is bounded to the southwest by an oblique ramp. This boundary, delineated
mainly from air photo interpretation, piunges beneath the units to the east and offsets
the rocks in the overlying Sokoman duplex.

The Sokoman duplex in the Riviere 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 sheet, 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 basement, Wishart and Sokoman Formation rocks at the floor
thrust suggest that this part of the Lorraine Lake 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 S, 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 Sokeman Formation, or whether they formed at a later stage of
deformation, during thrusting in the footwall.

The stereo plots of structural elements in the Riviere aux Fraises area in Figure
D.1IN (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. F,, fold axes and lineations are
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completely re-oriented towards the L, F,; axes are rotated away from their original
sub-horizontal southwest-northeast trend and now lie in a shallow southeast-dipping
plane.

5.1.7 EMMA LAKE AREA

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, Sokoman 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 northeasterly 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 III in 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 outcrop-scale the structures are similar to those in the Flatrock Lake area, but
in the metasediments of the Emma Lake area 2 concentration of strain in ductile thrusts
is less obvious and basement rocks play a more important role. F,,, folds are tight to
isoclinal and angular relationships between S, and S,;, are obvious in many places. The
vergence and style of D,;, structures changes across the hinges of the fold nappes. In
the back limb F,; 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 F,,; folds are isoclinal, west-verging and fold axes plunge predominantly at low
angles to the Ly. All F,,, axes lie in a southeast-dipping plane, with fold axes in the
highest strain rocks furthest rotated towards the orientation of Lg. F,,, 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 northeast and
southwest (Fig. D.iO in Appendix D). The stereo plots show the southeastern dip of
S¢» Sy and S,y planes, with the increase of the dip angle from the oldest to the youngest
structures. The L lies obliquely in the foliation plane, which may be a result of either
the tlt of the area or an oblique convergence of the belt. Several late, north 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 outcrop-scale, but significant deformation
must have taken place to form the nappes. Only in the antiform in the northern comer
of the Emma Lake map area the basement rocks are intensely 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 furthest to the
northwest, one southwest of the lake, the other northeast of the lake, both formed
against a basement buttress (Figure 5.19, sections I and IIT). 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
escarpments acted as buttresses against which the fold nappes formed, causing intense
localized shortening east of them, whereas the rocks 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
shortcut 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 whole map area, but the assumption is made that similar structures exist throughout
that part of the thrust belt in which basement is involved in the thrusting.

Another feature that is weil-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
stack, where the stratigraphic sequence is disturbed. Most of the out-of-sequence
thrusts are found in the southeastern part of the map, where they cut through the back
limb of the upper fold nappe at a Iower angle than the dip of the bedding. 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 III in Figure 5.19. These out-of-sequence thrusts
do not seem to be linked to deformation in the lower thrust system and are interpreted
to be a result of deformation 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 sheet, 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 form 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 smali thrust stack in between the basement sheet and thrust A could
equally have been emplaced later (Fig. 5.19, sections II and IV).
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5.1.8 LAC VIROT AREA

The Lac Virot area (Fig. 5.1 and Figure 1A, 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 northwest of the main metasedimentary
thrust sheets. The area covers parts of the Reid lake and Lost Lake thrust sheets, which
are dominated by basement rocks with the iron formation 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 (S,;) 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 (S,;), 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 northwest (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 F,, folds. The metasediments, which occur only along
the shear zones, have a strong L-S fabric and rorthwest verging asymmetric F,; folds
of several generations and early F,; 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 Lake. Another
possible interpretation is that this fault zone is the lowest in the basement thrust stack
and forms the Grenville Front. Kinematic indicators suggest that the movement
direction of the hanging 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 Formation at the junction of the Read Lake shear zone and the Lost Lake
floor thrust, and in the slices of iron formation about one kilometer to the east, have a
platy fabric with a well-developed stretching lineation, defined by extremely elongated
quartz grains and oriented amphiboles. These rocks are intensely folded into highly
non-cylindrical folds. F,, fold axes plunge steeply sub-paraliel to the stretching
lineation and sheath folds are common. The remainder of the thrusts in the Lac Virot
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.1P,
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 sheet (Fig. 1A, 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 basemeat, with a thin
cover of the silicate member of the Sokoman Formation (between 30 and 100m) and a
larger thickness of schists of the Menihek Formation (>70m). The rocks in the thrust
sheet are strongly foliated and the usual indicators of intensive, northwest-directed
shearing during D,,, 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. F,, folding was
regionally quite intensive and in the Menihek Formation an S, crenulation cleavage is
the dominant foliation. Northwest-verging F,,; 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 2 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 part
of the map area the contact between highly sheared basement rocks within the upper
sediment-dominated thrust system and the low-strain, basement-dominated system is
preserved in a few places.

In the stereo plots of Figure D.1P (Appendix D) all foliations were taken together,
and they incorporate both S, and S, 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 concems the southwestern part of the thrust sheet, south of
Riviere aux Fraises (Fig. 5.1, Fig. 1A). Itis based on the re-interpretation of
pre-existing maps (Rivers, 1985a, b and ¢), a study of field notes of Rivers
(unpublished data) and two reconnaissance traverses in the central and northern part 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 driiled 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 (19852,b and c¢) are partially based on these confidential reports.

The S, foliation in this part of the map area is sub-parallel to the bedding. No
F,;; 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 planes 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 schistosity. In the massive quartzite member of the
Wishart Formation the coarse grain size (> 1 cm), the homogeneous composition and
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the strong post-tectonic recrystailization resulted in a rock with no obvious foliation.
With the exception of one localized fauit west of Lorraine 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,,; 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 (D,) 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 F,,; folds was observed in the overturned limb of a large-scale F.,
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 F, folds in this thrust sheet may form fold nappes, similar to those in
lithotectonic domain II, but they have not been recognized as such.

The orientation data in Figure D.1R show a moderate easterly dip for the
maximum concentrations of Sy and S, planes. Both the pole to the S, 7egirdle and the
measured fold axes have a southerly plunge, at a small angle to the L.

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 represents 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.

S.1.11 STRUCTURES IN THE HIGHEST 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 Attikamagen 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. 1A, 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 Lake thrust sheet are quite consistent
in appearance. The oldest structure that can be recognized in outcrop is the S,
foliation, defined by a preferred orientation of flattened quartz and feldspar, micas and
kyanite. Muscovite has overgrown the S, 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 S,. F, folds
are uncommion and insufficient data are available for the determination of preferred
orientations of F, fold axes or L, intersection lincations. Stretching lineations have only
been observed in the vicinity of the floor thrust of the overlying Molson Lake terrane.

F, 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 form of isolated aligned biotite flakes. Most F,
folds lack an axial planar fabric. The fold axes have a wide range of orientations due o
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both their original curvilinear nature and the re-folding during later D,. The S, axial
planes dip moderately to steeply to the southeast in their original orientation, but they
are folded in F, folds. The F, folds are approximately northwest-vergent.

F, 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 F, fold and F,-F,
overprinting, which are characteristic for the Wabush Lake thrust sheet. The syncline
west of Moose Head Lake (Figure 1A), containing rocks of the Denault, Sokoman and
Menihek formations, is also an F, structure, and similar F, structures are present
throughout the thrust sheet, but are not as clearly outlined by contrasting rock types.

F, folds are predominantly kilometer-scale, open folds with consistently oriented,
moderately southeast-plunging fold axes. The short, steeply northeast-dipping limbs
and longez, shallowly southwest-dipping limbs make them northeast-vergent.
Outcrop-scale F; folds are uncommon and no axial planar foliation is developed.

In the map F, structures are most obvious in the boundary between Molson Lake
terrane and lithotectonic domain V and in the contact between the Attikamagen and
Denault formations. They are w<il outlined by the latter contact just south of the map
area (Rivers, 1985¢). Near these boundaries these structures form a large-scale
cuspate-lobate fold train. At thie boundary between Gagnon and Molson Lake terranes
the less competent gneisses of the Attikamagen Formation occupy the cores of the tight,
angular antiforms, whereas the more competent granitoids of Molson Lake terrane
occupy the open, well-rounded synforms. The F, folds determine the foliation patterns
in the stereo plets in Figures D.1S, D.1T and D.1U in Appendix D. Foliations define
great circles and F, fold axes that plunge shallowly to the southeast. Overall, the F,
fold axes plunze between 20° and 30° to 150-160°. The plots for the foliations have a
maximum in a steeply northwest-dipping orientation. Fold axes (F, and F, combined)
show a wide spread of orientations as a result of multiple fold overprinting and possible
reorientation by shearing.
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Fig. 520 Sketch of a road section through gneisses of the Wabush Lake thrust sheet along the
Trans Labrador Highway north of Blueberry Hill. The bedding is folded in isoclinal F4 folds with a
penetrative Sy axial planar cleavage. S, is foldedin F, folds which lack an axial ptane fabric. S,
in the figure thdicates the orientation of the axial plane. The main F, 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 5.1.11.2). The boundary with the marbles of the Denauit Formation to the
northwest is interpreted to be a thrust fault, folded by F,. The enveloping surface of
the S, 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 S,, dips the opposite way, which would possibly make this
boundary a normal 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 graphite, 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 stratigraphic 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 further to the southeast. The shallow dips of the structures in this
part of the area are also in accord with the interpretation of this part 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. 1A, in pocket), is a kilometer wide zone of straight gneisses which are
interpreted to represent a zone of very high ductile strain. Intense recrystallization after
and possibly during the movement in the shear zone has obliterated virtually ail
indications of high strain or sense of displacement. The straight character of the
gneisses, the virtual lack of folds which are abundantly present in the wail rocks, the
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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 Attikamagen formations (Fig. 1A) 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 confirmed 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 S, foliation of the Wabush Lake 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 D, in the Wabush Lake thrust sheet.
Figure D.1W 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 F, fold axes from the Wabush Lake
thrust sheet and Molson Lake terrane. Therefore this orientation pattern is interpreted
to be a result of the F, folding which mainly postdated the shearing.

5.1.11.3 Duley Lake thrust sheet
Work in the Duley Lake thrust sheet (Fig. 5.1 and Fig. 1A, 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 Lake thrust
sheet. The outcrop pattern shows fold interference on kilometer-scale, which is more
obvious in a map that extends further south (Rivers, 1985c). The older of two fold sets
(F, or F,) forms a syncline that strikes northeast, between Duley Lake and Wabush
Lake. Part of this structure is interpreted as a monocline above a hanging wall ramp in
which the rocks of the Attikamagen Formation are cut out of the Duley Lake thrust
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sheet (Fig. 1B, in pocket, cross-section HI). This structure is overprinted by
south-plunging F, 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 Auikamagen Formation, the F; folds have the same cuspate-lobate geometry as in
the Wabush Lake thrust sheet, but here the marbles are the least competent and eccupy
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 the
interference of the two fold generations, which is refiected in a fairly large spread of

foliation orientations (Appendix D, Fig. D.1V) with a maximum of 132/41. 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.

5.1.12 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
F, 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 strike-slip zones zte 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 Molsen Lake terrane (Indares, in press,
pers. comm. 1991). The shear zone at the boundary betweea 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 character, which are all similar to the Flora Lake
shear wwne, suggest that these two shear zones are strike-slip zones of the same set.

In the ductile shear zone that forms the fioor 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. 1A) a strain gradient was observed from a
low-strain lens into the high-strain 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 S.10; Platt and Vissers, 1930) 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 S, 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, deformation in these two thrust sheets.

Deformation in Molson Lake terrane is expressed as a schistosity, which is
defined by oriented biotite and flattened quartz. The fabric becomes more penetrative
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.1X) which correlate
with the F, folds in Gagnon terrane.

§.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 south-southeastern dip of the structures in the western part of the
map area is obvious from the plots of the poles to planar elements. Figure 5.21.A
shows the maximum contour values of S, as great circles for most of the data sets in
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Means of S (great circles) and L S (squares).
A Trend of the belt

C

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 (L)
for each of the areas in Figure D.1A in Appendix D, separated for the areas north and south
of the Sickle Lake shear zone/Julienne Lake fault. B) is an idealized example of the angular
relationships between S,, S, and S,. suggesting a northwest vergence of both D, and D,
Structures. C) shows the orientations of F, (dark shaded area) and F, (light shaded area) fold
axes with respect to the elongation lineation (L, black dot) and the original orientation of
most fold axes (F,, black square), which is at a high angle to the Lg. The bold arrow indi-
cates the direction of re-orientation with increasing strain.



113

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 F, folding 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 F, fold axis, which plunges approximately 30-> 155.

This orientation does not coincide with any group of small-scale fold axes, as a resuit of
the generally rare occurrence of small-scale F, folds.

3) In those areas where sufficient measurements of S,, S, and S, were recorded,
the angular relationships between the planes reflect the northwestern vergence of both
D, and D, structures. The maximum orientations of S, and S, have approximately the
same azimuth, S, has generally a slightly more easterly dip. In most areas S, is slightly
steeper than S, and S, is significantly steeper than S, (Fig. 5.21.B). The angle between
S, and S, is geneally very small as a result of the transposition of the S, towards the S,.

4) The orientations of the fold axes with respect to the elongation lineations (L)
are summarized in Figure 5.21.C. The majority of all fold axes is distributed in a
southeast-dipping plane. Most plots of F, fold axes and intersection lineations have a
maximum in a shallowly SSE-plunging orientation, close to that of Lg. In plots of the
F, fold axes the maximum is not as well defined. The maximum contour level in most
F, plots is considerably lower than in those for F,. The orientations of the fold axes are
strongly dependent on strain in the rocks. For example, in the Corinne Lak. thrust
sheet, where strain levels are low, fold axes have a wide distribution in a south-dipping
plane, there is no strong alignment of F, with Ly and the majority of the F, axes lie in
the southwestern quadrant, although the maximum F, orientation plunges to the south
(Fig. D.1D in Appendix D). In high-strain zones, e.g. the Sickle Lake shear zone (Fig.
D.1G), both F, and F, are oriented at low angles to the L.
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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 2 high angle to the L towards the direction of elongation (Cobbold and
Quinquis, 1980).

S) The last important observation to be made from the orientation data, is the
oblique nature of the structures in the belt. In the Figure 5.21.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 S1 planes are
oblique with respect to the belt and the L lies slightly obliquely in the S, planes. These
orientations are 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 sttuation of Lg and S, perpendicular and parallel respectively to the
strike of the fold-and-thrust belt.

The orientations of the F, and S, structures also attest to the oblique setting. F,
fold axes are interpreted to be related to the NNW thrusting of the belt and are expected
to be perpendicular to the Ly, with a WNW-ESE trend. However, the fold axes plunge
shallowly between SW and SSE and only few F, axes rotated from a NE plunge
iowards the Lg. This is in agreement with the orientation of the S, being slightly
oblique with respect to the S,, resulting in a shallow SW plunge at the intersection of
the two planes, as shown in Figure 5.21.B. This suggests that the F, 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 deveiopment of the fold-and-thrust belt is
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proposed. In this discussion the fold-and-thrust belt, formed by both Gagnon and
Molson Lake terranes, is assumed to constitute a thrust wedge with some of the
characteristics that were presented by Chapple (1978) and Davis et al. (1983). Chapter
8 includes a more detailed 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 STRUCTURES THROUGHE 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, rather 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 of the overriding sheet. This interpretation is used in the construction
of the cross sections in Figure 1B (in 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 2ones, most
of the rocks have a fabric that is formed 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 thrust-related 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 i 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 Flatrock Lake thrust sheet is considerably higher.
Boudins are more elongated and further separated 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 recrystallized siderite concretions. In the higher thrust
sheets strong post-kinematic recrystallization prevents a good evaluation of the strain.
Nonetheless, the penetrative schistosity and gneissosity and the elongate shape of
low-strain lenses suggest that overall the rocks have a high strain. This strain gradient
1s 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 histery for the highest thrust sheets. This interpretation is supported by
observations which are described in more detail in Chapter 6, which suggest the
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existence of a pre-S; fabric in rocks of lithotectonic domain V, preserved in gamet
porphyroblasts. The main D, deformation in the Wabush Lake thrust sheet took place
after the peak of metamorphism, while in the lower thrust sheets little D, 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 northwest. 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 tend of decreasing strain localization, from the lower to the higher thrust
sheets, also exists in the fold-and-thrust belt. In the northern part of domain I the
deformation took place mainly by shearing on discrete movement planes, whereas the
basement blocks have a low strain internally. In domain I virtually all rocks are highly
strained, but there are strong strain gradieats 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
accommodated 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 shests
are much more widely spaced than in domain II, where they locally occur within tens of
meters of each other.

This variation in strain partitioning through the belt is assumed to be caused
mainly by the increasing metamorphic grade towards the southeast. Strain localization
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 fauits, which were part 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 interpreted from
geometries in the South Flatrock Lake and Emma Lake areas (Fig. 5.5, section I; Fig.
5.19, section I and III, fauits 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 Flatrock
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 horst, 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 fauit in A is not known, because the fault is not exposed. In the
Emma Lake 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 rocks 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 likely explanations for this dramatic change
in stratigraphy are:
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In the Flatrock Lake area (A) a stack of
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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.
the floor thrust is located in the basement. Here a single,

was formed

in the Emma Lake area (B)

large, basement cored fold nappe

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 | and lll.

’

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
originaily 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 Lake 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 kilometers on the
Lorraine Lake floor thrust;

2) the transition could have been localized 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 2 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 F, folds in the Lorraine Lake thrust

sheet may have formed as a result of the obstruction of propagation of the detachment

fault at such 2 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 obligue 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 are 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 1o 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 convergence, 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 geometty. 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 Lake shear zone is shown in cross section I in Figure 1B.
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5.3.3 STRUCTURAL 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 2 whole, is the subject of this
section.

The upper and lower thrust systems, or at least the exposed parts of them, are
significantly distinct, as is documented in the first part 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 fauits in the basement rocks and possibly
other, less obvious factors. In lithotectonic domain I, 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 F,; folds change dip across a basement uplift in the Corinne
Lake thrust sheet (Fig. 5.14, section I), which indicates that the thrusting in the
basement there postdated D,;. 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 D,,, 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 D, deformation in the Emma Lake area (= thrusting at the upper
detachment 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 D, Figure D.1B and Figure 5.21.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 S, 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 D, and D, structures
correspond to a north-northwest directed kinematic framework. Elongation lineations
in rare S, foliation planes have the same azimuth as those that are folded by F, folds.
i) A wide range of styles of F, 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, folds in low
strain rocks in the Corinne Lake thrust sheet have similar geometries and orientations as
F, folds.

The fact that D, 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 connotation to the numbering of structures
other than on a very local scale. F, folds in one level of the thrust belt could have been
forming at the same time as S, 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 inwrf&mcc between the upper and lower thrust
belts occurs.

Il
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Although structural styles vary through Gagnon terrane, in virtually every part 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. D, and D, 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 provides a load and a shear strain regime. The dominant
thrust sheet originally consisted of Molson Lake terrane and prcgressively incorporated
parts of the metasediments, and subsequently also basement rocks, of Gagaon 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 northwest 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 hanging 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 were 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 5.23 is a schematic diagram of the structural development of Gagnon
terrane as seen in cross section. In diagram A the continental margin is sketched,
consisting of a shallow and a deeper part of the sheif 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 transported quite far over the shelf before
thrusting in the metasediments took place. Transportation of the thrust 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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— thrust fault 4 overriding thrust wedge (MLT)
-« active thrust Lower Proterozoic sediments
10 km (approx.) __| Archean basement

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 siep (B) the basal detachment has stepped
down to the basement-cover 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
basement, 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
uncharacteristic for foreland belts. These points and others are discussed in Chapter 8,
where 2 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.

I'/



Plate 5.1 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.

Plate 5.2 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 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. Qutcrop 4 km west of Lac Virot.

Plate 5.4 F, fold in boudinaged banded carbonate-quartzite rocks of the Sokoman
Formation, near the southern end of Flatrock Lake. The S,, foliation is paraliel
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.
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Plate 5.5 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.
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Plate 5.6 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.
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Plate 5.7 Strongly asymmetric F, 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,, 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 F, 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.




Plate 5.9 Asymmetric F, 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 5.10

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.




CHAPTER 6

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. some ductile shear zones deform by brittle processes on a
microscopic scaic; Sibson, 1977; Hadizadeh 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. Furthermore, some
of the textural features described here are essential for the interpretation of the
metamorphic 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 the 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
mechanisms. 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.
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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
(Guartz, feldspars, gamnet) represent their diameters, and for elongated minerals (micas,
kyanite) they are the sices of the longest axes. Wherever the term recrystallization is
used without further specification, it indicates dynamic crystallization induced by strain,
incorporating both recrystallization 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 MICROSTRUCTURAL 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
(temperature, lithostatic pressure, deviatoric stress, finite strain, strain rate, P,.,) and
the material properties. Microstructures in the rocks can give reliable indications of
what mechanisms have been active during the deformation process and therefore give
insight into the mechanical behaviour of the rocks (White, 1976).
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During crystal 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-oduct of recovery. It is the formation of a mosaic pattern
inside a grain consisting of fairly large (> 100xm) 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
recrystallization occurs syn-tectonically 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 are
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 mecharisms 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).

The variations of microfabrics in the map area have been studied in three different
rock types: the quartzo-feldspathic rocks of the Archean basement ano their reworked
equivalents, metapelites of the Attikamagen, Wishart and Menihek formations, and
quartzites of the Wishart and Sokoman formations. In each of these rock types the
strain gradient and metamorphic gradient 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 2ones, 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 caused 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 + Pl 4 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 undeformed 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 part 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 phyllonites. 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 deformation of feldspar versus ductile deformation 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-mylonites with angular
porphyroclasts (Plate 5.2). Quartz appears as long (> 1cm) ribbons, with aspect ratios
up to 30:1, which wrap around undeformed 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 (<2um wide) or narrow deformation
bands (<10 um wide). Zonss of “cloudy quartz® are mostly paraliel to the ribbons,
but can appear in other orientations as well. They contain extremely small (<2um),
ill-defined subgrains 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 or =oisite. t::2 rocks have less than 5% matrix, feldspars are intensely fractured
(Plate 6.2) and most of the 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 ribbons. 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 sheets

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 uitimately 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 20um 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 and form
quartz tails (Plate 6.5 and 6.7). Quartz porphyroclasts can only survive high su. iz
orientations which are unfavourable for activation of the dislocation slip systems ‘aard
grains”). In the mylonites the crystallographic C-ax