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Abstract

Geological mapping east of the Labrador Trough (= 58° N, 62°
40' W) has delimited three distinct lithotectonic blocks which
are, from west to east, the Lac Rachel-Lac Murray Block (LRIMB),
the Iac Gabriel Block (LGB), and the Lac Berthet Block (LBB). The
supracrustal succession of the LRIMB rests on the flanks of a
series of doubly-plunging antiforms cored by reworked Archean
gneiss. It 1is correlated with the Llaporte YGroup" and is
believed to represent a distal ecuivalent of the Trough
sediments, deposited on a continental rise. The LGB and LBB are
considered correlative, and are believed to reflect sedimentation
in a continental slope/shelf environment. The rocks of these
blocks differ markedly from those of the Trough. A syntectonic
intrusive complex (granodiorite to tonalite) in the LBB has
petrological and geochemical characteristics consistent with
calc-alkaline, "I" type volcanic arc granitoids.

The area records three phases of deformation, of
progressively declining intensity. An early metamorphic event is
recorded in the rocks of the LGB and LBB and was later
overprinted by a second event which affected all the rocks in the
area. Peak conditions of the second metamorphism were 750°C at 7
kbar.

The characteristics of the blocks indicate that the IBB and
IGB may be exotic blocks which collided with the eastern margin
of the Trough early in the orogeny, althouah they may simply be
an uplifted portion of the eastern margin of the original
sedimentary basin. The best modern analog for Hudsonlan processes

in the area is the Himalayan Orogen.
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Résumeé

La cartographie géologique de la partie est de la Fosse du
Labrador (= 58° N, 62°40' 0) a permis de définir trois blocs
lithotectoniques qui sont, de 1l'ouest vers l'est, le Bloc des
Lacs Rachel et Murray (LRIMB), le Bloc du Lac Gabriel (LGB), et
le Bloc du Lac Berthet (LBB). La succession supracrustale du
IRIMB repose sur les flancs de séries de plis antiformes a double
plongées contenant dans leur coeur des gneiss remobilisés
Archéen. Ce bloc est corrélé avec le "Groupe" lLaporte et il est
considéré 1l'équivalent distal des sédiments de la Fosse qui se
sont déposés sur une pente continentale. Les blocs LGB et LBB
semblent corrélables entre eux et représenteraient un
environnement de sédimentation de type plateau continental. Les
roches de ces blocs sont trés différentes de celles de la Fosse.
Un com plexe intrusif syntectonique (de granodiorite & tonalite)
dans le bloc ILBB a des caractéristiques pétrologiques et
géochimiques similaires a celles des granitoides calco-alcalins
de type "I" des arcs volcaniques.

La région a subi trois phases de déformation d'intensité
décroissante. Le premier épisode métamorphique est préservé dans
les roches des blocs IGB et LBB et elles ont sabi par la suite la
surimposition d'un second métamorphisme qui a aussi affecté
toutes les roches de 1la région. Les conditicns maximales
atteintes lors du second épisofie métamorphique furent de 750 °C a
7 kbar.

Les données geéologiques semblent indiquer que les blocs LBB
et LGB sont dérigine allochtone et seraient entrés en collision
avec la marge est de la Fosse. Il est aussi possible qu'ils
représentent la partie soulevée de la marge est du bassin
sédimentaire d'origine. Le meilleur analogue moderne de cet
événement Hudsonien serait 1'orogéne Himalayen.

Traduit par Serge Nadeau

ii




5

ACKNOWLEDGEMENTS

Many people have been of great help in the preparation and
completion of this thesis, and I would like to take this
opportunity to acknowledge their contributions. The most
important contributor to this work is my supervisor, Dr. Andrew
Hynes. Andrew initiated the project and provided financial
support for both the project and its author. The project and
author have also benefitted greatly from many discussions with
Andrew and from his formidable editorial ability. Thanks.

Next I would like to thank my field assistants for their help
with this project. Assistance was provided in the summer of 1985
by Roberto Bosdachin, Mike Diner and Kris Oravec and in the
summer of '86 by Trevor Boyd. These brave people put up with a
lot, including long summers of cold, wet (not to mention snowy)
weather, maraud.ng bugs, boring food, plane crashes and brush
fires. Thanks a lot guys.

My colleagues in the department also contributed greatly by
listening to a lot of hare-brained ideas and helping me come up
with better ones. First I would like to thank the members of
S.C.U.T. (Society for the Complete Understanding of the Trough),
Serge Perreault (Mr. Metamorphic), James Moorhead, Erica Boone
and James Gebert. Bruce Mountain, Roland Dechesne, Marlene
Charland and Tom Skulski also contributed in various ways and
their help is greatly appreciated.

I would also like to thank Dr. Moyra McKinnon, Tariq Ahmedali
and Richard Yates, for much appreciated help with, mnicroprobe,
XRF and drafting and photography, respectively.

Last but not least, I would like to thank my fiancee Pat
Cerri. Pat helped with this project in too many ways to mention,

and was always there when it was time to give it a break.

iii




Table of Contents

Abstract. . . ¢ ¢ ¢ v e ¢ 4 6 4 s s s s e s e s e a2 e e . 1
RESUME . . . . & 4 4 ¢t o o o o o o o o o o a 2 o o o o o o 1ii
Acknowledgements . . . . . . . ¢ 4 4 v e e e s e .. . o dii
Table of Contents . . « . ¢ « ¢ ¢ ¢ ¢ v o o o o o o+ o o« 1iv

List of FAQUIES . . v ¢ « « o o « « o o o o o« o & o« « « o viii

List of TAbleS .« . ¢ ¢ ¢ o o o o o o s o o o s o o o« » o Xi

Chapter 1. Introduction

1.1 Purpose and SCOPE . . + « o + « s o s o a o« &« « « 1
1.2 Location, Access and Physiography . . « « . . « . 2
1.3 Previous Work . . . « « v v v 4 o o ¢« o o o« o = » 4
1.3.1 Tectonic Setting of the Labrador Trough . . 4

1.3.2 General Geology of the Labrador Trough and
ENnvirons . .« « ¢« + ¢ « ¢ ¢ « s s o« o« s« o« 9

1.3.3 Tectonic models for the development of the

Labrador Trough and the eastern Churchill

Province . .« « ¢ ¢« &« ¢« v ¢ ¢ + v o« o o « . 186

Chapter 2. Lithology and Stratigraphy
2.1 Introduction .« . . + ¢ ¢ ¢ ¢« v ¢ ¢« 4+ e s . . .19
2.2 Archean YoCKS . . « o 4 =+ o o o o o o« o o o o o o+ 21
2.3 Supracrustals . . . ¢« ¢ . . c e o o o s o o o o & 23

2.3.1 Lac Rachel-Lac Murray Block . . . . . . . 24




L 4

Table of Contents (cont.)

2.4

2.5

Chapter
3.1
3.2
3.3

3.4

CHAPTER 4.

4.1

2.3.2 Lac Gabriel Block . .
2.3.3 lac Berthet Block . .
Hudsonian Intrusives . . . .

Diabase Dykes and Sills . .

3. Structural Geology

Introduction . . . . . . . .
Folds and Foliations . . . .
Faults . . . . . . . . . . .

Features of Special Interest

Introduction . . . . . . . .

4,2 Previous Work. . . « « « «

4,3 General Petrclogy . . . . .

4.4 Geothermobarometry . . . . .

4.4.1 Introduction . . . .
4.4.2 Geothermometers . . .
4,4.3 Geobarometers . . . .
4.4.4 Application . . . .
4.4.5 Sources of error . .

4,4.6 Procedure ., . . . . .

4.5 Thermobarometry results . .

4.5.1 Temperatures . . . .

4.5.2 Pressures . « « « «

Metamorphism and Geothermobarometry

.28

.31

.33

36

38

.38

.45

47

51

51

57

62

62

62

63

64

66

68

71

71

73




Table of Contents (cont.)

4.6 DiscUSSIOoN . ¢ . ¢ ¢ ¢ ¢ ¢ e 0 e 1 e o e o s s o 74

CHAPTER 5. Geochemistry of the Meta-igneous Rocks
5 . 1 Intrwuction . L L] L] - L] L] L] . . L] - L . . L] L . 89
5.2 Amphibolites . . . « & + ¢« ¢ ¢ ¢ &« ¢ ¢ « « « « « 90

5.2.1 Igneous Affinity . . . . . . . . . . . . . 90

‘ 5.3 Lac Gabriel Complex . . « « « « « &« « « =« « .+ - 94
5.3.1 Geochemistry . .« « ¢« « + ¢ « ¢« ¢ o« « « « « 94
5.3.2 Tectonic Affinity of the Lac Gabriel
CompleX . . ¢ ¢« ¢ 4« e s e s s 4 4 e o . . 96
Chapter 6. Discussion and Conclusions
6.1 Introduction . . . . .. . .. . . . . . <. . 101
6.2 Summary and Discussion . . . . . . . . . . . . 101
6.2.1 Lithology + « « « v v ¢ ¢« v « « « « « . . 101
6.2.2 Structural Geology e ¢ e e e« e & « o . 104
6.2.3 Metamorphism . . . . . . . « « ¢« . « . . .106
6.2.4 Geological History . . . « « « « « « . . 2107
6.2.5 Interpretation . . . . . . . . . . . . . .110
6.3 Conclusions . . . D h
6.4 Suggestions for Further Work . . . . . . . . . .120
References . . ¢« o o v ¢ o ¢« o o o o o o o o o o o o 4 . <121
Plates . . . ¢ ¢ ¢ ¢ ¢« o o ¢ o o o s o o a o s & o o « » o148
Appendix 1. Geochemical Data . . . . . . . « +« +« « « . . .156
k.

vi




€

3

¢

Table of Contents (cont.)

Appendix 2. Representative Mineral Analyses . . . . .
Appendix 3. (in pocket) Maps of study area with sample

locations and structural data.

vii

162

e a terme



Figure

Figure

Figure
Figure

( Figure

Figure

Figure

Figure

Figure

8b

10.

11.

12.

13.

14.

15.

16.

List of Fiqures (cont).

axes from ILGC shear zone. . . « « « ¢« « « s+ . « 50

Stereoplot of raw structural data from the LGC

shear zone . . . N 510) o]

Regional map cof metamorphic map of Labrador

Trough and hinterland. . . . . . . . . . . . . 53

Isograd map of study area and surroundings. . .55

Garnet zoning profiles. . . . . . . . . . . . .76

Temperature and pressure determinations projected

onto an east-west line through study area . . .78

P-T diagram showing aluminosilicate phase

relationships, and various melting reactions. 82

P-T paths from study area. . . .. . . . . . 87

a) AFM and b) total alkali versus silica

diagrams for Lac a Foin amphibolites. . . . . 92

a) TiO, versus Y/Nb diagram for Lac a Foin

amphaibolites. . . . . . ¢ . . ¢ + v 4 < . . . 93

ix




-~ Figure
Figure
Figure
Figure
o Figure

17.

18.

19.

20.

zl.

List of Fiqures (cont.)

Major element Harker plots for granitoids of

the Lac Gabriel complex. . . . . . . . . . . 95

Rb-Sr, Rb-Zr and ¥-2Zr variation for phases in

the 1lac Gabriel ~omplex. . . . . . . . « . . 97

Granitoids from the Lac Gabriel Complex plotted

on AFM and Na,;0-K,0-Ca0 diagrams. . . . . . . 98

Granitoids from the Lac Gabriel complex plotted

on a Rb /(Y + Nb) discrimination plot. . . . 99

Graphical representation of geological history

of study area. . . . . . .+ + .+ .+ . « « « . . 108




;-m:.\

List of Fiqures (cont.)

Figure 17. Major element Harker plots for granitoids of

Figure

Figure

Fiqgure

Figure

18.

19.

20.

21.

the 1lac Gabriel complex. . . « « « « « . . . 95

Rb~-Sr, Rb-Zr and Y-Zr variation for phases in

the lLac Gabriel compleX. . « « « « « &« « « « 97

Granitoids from the Lac Gabriel Complex plotted

on AFM and Nay0-K,0-CaO diagrams. . . . . . . 98

Granitoids from the Lac Gabriel complex plotted

on a Rb /(Y + Nb) discrimination plot. . . . 99

Graphical representation of geological history

of study area. . . . . . . . . . . . .. . . 108



¢ 3

List of Tables
Table 1. Metamorphic assemblages for various rock types

of study area. . « ¢« « s+ ¢ ¢ s+ ¢ o s ¢ s ¢ s s+ + 59

- Table 2. Geothermobarometry calibrations used in study. . . 70

. xi



{

#50

Chapter 1. Introduction

1.1 Purpose and Scope

The Labrador Trougi. is %lie erosional remnant of a basin
that was filled with Aphebian volcanic and sedimentary rocks
and subsequently deformed and metamorphosed. This thesis
concerns a suite of metamorphosed and multiply deformed
sedimentary and igneous rocks on the eastern flank of the
Labrador Trough near Kuujjuag, Quebec. These rocks were deformed
and metamorphosed with the Labrador Trough rocks during the
early Proterozoic (Aphebian) Hudsonian Orogeny, but their
relationship to the rocks forming the bulk of the Labrador Trough
is uncertain.

Most of our present knowledge of the tectonic evolution of
the Labrador Trough has been obtained through study of the
mildly deformed and metamorphosed foreland fold-and-thrust belt
that constitutes the lLabrador Trough sensu. stricto. (e.qg.
Dimroth, 1972, Wardle and Bailey, 1981 and Lavoie and LeGallais,
1982), whose eastern margin is defined by the first occurrence of
basement rocks east of the Superior province. Little attention
has been given to the more highly deformed and metamorphosed
"hinterland" regions east of it. Although the foreland fold-and-
thrust belt provides excellent opportunities for the study of

processes associated with the development of the sedimentary
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basin, the hinterland regions may shed much light on the orogenic
ev.lution of the Labrador Trough.

The first question to be addressed in this study concerns
the relationship between the study area and the Labrador Trough
sensu_stricto. Is the study area simply an eastern extension of
the Labrador Trough or was it juxtaposed to the Trough during

the orogeny (i.e. is there an intervening suture)? Of equal

importance are questions about the nature of the orogeny in the
area. Studies of the stratigraphic, petrological and metamorphic
evolution of the hinterland region will provide important
constraints on the overall tectonic evolution of the orogen and
allow comparison of processes of Proterozoic orogenies with
modern ones. There is considerable controversy concerning when
plate tectonic processes similar to those cobserved in modern
orogenies first began (cf. papers in Kroner, 1981). Studies in
the western portions of Laurentia (e.g. ILewry et al., 1985;
Hoffman, 1980, 1988) have shown that early Proterozoic orogens
have many similarities to modern ones, although other authors

have pointed out differences (e.g. Glikson, 1982).

1.2 Iocation, Access and Physiography

The area studied in this work lies on the southwestern

shores of Ungava Bay in Northern Quebec approximately 30 km

west of Kuujjuaq (Fort Chimo). It is a 1long thin swath




approximately 58 km long extending from latitude 58°08' N to
58°33' N at longitude 68°42' W.

Although close to Kuujjuaq, the area is accessible only by
float equipped aircraft or helicopter. In the month of June
access 1is often limited to helicopter only, due to breakup of
ice on the lakes. A year-round float/ski plane service is
available in Kuujjuaqg, but helicopter service is only
sporadically available.

The area consists mainly of gently rolling ridge and
valley type terrain whose average elevation increases from 50
meters above sea level in the east to 150 meters above sea level
in the west (see Plate 1la). The highest point in the area occurs
near Lac a Foin and has an elevation of 234 meters. The area
contains abundant lakes of all sizes, the largest of which make
up the Lac Berthet-Lac Gabriel system, which drains most of the
region. The physiography is largely the result of the last
glaciation which rounded and polished much of the outcrop
(forming roches moutonnées) and deposited large amounts of
glacial material ranging in size from house-sized boulders to
the sand and gravel deposits which cover significant parts of the
region. Glacial striae indicate movement in a north-south
direction.

Despite the abundance of glacial deposits, the area offers
excellent exposures of bedrock. Exposure in the area is typically
greater than 25% and in some large areas can reach up to 100%.

The best exposure is usually found on ridges made of rocks which
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have a greater resistance to erosion (typically amphibolites)
than those underlying valleys.

The tree line passes through the extreme southern parts of
the study area, but isolated pockets of forest are found in
sheltered valleys over much of the region. Grocund cover consists
mainly of a thick mat of caribou lichen with sporadic stunted
conifers. Clumps of alder brush are commonly found in wet,
low-lying locations.

The climate of the area is sub-Arctic, with frost and snow
possible in any summer month. Average daytime temperatures for
the months of July and August range from 10 to 15 ° C. Blizzards

may occur until late June.

1.3 Previous Work

1.3.1 Tectonic Setting of the I.abrador Trough

The Canadian Shield consists of at 1least six Archean
provinces separated by a network of orogenic belts created in
early Proterozoic times (Hoffman, 1988). The Archean provinces
are the Nain in labrador and Greenland, the Superior in Quebec,
Ontario and Manitoba, the Slave in the Northwest Territories, the
Wyoming in the northwest United States and the Hearnme and the Rae
recently proposed by Hoffman (1988) for the southeast and
northeast parts respectively of the Canadian Shield between the
Superior and Slave Provinces. Those parts of the Shield which

were affected by early Proterozoic orogenies (the Trans-Hudson

- 0 |
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Orogen, Hoffman, 1981) extend over 5000 km from the mid-
continental United States through northern Saskatchewan,
Manitoba, Ontario, Quebec and the Northwest Territories eastward
into Greenland (Lewry et _al., 1985; see Fig. 1). These areas are
collectively known as the Churchill Province (Stockwell, 1963).

Although originally believed to be the product of a single
orogeny between the proto-Churchill and Superior Provinces (cf.
Dewey and Burke, 1973; Gibb, 1983), it is now apparent that the
Trans-Hudson Orogen may be composite in nature, with orogenies
occurring on all the borders of all the provinces. For example,
Lewry (1981) presented evidence for intra~orogenic suturing and
microplate collision in the Churchill in Saskatchewan. In a
recent review paper (Hoffman, 1988) it has been suggested that
the Trans-Hudson orogen is actually the result of at least five
orogenies. These are the Thelon Orogeny, a Slave-~Rae collision;
the Snowbird Orogeny, a Rae-Hearne collision; the Trans—~Hudsonian
s.s., a Superior-Wyoming-Hearne collision; The Labrador Trough, a
Rae-Superior collision and the Torngat Orogeny a Rae-Nain
collision.

These orogenies are now generally believed to have involved
extensive subduction of early Proterozoic oceanic crust (Dewey
and Burke; 1973; lewry et al., 1985; Thomas and Gibb, 1985;
Hoffman, 1988) with attendant calc-alkaline magmatism (e.qg.
Stauffer, 1984; van der Ieeden et _al., in press) and volcanism
(Lewry et al. , 1981; Stauffer, 1984; Hoffman, 1985), extensive

basement remobilization (Lewry and Sibbald, 1980; Lewry et
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ABRADOR
TROUGH

Lower Proterozoic supracrustals
Volcanic and plutonic allocthonous terrains

Accreted early Proterozoic terrains

Ensialic mobile zones

Mildly reworked foreland zones

+ +
*,.*.*" Archean cratons

Pigure 1. Simplified map after Van Schmus et al. (1987)
showing lithotectonic elements and early Proterozoic terrains of
North America. Wavy broken lines indicate major shear zones.
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al.,1985) and high-grade metamorphism (cf. papers in Fraser et
al., 1978).

Although the ILabrador Trough has conventionally been
considered part of the Trans-Hudson Orogen, Hoffman (1988)
suggests that this may not be the case unless the Rae Province
had already docked with the Hearne Province prior to the Rae-
Superior collision. Since evidence for or against this proposal
still is lacking, the orogeny responsible for the development of
the Labrador Trough and its hinterland will be referred to as the
Labrado~ Trough Orogeny in this paper.

The Labrador Trough is but one of a number of early
Proterozoic fold belts in the eastern Churchill Province (see
Fig. 2). The best known of these fold belts are the Cape Smith
and Belcher Island fold belts, which both lie unconformably on
Superior Province basement (Dimroth et al., 1972; Baragar and
Scoates, 1981; Hynes and Francis, 1982 ). The Cape Smith belt is
composed mainly of tholeiitic basalts, with subordinate iron
formation, komatiitic flows, ultramafic sills and minor
sediments (Hynes and Francis, 1982). The belt also contains small
late-tectonic granodiorite plutons (Lucas and St. Onge, 1987).
The Belcher Island Fold Belt is composed mainly of stable
platform marine sediments and massive tholeiitic basalts (Dimroth
et al., 1972; Baragar and Scoates, 1981).

The other fold belts in the region were first described by
Jackson and Taylor (1972) and are known as the Fox (central

Baffin Island and Melville Peninsula), Dorset (Southern Baffin
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Island) and Committee fold belts. The Fox and Dorset fold belts
consist mainly of metased.ments with minor basic volcanics,
while the Committee Fold Belt is composed mainly of basic Archean
metavolcanics and minor sediments which were reworked during the
Hudsonian. These three belts surround a 250,000 km?* granite-
charnockite batholith (Hoffman, 1988).

Correlations among these fold belts have been proposed by
Bergeron (1957, Labrador Trough and Cape Smith Belt), Dimroth et
al. (1972, Labrador Trough, Cape Smith and Belcher Island Fold
Belts), Jackson and Taylor (1972, Labrador Trough, Cape Smith,
Belcher 1Islands, Fox, Dorset and Committee Fold Belts) and
Baragar and Scoates (1981, Labrador Trough, Cape Smith, Belcher

Islands and smaller belts on the southern border of the Superior

Province).

1.3.2 General Geoloqy of the Labrador Trough and Environs

Since it was first described by A. P. Low in 1896, the
Labrador Trough has been the subject of a great deal of study
and exploration. The first real wave of exploration occurred
during the late 1940's when large areas of the Trough were
staked and drilled by mining companies searching for copper and
nickel in  the volcanic and intrusive rocks. During the late
fifties and sixties most of the lLabrador Trough was mapped at a
scale of 1:63,360 by geologists from the Ministére de 1l'Energie
et des Ressources du Québec. In the sixties and seventies large

portions of the area east of the Labrador Trough were mapped at
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a reconnaissance scale by the Geological Survey of Canada. The
western parts of the study area were mapped by Gelinas (1958,
1959) at a scale of 1:63,360 and the remainder of the area was
covered by Taylor and Skinner (1963) at a scale of 1:250,000.
Although fieldwork for this report was carried out to the
east of the eastern 1limit of the lLabrador Trough s.s., its
conclusions will deal with the labrador Trough and surrounding
areas. Therefore a brief description of the Labrador Trough is in
order. The Labrador Trough is a 900 km long, NW-trending belt of
Aphebian volcanic and sedimentary roccks. The Trough stretches
from the southwestern shores of Ungava Bay to the Grenville
Front, and has been recognized for some distance into the
Grenville Province (Dimroth et al.,, 1970). It is bounded to the
west by the Archean Superior Province and to the east by the
lesser known rocks of the Labrador segment of the Churchill

Structural Province (name from Van Schmus et al., 1987)

The Labrador Trough is conventionally divided into three
zones or lithotectonic domains which run parallel to its long
dimension (Dimroth, 1972, 1978; Figure 3 this report) . The
westernmost zone is made up of a series of autochthonous to
para-autochthonous sediments and minor volcanic rocks resting
unconformably on the Archean gneisses of the Superior Province.
The western portions of this zone are undeformed, but minor
deformation is observed in its eastern parts (LeGallais and
lLavoie, 1982). This zone is followed to the east by a typical

foreland fold-and-thrust belt consisting of thrust slices of

10




::1 Miogeoclinal zone

Allocthononous igneous
and sedimentary rocks

% Hinterland zone

Figure 3. Major subdivisions of the ILabrador Trough.
Location of study area is outlined. Diagram modified after

Dimroth and Dressler (1978)
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sedimentary and basaltic volcanic rocks. There is no evidence
of basement involvement in the deformation of this zone (Boone
and Hynes, 1987 and in press). These two zones make up the
Labrador Trough s.s. The sedimentary and volcanic rocks of the
Trough belong to the Kaniapiskau Supergroup while the gubbroic
and ultramafic intrusives make up the Montagnais Group (Frarey
and Duffell, 1964).

The third, or "hinterland", =zone contains sequences of
volcanic and sedimentary rocks which were highly metamorphosed
and deformed during the Hudsonian Orogeny. Although Dimroth's
original hinterland zone referred only to those rocks on the
immediate boundary of the Trough, in this report the term is used

to refer to the entire area between the Labrador Trough s.s. and

the Nain Province in Labrador. Relationships between this =zone
and the Labrador Trough s.s. are obscured by metamorphism and
deformation, but some correlations have been made between the
rocks of this zone and those of the Kaniapiskau Supergroup
(Taylor, 1979; Wardle and Bailey, 1981; Moorhead and Hynes,
1986). The hinterland is generally separated from the rocks of

the Labrador Trough s.s. by high angle faults (LeGallais and

Lavoie, 1982).

The history of sedimentation and volcanism in the Labrador
Trough has been the subject rf a number of reports and papers
(e.g. Dimroth, 1970; Dimroth, 1971, 1972, 1978; Wardle and
Bailey, 1981; IeGallais and Lavoie,1982). Most authors believe

that the sedimentary and volcanic rocks of the Trough, the
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Kaniapiskau Supergroup (Frarey and Duffel, 1964), were deposited
in an Aphebian rifting environment (Baragar and Scoates, 1981;
Wardle and Bailey, 1981; LeGallais and Lavoie, 1982), although
Hoffman (1987) has suggested that the sediments and volcanics
were deposited in a foredeep. The first sediments deposited in
the Trough were a series of arkosic sandstones and
conglomerates, with minor associated alkali basalt (Baragar and
Scoates, 1981). lLater sedimentation had a distinctly «cyclic
nature, with cycles starting with stable platform sediments such
as sandstone, carbonate and iron-formation and passing upwards
into turbidite and shale. Tholeiitic volcanism is generally
associated with the upper parts of the cycles (Baragar and
Scoates, 1981). Two such cycles have been recognised (Dimroth
1981).

The hinterland to the Labrador Trough (or Rae Province as
defined by Hoffman, 1988) is not as well known. At present, most
of what is known about this region is from Taylor (1968, 1969,
1970, 1979) who mapped vast areas of this section of the
Churchill at a scale of 1:250,000, and from continuing work by
the MERQ as part of the Riviere George Project northeast of
Schefferville (van der Leeden et al., in press).

The area to the east of the Labrador Trough contain: both
Archean and Aphebian rocks, with Aphebian rocks more common in
the west (Taylor, 1979; Hoffman, 1988; van der lLeeden et al., in
press). The immediate hinterland of the Labrador Trough is

characterized by a continuous belt of high-grade metamorphic
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rocks consisting mainly of pelitic and semipelitic schist and
amphibolite (metabasalt and metagabbro), with minor quartzite,
marble, and conglomerate (Dimroth, 1972; Taylor, 1979; Wardle and
Bailey, 1981; van der Leeden et al., in press). These rocks are
variously known as the Laporte schists (Dimroth, 1972) or the
Laporte "Group" (Wardle and Bailey, 1981)

East of the Laporte Group the hinterland consists largely of
paragneiss, quartzofeldspathic gneiss, amphibolite, marble,
quartzite and calc-silicate. Supracrustals in the northern parts
of the hinterland in Labrador have been correlated with the Lake
Harbour Group of Baffin Island (Jackson and Taylor, 1972; Taylor,
1979).

A significant feature of this region is the presence of a
500 km long batholith belt first mapped by Taylor (1979). The
batholith is a composite body with granite/granodiorite and
charnockitic-opdalitic portions and displays "I" type granitoid
features and well defined calc-alkaline trends (De Pas batholith
of van der Ieceden et al., in press).

The extreme eastern regions of the hinterland near the MNain
boundary contain a number of post-orogenic anorthosites and
rapakivi granites which have been dated at 1.4 Ga (Elsonian) (van
der Leeden et al., in press). U-Pb zircon dating of an intrusive
body gives ages of 2.3 Ga. (van der Ieeden et al., in press)

Metamorphic grades in this portion of the Churchill show an
overall increase from west to east. Most of the Labrador Trough

s.s. is of subgreenschist to greenschist facies, but in the
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{ immediate hinterland metamorphic grade increases rapidly from
lower amphibolite tc upper amphibolite and in some cases
granulite facies (Gelinas, 1965; Dimroth and Dressler, 1978;
Fraser et al., 1978). Most of the rocks to the east of the
Labrador Trough are metamorphosed to amphibolite facies, although
substantial exposures of granulite facies rocks are found near
the west siade of the central batholith complex (Fraser et al.,
1978; van der leeden gt _al., in press) and near the western
boundary of the hinterland (Taylor, 1979)

The structure of the Labrador segment of the Churchill
Province, like that of the rest of the Churchill Province, is
almost entirely due to deformation during the Hudsonian Orogeny.
The structure of the Iabrador Trough and its immediate
hinterland is quite well known. The overall structural trend in
the Trough is roughly NW to NNW. Deformation style changes
significantly from west to east. The western parts of the Trough
are characterized by both thrust faults which flatten out and
merge into a basement decollement, and by open folding (Dimroth,
1981; Boone and Hynes, 1987). Deformation becomes increasingly
intense and more ductile in nature to the east, where up to 5
sets of folds (Dimroth, 1981) have been recorded. The hinterland
zones are characterized by remobilization of Archean basement
and commonly exhibit westward vergent, overturned folds produced
by early deformation (e.q. Hynes, 1978).

The structure of the eastermmost parts of the hinterland is

not as well known. As in the Labrador Trough, structural trends
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are generally NNW. Taylor (1979) notes that folding of all
types is present but that it is probably all attributable to the
"Hudsonian Orogeny". Areas of migmatitic gneiss and granodiorite
are characterized by "chaotic" deformation (Taylor, 1979). Two
major shear zones have been mapped in the southern of the
hinterland on either side of the De Pas batholith (van der Leeden
et al., in press). The Lac Tudor shear zone is a 150 km long and
up to 20 km wide shear zone on the east side of the batholith.
Motion on this shear is dextral with a west directed thrusting
component. The Riviere George shear zone, on the east side of the
batholith is approximately 200 km long and has a complex motion
history.

The deformation at the border between the Nain craton and
the Churchill province has the opposite sense to that in the
Labrador Trough and immediate hinterland. Thrusting is east
directed (Morgan, 1975) and major shear zones record sinistral
motion (Taylor, 1979; Hoffman, 1988). This deformation is

associated with the Nain Orogeny.

1.3.3 Tectonic models for the development of the Labrador Trough

and the eastern Churchill Province

Models for the development of the Labrador Trough may be
grouped into two main types; those invoking a plate tectonic
origin and those invoking an ensialic origin.

The main proponent of an ensialic orogeny in the Labrador

Trough was Dimroth, who rejected a plate tectonic origin and
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instead proposed several ad hoc models for its development. This
rejection of a plate tectonic model for the Trough stems from the
lack of a number of features usually found associated with modern
orogenic belts. He argued that the absence of ophiolites
precluded any involvement of oceanic crust in the orogeny and
that the lack of tectonic melanges, blueschist facies
metamorphism and calc-alkaline intrusive/volcanic suites
indicated that no subduction had taken place. He also pointed out
that Archean basement is found in all the zones of the trough and
was continuous around its northern closure, indicating ensialic
development (Dimroth, 1972). He did not, however discount the
possibility that the Labrador Trough developed in response to
plate tectonic activity in the far hinterland, although he
thought that it was unlikely.

Many workers now believe that the Labrador Trough represents
a foreland fold-and-thrust belt. If this is the case, then some
of the features cited by Dimroth as lacking, should actually be
found in the hinterland of the Trough. The calc-alkaline plutons
found 150 km east of it may, for example, reflect the development
of a Peruvian style plate margin between the Superior and
Churchill Provinces (van der leeden et al., in press).

It is only now, when considerably more data are becoming
available about the hinterland to the Labrador Trough, that true
constraints on its tectonic evolution can be established. Some of
the most recent data have recently been presented, on a large

scale, by van der Leeden et al. (in press). This thesis is
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concerned with a more detailed study of a small area of the
northern hinterland, but with the same object in mind - to
determine whether the geological record is compatible with the
operation of modern geological processes and to determine where

this part of the hinterland may fit into the tectonic schenme.
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Chapter 2. Lithologqy and Stratigraphy

2.1 Introduction

The rocks of the study area may be divided into three main
classes: 1) remobilized Archean basement, 2) Aphebian
supracrustals and 3) Hudsonian intrusives. There is also a
volumetrically insignificant series of diabase dykes.
Remobilized Archean basement and Hudsonian intrusives are
relatively minor but important parts of the study area. Most of
the area (approximately 90%) is underlain by Aphebian
supracrustals.

The area may be divided into three fault-bounded blocks, each
with a different lithological character. These blocks are, from
east to west, the Lac Rachel-Lac Murray Block, the Lac Gabriel
Block and the lLac Berthet Block (Fig. 4).

The supracrustals of the Lac Rachel-lac Murray Block rest on
the Archean basement forming the cores of the doubly-plunging
antiforms making it the structurally lowest block. The block is
composed of pelitic to semipelitic schists and amphibolites with
minor marbie and metaconglomerate. The block is juxtaposed with

the lLac Gabriel Block along the Lac Turcotte Fault. The Lac

Gabriel Block consists of a wide variety of gneissic
metasandstones, amphibolites and pelitic gneisses. It also
contains a complex suite of syntectonic granitoid and
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associated gabbroic rocks. The Ilac Berthet Block, which is
separated from the Lac Gabriel Block by the Lac Pingiajjulik
Fault, consists of a thick series of epiclastic amphibolites and
arkosic paragneisses mixed with minor amounts of calc-silicate
gneiss, quartzite, marble and semipelitic gneiss.

This chapter is devoted to describing the 1lithology of the
rocks 1in the study area. The high-grade metamorphism
characterizing the area has obliterated most primary  features
making stratigraphic relationships, and in some cases
protoliths, difficult if not impossible to establish with any
degree of certainty. Because of these difficulties, no formal
stratigraphy has been introduced. The recognizable primary
features (mainly graded bedding) indicate that the study area is

NE younging and homoclinal.

2.2 Archean rocks

Archean basement is exposed in at least two and probably
three areas in the region. The westernmost exposure of Archean
rock occurs in the cores of three doubly-plunging, westward-
overturned antiforms (the Renia, Moyer and Boulder antiforms),
found at the western limit of the study area. They consist mainly
of medium-grained microcline gneiss that is weakly layered and
has a poorly to well developed foliation (Sauvé and Bergeron,
1965). Migmatites are common. Thin amphibolitic lenses are also

occasionally found within the antiforms. The gneisses have been
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dated at 2850 *5 Ma using U-Pb zircon methods (Machado et al.,
1987).

A second unit of Archean rocks is found on the shores of
Lac Turcotte in the Lac Rachel - Lac Murray Block. These rocks
are very different from other Archean rocks in the area and their
origin is somewhat problematical. The unit is very homogeneous
and mainly of a leucotonalitic composition. The main minerals
are quartz and plagioclase, with minor biotite and rare
sillimanite. The unit is weakly foliated. An interesting feature
is the presence of large (up to 10's of scquare nmeters)
"xenoliths" of foliated rock very similar in appearance to the
surrounding supracrustals. These "xenoliths" led to the original
interpretation of the unit as a late-to post-tectonic Hudsonian
intrusive. Subsequent U-Pb dating of these rocks, however, has
yielded ages of 2717 Ma (Machado et al., 1988), indicating that
they are Archean.

A third unit of granitoid gneiss in the area has not vyet
been confirmed as Archean basement, but dating is in progress.
These rocks are interpreted as basement on the basis of their
lithological features, which are similar to those of confirmed
Archean rocks and very different from those of the surrounding
supracrustals. The gneisses are found northeast of Lac Berthet
in two separate exposures separated by a four kilometer strip of
supracrustal rocks.

The exposure nearer to Lac Berthet is predominantly highly

migmatized tonalitic to granodioritic gneisses. The gneisses
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consist mainly of quartz, alkali feldspar and plagioclase with
minor biotite and accessory retrograde muscovite. Rare biotite-
rich lenses are interpreted as restite. The gneisses are highly
deformed and are cut in places by rare syntectonic tonalite
dykes. Contacts between these gneisses and the surrounding
supracrustal rocks are generally poorly defined due to extensive
migmatization of the contact. When contacts are observed, they
are commonly characterized by a rusty zone composed of a
garnetiferous quartz-rich paragneiss. Shearing is occasionally
observed on the contacts. The structure of the area indicates
that the '"basement gneisses" are structurally above the
supracrustals.

The other unit of basement gneiss in the area consists for
the most part of a very coarse-grained alkali-feldspar gneiss
with quartz and minor plagioclase and biotite. The rocks are
very poorly foliated and sporadically migmatized. Contact
relationships between this wunit and the supracrustals are
unknown. Rare bands of well-layered rocks occur in places within
these gneisses. Recent mapping by S. Perreault (pers. comm.,
1988) has shown that the two gneiss units join up to the east and

continue to the Koksoak estuary and perhaps farther.

2.3 Supracrustals

In this section the supracrustals successions of the three
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blocks are described separately. Schematic "stratigraphic"

sections are depicted in Figure 5.

2.3.1 Iac Rachel~Lac Murray Block
The supracrustals of the lac Rachael-Lac Murray Block

(IRIMB) rest on the flanks of the doubly-plunging basement
antiforms. In the study area the contact between the gneisces and
supracrustals is not exposed, but farther west it is commonly
marked by a highly brecciated marble unit. The bedding-parallel
foliation in the supracrustals wraps around these antiforms, but
it is not known if they were deposited unconformably on these
gneisses or were transported into place on a basement-cover
decollement. Although the LRIMB as originally defined
includes all the supracrustals between Lac Rachel and lLac
Turcotte (Poirier et al., 1987) this section will deal only with
those supracrustals east of the basement antiforms.

The majority of the eastern section of the IRIMB is
underlain by pelitic and semipelitic schists. The two schist
types are classified on the basis of nmineralogy; the pelitic
schists contain muscovite and sillimanite, which are absert in
the semipelitic schist. Most of the semipelitic schist is found
in the western section of the LRIMB, but minor amounts are found
in the east. The contacts between pelitic and semipelitic schist
are commonly gradational.

The major minerals in both types of schist are quartz,

biotite and plagioclase. Quartz and plagioclase commonly exhibit
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grancblastic textures. The plagioclase is generally unzoned
oligoclase, but in some cases, especially when garnet is
present, it may exhibit pronounced reverse zoning (i.e.
increasing anorthite content towards crystal rims).

Biotite is a major phase in all schists and defines the
foliation. Muscovite 1is restricted to pelitic schists. Some
muscovite, especially that found with sillimanite, is probably
retrograde, but in this block most muscovite is part of the
typomorphic assemblage. Muscovite (retrograde) commonly
crosscuts the biotite-defined foliation.

Sillimanite is also restricted to pelitic schists. It
generally has a radiating, fibrolitic texture and is commonly
found as 1-3 cm nodules with cores of garnet or muscovite. On
outcrop surfaces these nodules form positive-relief features
(Plate 4c.).

Garnet is found in both types of schist, but is restricted
to the cores of sillimanite nodules in pélitic schist. Grains
range in diameter from 1 mm to several cm, with larger crystals
commonly riddled with ilmenite and quartz inclusions. Crystals
are generally subhedral.

Alkali-feldspar (microcline) and tourmaline are common
accessories in pelitic schists. Ilmenite, apatite and zircon are
common accessories in all schists.

The modal mineralogy of the schists is highly variable and

they have been observed grading into quartzofeldspathic gneiss as
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modal quartz increases and biotite decreases. Thin quurtz lenses
and layers are commonly found in both types of schist unit.

Major portions of the IRIMB are also underlain by
amphibolites. They are concordant with the surrounding rocks and
are almost always relatively fine-grained and very well foliated.
The major phases of the amphibolites are hornblende and
plagioclase. Hornblende is usually elongated and defines the
foliation. Plagioclase 1is found as equant grains between
hornblende-rich domains. It is invariably zoned with anorthite
content increasing towards the rim of plagioclase crystals.
Biotite is a common minor phase and is generally associated with
hornblende and oriented parallel to the foliation. Quartz is
commonly found in the plagioclase-rich domains. Common
accessories are ilmenite and apatite, with garnet and diopside
occurring more rarely.

The eastern parts of the LRIMB contain two thin (100-200 m
thick) marble units. The units are for the most part pure
dolomite with minor plagioclase and are generally poorly
foliated. The marbles contain numerous calc-silicate layers
ranging in thickness from several centimeters to several meters
(Plate 1b.). These layers are distinctly banded, with cores of
diopside rimmed by successive layers of tremolite and calcite.
This banding is the result of prograde metamorphic reactions
between the dolomite and quartz rich beds within it (Gelinas,
1965). These features make it possible to delineate structures

within the marbles (Plate 1c.)
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The IRLMB 1is capped by a sequence of quartz-rich
metasediments that are locally conglomeratic. The unit is medium
to coarse-grained with variable foliation development. It is
composed mainly of quartz and plagioclase with minor biotite.
The conglomeratic quartzose gneiss consists of clasts of granitic
gneiss and subsidiary clasts of dolomite marble, amphibolite and
pelitic schist in a matrix of quartz and plagioclase. The
quartzose gneiss also contains minor units of calc-silicate,

amphibolite and schist.

2.3.2 Lac Gabriel Block

The base (westernmost parts) of the Lac Gabriel Block (LGB)
consists of a thick (approximately 3 km) sequence of gneissic
metasandstones with a basal conglomerate. The clasts in the
conglomerate are mainly of granitic gneiss, with subsidiary
amounts of amphibolitic and pelitic clasts, in a matrix of quartz
and plagioclase. The metasandstone is composed mainly of quartz
and plagioclase with variable amounts of alkali-feldspar (which
may form porphyroblasts), biotite and hornblende. Gradational
increases in the amount of biotite over small intervals are
interpreted as being inherited from graded bedding and give
younging directions to the NE (Plate 1d.). Sphene, calcite and
iron oxides are common accessories. The unit contains minor
amounts of amphibolite, calc-silicate gneiss and silicate iron-

formation. The metasandstones become finer-grained to the east
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(top of the sequence) where thev pass into a series of
semipelitic gneisses.

Another thick gneissic metasandstone unit is found above the
Lac Gabriel Complex (See section 2.4 for a description of the
complex). The unit is similar to the one previously described,
but in general it is coarser grained and may contain garnet and
prismatic sillimanite. It is also generally very rusty, probably
due to the oxidation of iron sulphides.

The LGB contains numerous amphibolite units of various
types. The most common type of amphibolite is medium to fine-
grained with a strong foliation defined by hornblende and a well
defined compositional layering (i.e. alternating hornblende and
plagioclase-rich layers). Hornblende and plagioclase are the
major phases in these amphibolites. Plagioclase composition is
generally in the labradorite range and single crystals commonly
show reverse zoning. Quartz is commonly found in plagioclase-rich
layers. Biotite, garnet, diopside and calcite are occasional
minor phases, with ilmenite occurring as a common accessory
phase. Rare deformed pillow structures are observed in these
amphibolite units (Bosdachin, 1986).

A distinctive amphibolite unit found to the north of Lac a
Foin has essentially the same mineralogy as the previously
described amphibolites, but 1is much coarser grained with a
correspondingly coarser compositional layering. This unit is
believed to be epiclastic or pyroclastic and contains a

tuffaceous horizon.
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Another sequence of amphibolites has been mapped near the
top of the 1GB. These amphibolites are variable in composition
(mainly in hornblende content). They are generally well foliated
with a good compositional layering and are medium to fine-
grained. The main phases are hornblende, plagioclase, quartz and
biotite. The most hornblende-rich of these amphibolites commonly
contain irregqular veins and layers of plagioclase and quartz.

Two thin layers of pelitic schist are observed north of lLac
4 Foin. The mineralogy of these units is essentially the same as
that of those observed in the LRIMB except that most muscovite is
probably retrograde. These schists weather to a rusty red color.

The only remaining major units of the IGB are made up of
hornblende-biotite paragneisses. These rocks are composed of
variable amounts of hornblende, biotite and quartzofeldspathic
components, and are transitional between amphibolite, mica schist
and quartzofeldspathic gneiss. One of these units is found
between the uppermost amphibolite unit at Lac a Foin and the lac
Gabriel Complex, and the other caps the block. Although highly
variable, the gneisses are generally medium—grained with a good
compositional layering and a well defined foliation (Plate le.).
Graded bedding in this unit gives a younging direction towards
the NE.

Scattered throughout the block are various minor calc-
silicate and marble units. Three of these units are mappable. A
thin marble unit is found between the upper amphibolite units at

Iac a Foin and consists of calcite and diopside with minor
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plagioclase, sphene and quartz (Bosdachin, 1986). The thickest
calc-silicate unit in the IGB is associated with the Lac Gabriel
Complex. The mineralogy of this unit is variable but in general
it consists mainly of diopside and plagioclase, with subsidiary
calcite, epidote and tremolite, and accessory garnet, sphene and
clinozoisite. This unit is typically a dull green color.

The hornblende-biotite gneiss unit at the top of the block
contains two and possibly three thin (roughly 3-15 m) calc-
silicate/ marble units. The thicker units are zoned, with a core
of calcite marble containing approximately 20 percent forsterite
and surrounded by rims of almost pure tremolite and diopside.

The block also contains two minor silicate iron-formations
just north of Lac a Foin. One of these is well banded, consisting
of bands of hornblende, diopside and iron oxides alternating with
quartz-rich bands. This unit is commonly garnetiferous. The

second iron formation is unlayered and weathers a rusty red

color.

2.3.3 ILac Berthet Block.
The Lac Berthet Block (LBB) is the northernmost of the three

blocks and extends from the ILac Pingiajjulik fault to the
overlying granitic gneiss, and perhaps beyond. The stratigraphy
of this block is the least well known of the three. The block is
underlain by a large variety of probably epiclastic

metasediments, which are highly variable at all scales, making it
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difficult to trace most units confidently for any distance along
strike.

One of the most easily traced units is found at the base
of the block. It is a coarse-grained gneiss containing variable
amounts of biotite and amphibole (hornblende and/or
cummingtonite) . The degree of foliation development varies
throughout the wunit, but a reasonably well developed
compositional layering is generally present. It is commonly
porphyroblastic, with either plagioclase and alkali-feldspar (up
to 3 cm in diameter) or garnet (up to 2 cm in diameter), but
rarely both (plate 1f). Alkali-feldspar porphyroblasts are
generally surrounded by thick (up to one third of the diameter of
the porphyroblast) myrmekite rims. These gneisses are commonly
rusty red.

Large areas of the LBB are underlain by a heterogeneous unit
composed of a variety of rock types which occur as closely spaced
layers throughout the unit. The most common rock type in this
unit is a medium grained biotite-quartz~plagioclase paragneiss
with about 15-20 percent biotite. The unit is generally well
foliated with a good compositional layering, Amphibole is a
common minor phase. Other rock types in this unit are
quartzofeldspathic gneisses, metaquartzites and amphibolites with
variable amphibolite contents. The unit is typically a buff grey.

The block also contains several major amphibolite units.
Like the majority of units in this block they are variable in

composition. Generally they are very rusty and composed mainly of
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hornblende and or cummingtonite, plagioclase, biotite and quart:z.
Garnet is a common phase. These amphibolites are generally poorly
foliated but occasionally have a good compositional layering.

Minor calc-silicates and marble units are scattered
throughout the block. The calc-silicate units are composed of
diopside and plagioclase with associated tremolite and hornblende
s.l. Marbles are calcitic and usually contain forsterite.

A distinctive unit is found on the SW shores of Lac Berthet,
where a series of outcrops composed of a clinopyroxene and
orthopyroxene gneisses were mapped. These outcrops are highly
serpentinized on their contacts with the surrounding
metasediments, and form a series of elliptical outcrops extending

in a line parallel to regional strike.

2.4 Hudsonian Intrusives

An important feature of the study area is the presence of a
series of Hudsonian intrusive rocks ranging in composition from
granitic to tonalitic. The rocks occur in three main complexes
which form an east-trending belt and have been named the Iac
Gabriel Complex, the Lac Stewart Complex and The Elbow Island
Complex. These complexes are all restricted to the same general
stratigraphic level and all contacts are roughly parallel to the
local foliation. This discussion will be restricted to the Lac

Gabriel Complex which was mapped as part of this study.
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(Descriptions of the other complexes will be published in Poirier
et al., in press.)

The Lac Gabriel Complex is located west of Lac Gabriel and
approximately 2 km north of Lac a Foin, and is composed of rocks
ranging in composition from granitic to gabbroic. Structural
relationships indicate that the complex was emplaced early in the
tectonic history of the area (see section 3.4 for more detailed
discussion) and was subsequently deformed and metamorphosed.

The complex consists predominantly of granodioritic and
tonalitic gneisses with 1lesser amounts of granitic gneiss,
hornblende diorite and gabbro. The gabbroic rocks are composed
mainly of hornblende with minor amounts of biotite. Interstitial
plagioclase, apatite and magnetite are found as accessories. A
zone of layered rock consisting of a 10-20 cm thick layer of
magnetite which apparently grades up(?) into a hornblende gabbro
was found in one outcrop and is traceable for at least 300 m
along strike.

The granodioritic and tonalitic rocks consist of
plagioclase, hornblende, and quartz with interstitial biotite and
alkali~feldspar. These rocks vary in color index from 20 to 50.
Magnetite is a common accessory mineral in all rock types, but
also occurs as irregular blobs up to 20 cm in diameter in the
tonalitic rocks. Xenoliths in the complex are commonly gabbro
or hornblende diorite but a few metasedimentary xenoliths are
observed. The complex shows no clear evidence of zoning, but a

general increase in the mafic content of the granitoids is
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observed as the southern (lower) side of the complex is
approached. Crosscutting relationships indicate that the gabbroic
and dioritic intrusives generally predate the granodiorites and
tonalites. At the northern margin of the complex there is a large
exposure of alkali-feldspar-megacrystic granite.

The rocks of the complex show variable amounts of
deformation depending on position in the complex. At its edges
the intrusives are well foliated and interleaved with the
surrounding metasediments. Toward the centre of the complex very
little foliation is evident but the rare xenoliths of country
rock are well foliated. The non-foliated intrusives very commonly
have a pronounced 1lineation defined by the 1long axes of
hornblende grains.

Uranium-lead zircon studies (Machado et al., 1988) yield an
age of 1833 *2 Ma for the Lac Stewart Complex. The Elbow Island
complex has three zircon populations which give ages of 1845 #2,
1840 *2 and 1829 *2 Ma. The 1840 and 1845 dates are believed to
be igneous ages, while the 1833 and 1829 ages are interpreted as
metamorphic.

The most widespread Hudsonian intrusives in the study area
are the syn to post-tectonic pegmatites found throughout the
area. The IRLMB contains minor amounts of pegmatite in its upper
porticns. They are coarse-grained and composed essentially of
equal proportions of plagioclase, quartz and microcline.

Tourmaline and muscovite are common accessories. The pegmatites
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are exposed as elliptical pods oriented roughly parallel to the
regional foliation.

The majority of pegmatite in the area is found near the
border between the LGB and LBB. In this region there are several
large areas in which pegmatite veins constitute up to 50 percent
of the bedrock. Within this region are several areas (up to 1 sq.
km) in which 100 percent of the bedrock is pegmatite.

The pegmatites are composed mainly of quartz, plagioclase
and microcline, with minor muscovite and biotite. Garnet is a
rare accessory mineral and occurs as small (1-2 mm) euhedral
crystals.

The pegmatites exhibit variable amounts of deformation. Some
are so deformed that foliation development has occurred. Others
are tightly folded and many are undeformed. Both deformed and
undeformed pegmatites may be found in the same outcrops
suggesting episodic or continuous pegmatite intrusion both
during and after deformation. U-Pb dating of 1late undeformed

pegmatites gives an age of 1775 +4 Ma (Perreault et al., 1988).

2.5 Diabase Dykes and Sills

The youngest rocks in the area are a series of diabase
dykes and sills, which range in thickness from several
centimeters to several tens of meters. The undeformed state of
these rocks and the presence of chilled margins at their contacts
with the supracrustals indicates that they are post-orogenic.

Similar dykes found to the east of the study area (Taylor, 1979;
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S. Perreault, pers. comm., 1988) have been dated (K/Ar ages) as
Neohelikian (Taylor, 1979).

The chilled margins of the dykes and sills are generally
aphanitic, but the centers of the intrusives may be quite coarse-
grained. The diabase is composed mainly of plagioclase, with
interstitial olivine, clinopyroxene and recrystallized glass and

displays intergranular textures (Williams et al., 1954).
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CHAPTER 3. Structural Geology

3.1 Introduction

The structural geology of the hinterland of the Labrador
Trough has received little detailed attention (with the exception
of Hynes, 1978). Information on the nature and relative timing of
structural features in the region are of major importance in
developing a model for the area.

The study area experienced multiple deformation during the
Hudsonian Orogeny, which left it marked by various ductile and
brittle strain features. Structural examination of the study area
has revealed at 1least three sets of folds. Their order of
formation, overprinting relationships and style are consistent
and they may well reflect three separate episodes of deformation
varying both in intensity and regional distribution. In general
the most intense deformation  occurred early in the tectonic
history of the area. This chapter provides a description of the
deformation in the study area. A discussion of the significance

of these features is deferred to the final chapter.

3.2 Folds amd Foliations

The earliest deformation episode (D7) is recorded in all
pre-Hudsonian rocks in the area as a well defined foliation

commonly associated with compositional layering and or
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gneissosity. Rarely observed primary sedimentary features
(mainly in the form of graded bedding in paragneisses) indicate
that S, is bedding-parallel. Major differences in bulk chemistry,
as indicated by modal mineralogy parallel to the foliation (e.q.
garnet~or cummingtonite- rich layers in an otherwise garnet- or
cummingtonite free-rock) are consistent with this. The foliation
is generally defined by preferred orientation of [001] planes in
layer-silicates and 1long dimensions of amphiboles and other
elongate minerals (Plates 2a, 2b.).

Folds associated with D; (F;) are characteristically
isoclinal, with axial planes parallel to S;. The vast majority of
F, folds observed are rootless and intrafolial and typically
have wavelengths of tens of centimeters (Plate 2c.). Larger F;
folds are rare or unrecognized due to their isoclinal nature and
a lack of facing indicators. In single outcrops it is common to
Fp; find fold axes that plunge in opposite directions (i.e. 180°
difference in trend of plunge), possibly indicating a later
isoclinal folding event. This could not be verified however, due
to the difficulty of measuring fold axis orientations on flat
outcrops. Evidence for a similar early isoclinal folding event
has also been noted to the northwest of the study area (Hynes,
1978) . One Fq-F, interference pattern has been observed, defining

a well-formed mushroom-type interference pattern (Plate 2d.).

Although not as intense as D; deformation, the effects of
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Dy on regional structure are much more prominent, with most of
the regional scale foldint due to D, (see Fig. 6). The most
obvious effect of D, deformation is the presence of F, folds at
all scales throughout the study area. F, folds occur with a wide
variety of styles and orientations, depending on lithology and
competency contrast between folded layers. Most commonly, F,
folds are intermediate betwéen tight and open, have rounded
closures and have a parallel style (Plate 2e, 2f, and 3a.). There
is much departure from this basic style throughout the area,
especially where 1lithologies of contrasting competency are
deformed by the same fold. For example, in the Lac Murray area
most of the folds in biotite schist units are simple, tight to
open, parallel folds (Plate 2f.). However, where the folded
schists contain quartz layers or veins, folds develop a very
distinctive concentric style. A distinctive style of folding is
also observed in the Lac a Foin area, where chevron-style folds
are observed in amphibolite units.

In the Lac a Foin area there is evidence for two sets of
folds associated with D, deformation. In the amphibolites of
this area, the limbs of larger F, folds are commonly folded by a
later set of more open coaxial folds with axial planes that dip
more steeply to the SE than the earlier set.

The orientations of F, fold axes vary throughout the study
area. In the extreme northern parts of the LBB F, fold axes are
commonly rotated about the NE-plunging fold axis of a later

major fold (F3) and plot on a small circle on a stereographic
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Figure 6. Map of study area showing major structural
features. Abbreviations as in Figure 4. Map includes data from
Perreault (1987).
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Figure 6b. Cartoon showing structural relationships between
the Lac Berthet "basement" gneisses and supracrustal rocks. Line
of section is approximately parallel to the axial trace of the
regional F3 fold. Stippled pattern indicates "basement" rocks.
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projection (Fig. 7). In northern areas not affected by D3 folding
F, folds plunge to the SSW and have W-dipping axial planes. In
more southerly parts of the study area, where D3 deformation is
less pronounced, F; folds generally plunge toc the east (trend
65-120, plunge 20-60) and have south-dipping axial planes.
Foliation associated with D, 1is not as widespread or
pronounced as Sq and is restricted to the Lac Murray area. The
most common type of Sp foliation is spaced (2-3 cm in
wavelength) crenulation cleavage found in micaceous schists. The
crenulations have axes and axial planes parallel to those of F,
folds in the area (Plate 3b.). This crenulation is not associated
with folding on the outcrop scale, which probably indicates that
it is due to either macroscopic folding or more simply a
regional homogeneous shortening. Similar crenulations are
occasionally observed in amphibolites in the area, but are
restricted to the closures of outcrop-scale folds (Plate 3c.).
Petrographic examination also reveals that there 1is some
development of a preferred orientation of [001] planes in
biotite parallel to the axial planes of small (1-4 cm) F, folds

in biotite schist units (Plate 34.).

In most of the Labrador Trough s.s., the last deformation
event (D3) produced the most intense deformation. In the study
area, however, the intensity of D3 deformation is highly

variable. In some regions there is no evidence of D3, while in
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Figqure 7. Contoured stereoplot of F, fold axes rotated
about F; axes at Lac Berthet. large dot: axis of fitted small
circle, Triangles: Measured F3 fold axes. Data contoured at 2, 5,
and 10 % /1% area
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others it is responsible for the regional tectonic grain (see
Fig. 6). D3 is usually evident as F3 folds and in a few cases
faults. No evidence for foliation development during this event
has been observed.

In general, F3 folds are open, with upright axial planes that
trend roughly NNW and have shallowly plunging fold axes that are
occasionally doubly-plunging. D3 is strongest in the Lac Berthet
area, where, as mentioned previously, all earlier structures show
considerable rotation about a regional F3 fold (Fig. 7). In this
area F5 folds are upright and open and plunge shallowly towards
240 or 060. F5 folds are also observed in the Lac a Foin area
where they are similar to those at ILac Berthet. Interference
between F, and F3 folds in this area produces minor, elongate
dome and basin patterns with long axes parallel to F, axial
traces (Plate 3e, 3f.). Minor F; folding is also observed in the
Lac Pingiajjulik area where a gentle warping of the S; foliation
on a scale of 5 to 10 meters is observed. The axes of these
warps plunge to the NE at 40 to 60 degrees.

An inspection of the regional structural map (Fig. 6) reveals
that F3 axial surface traces undergo an anticlockwise rotation of
approximately 90° from the Lac Berthet region to the Koksoak
River where they are parallel to those in the Labrador Trough
s.s. This rotation 1is apparently gradual (i.e. there are no
abrupt changes in axial trace orientation) over the length of the

study area, although data are scarce in the region between Lac

Berthet and Lac Pingiajjulik.
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3.3 Faults.

The area is cut by at least three major faults and a number
of minor ones. The earliest recognized fault is the Lac Turcotte
Fault (LTF). The LTF is a prominent, NNW trending, linear
feature in the southern part of the study area. This fault is
parallel to S4, which in this area dips approximately 45° NE.
The assignment of this fault to D is based on its parallelism
to the S foliation (and bedding) and to the observed folding of
its surface trace by a fold associated with D, (Fig. 6). Local
mylonites are observed along the surface trace of this fault (S.
Perreault, pers comm.,1987).

Another relatively early fault is the Lac Pingiajjulik fault.
This fault separates the LGB from the LBB anrd extends from the NE
side of Lac Pingiajjulik to the NE side of the Lac Stewart
Complex (S. Perreault, pers. comm., 1988). The fault is
characterized by a broad zone of highly recrystallized mylonite,
separating two blocks of contrasting lithology. The timing and
type of motion on this fault is not well constrained, but
several features allow tentative dating with respect to regional
metamorphism and deformation. Folding of the surface trace of
this fault by an F5 fold indicates it is pre-D3. The highly
recrystallized nature of the mylonite suggests that metamorphic
conditions after motion were such that annealing and static

recrystallization could occur. These features are consistent with
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motion on this fault pre-dating both D3 deformation and peak
metamorphism. This fault marks the southwestern 1limit of
granulite facies rocks produced during the early metamorphic
event (see Chapter 4.).

The youngest major fault occurs just east of Lac Murray and
is believed to be a southern extension of the Lac Olmstead Fault
(LOF) mapped by Goulet (Goulet et al., 1987). The fault zone is
characterized by an approximately 1 km wide zone of discontinuous
shear zones which commonly display mylonitic and C-S fabrics.
The motion on the fault, as determined from C-S fabrics and
displacement of planar markers ir mylonites (Ramsay, 1981;
Simpson and Schmidt, 1983) was dextral (Plate 4a, 4b.). F, fold
axes measured on either side of the fault exhibit no observable
change in orientation, indicating no rotation in the fault plane.
Geothermobarometry on either side of the fault indicates a
temperature increase from 600 °C. on the west side of the fault
to 700 °C on the east side with no corresponding increase in
pressure (estimated to be 8 kb) (Perreault et al., 1987). This
lack of increase in pressure suggests that there was little or no
dip-slip motion on the fault. (Errors in P and T are estimated to
be 50 °C and 1000 bars, respectively.) The timing of this fault
is less certain. C-S fabrics associated with this fault contain
deformed fibrolite nodules, in contrast to those observed
outside the fault zone which are undeformed. If the sillimanite
grew during peak metamorphism, as is likely (see Chapter 4) this

indicates that motion on this fault coincided with or post-dated
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peak metamorphism. The lack af any major retrogression associated
with fault zones indicates that motion occurred on the fault
before the rocks had time to cool significantly from peak
metamorphic conditions.

There are several faults of lesser importance in the area.
The south side of the LGC is marked by an eastward trending, 200
meter wide band of highly sheared and lineated rocks which
extends from the north end of Lac Gabriel to the area north of
Lac & Foin. The 1lineation associated with this fault plunges to
the east at 40° and parallel to the F, fold axes in the area.
The fault terminates just north of Lac Gabriel, but the timing
and extent of offset on it are unknown.

The other minor fault in the area runs parallel to the long
dimen=ion of Lac Pingiajjulik. This fault is not exposed, but
several features in the area indicate the presence of a fault.
The most suggestive feature is major lithological change on
either side of Lac Pingiajjulik. Examination of acromagnetic
maps for the area reveal dogleg patterns suggesting sinistral
fault offset. A jog is also observed in the regional foliation

in the area immediately to the south of the fault.

3.4 Features of Special Interest

There are a number of features in the area that deserve a
more detailed discussion due to their importance in the overall

history of the study area. These features are the lac Gabriel
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Complex and the gneiss-cored synform on the eastern side of lac
Berthet.

The "basement" gneisses of the Lac Berthet area are
geometrically on top of the surrounding metasediments. The
overall structure of the area consists of a tight keel of highly
deformed gneiss resting on the metasediments. The contact between
the gneisses and the surrounding rocks is poorly exposed and
often obscured by migmatization. Iocal shearing is also observed
on the contact at some points. The folding of this contact by D,
deformation indicates that the basement rocks were placed above
the metasediments during D;. There are two possible explanations
for the event. The first possibility is that both gneisses and
metasediments were overturned by recumbent F; folding and
subsequently deformed by D, and Dj3. Alternatively, basement was
thrust over the metasediments by a D; thrusting event.
Differentiation between these two possibilities is not feasible
with the limited number of reliable facing indicators observed in
the area.

Structural features associated with the Lac Gabriel Ccomplex
play a major role in determining its time of emplacement. The
deformation of the complex is highly heterogeneous in nature. In
its central part there is no foliation or folding. As the
southern contact is approached, however, deformation becomes more
obvious. The first evidence of deformation is the presence of an
eastward plunging lineation (® 090/40°). Continuing southward, a

foliation is developed and F, and F3 folds are observed. Very
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intense local deformation is also observed in the area of the
fault described in section 3.3. In this area intrusives are
interleaved with the country rock. In the more deformed portions
of the complex, and in the rocks on the edge of the complex,
linear fabric elements (i.e. lineations, fold axes and rare
mullion structures) have very similar orientations (Fig. 8) and
lie approximately in the plane of the regional foliation. The
colinearity of the lineations and fold axes with F, fold axes
outside the shear zone indicate that the shearing is possibly a
D, feature.

The timing of the intrusive event can be determined with a
fair degree of certainty. The absence of Sp foliation, the
presence of well foliated country rock xenoliths within the
complex and the common observation of associated gabbroic dykes
crosscutting well foliated country rocks suggest intrusion post-
dated D;. F, and F3 folds in the complex suggest that intrusion

was post D and pre-to syn-D,.
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Figure 8. Stereoplot of poles to foliation (S;), lineations
and fold axes (F;) from LGC shear zone. Circles: Fold axes.

Triangles: Lineations. Great circle is best fit to foliation

data.
area.

Data contoured at intervals of 2, 5, 10, and 15 % per 1%
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Figure 8b. Raw data used to prepare Fig. 8. Squares : poles
to Sq:; Triangles : L,; Dots : F, fold axes.
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CHAPTER 4. METAMORPHISM and GEOTHERMOBAROMETRY
4.1 Introduction

The study of metamorphism and metamorphic petrology is an
essential part of the investigation of any orogenic belt. The
aim of this sort of study is to use techniques such as
geothermometry and geobarometry to determine the changes in
pressure and temperature to which the rocks of the belt have been
subjected during the orogeny. By combining data of this sort with
information from structural studies and available isotopic dates
of various intrusive and metamorphic events it may be possible to

develop a comprehensive history of the orogeny.

4.2. Previous Work

Although the Labrador Trough and its environs have been the
subject of a large number of studies dealing with structure and
stratigraphy, 1little attention has been given to detailed
examination of the regional metamorphism. The two most detailed
accounts to date are by Gélinas (1965), dealing with the Kuujjuagq
area, and by Dimroth and Dressler (1978), which is a review of
the metamorphism of the entire Labrador Trough. The following
general description of metamorphism in the Trough is drawn
mainly from the latter source.

The oldest metamorphic imprint in the Labrador Trough is
that recorded in the Archean basement gneisses which now
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underlie most of the Trough s.s.. These rocks commonly show the
effects of a pre-Hudsonian thermotectonic event (the Kenoran
Orogeny, ca. 2700 Ma) which metamorphosed them to amphibolite or
granulite facies. This Kenoran metamorphism has been extensively
overprinted by subsequent Hudsonian metamorphism. Pre-Hudsonian
metamorphic imprints preserved in the low-grade portions of the
Trough ara contact metamorphism of sediments intruded by gabbro
and load metamorrhism in thick volcanic sequences (Dimroth and
Dressler, 1978).

Metamorphism due to Hudsonian tectonism in the Trough
ranges from sub-greenschist at the extreme western boundary of
the Trough to granulite facies in the hinterland, with iscgrads
striking NNW to NW (Fig. 9). The dip oi the isogradic surfaces
varies systematically from shallowly westward dipping in the
low~grade portions of the Trough to steeply westward dipping
farther east. This steepening is believed to be the result of the
greater amount of uplift experienced by the rocks of the
hinterland (Dimroth and Dressler, 1978). The transition between
greenschist and amphibolite facies closely parallels the eastern

margin of the Labrador Trough s.s. and is roughly parallel to the

eastern 1limit of exposed volcanic units (Dimroth and Dressler,
1978, Boone, 1987).

The timing of peak metamorphism with respect to deformation
varies in a systematic way across the Trough. Where the

metamorphic grade is sub-greenschist (i.e. in the miogeoclinal

zone), peak metamorphic conditions predate deformation. Moving
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east across the Trough, lower greenschist facies metamorphism is
syntectonic, upper greenschist and amphibolite metamorphism is
late-tectonic and upper amphibolite and granulite metamorphism
is post-tectonic (Gélinas, 1965; Dimroth and Dressler, 1978;
Moorhead and Hynes, 1986; and this study).

A more detailed report on the metamorphism of part of the
study area (south of Lac a Foin) is given in a D. Sc. thesis
prepared by Gélinas (1965). The following section, which gives a
general overview of metamorphism in the region, is compiled
mainly from this source and from personal communications with S.
Perreault (1987-8).

As in the Labrador Trough s.s., metamorphic grades in the

study area increase from lower amphibolite in the west to upper
amphibolite in the east with isograds striking approximately N
to NNW. The area contains four major isograds and three minor
ones which are defined mainly in pelitic rocks (Fig. 10). The
first major isograd encountered is defined by the appearance
of oligoclase in place of albite which occurs approximately four
kilometers west of the Lac Rachel Fault (LRF) (Boone, 1987). This
isograd marks the transition between upper greenschist and lower
amphibolite facies metamorphic conditions and is sub-parallel to
the LRF.

The next isograds encountered are marked by the successive
appearance of garnet (almandine-rich), staurolite and kyanite in
pelitic rocks, all within five kilometers of the LRF. Following

this is the sillimanite-in isograd which occurs approximately
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10 km to the east of the IRF and marks the onset of upper
amphibolite facies metamorphism. The disappearance of staurolite
occurs approximately two and a half kilometers west of the Lac
Olmstead Fault (ILIOF; S. Perreault, pers com., 1988). The next
isograd occurs approximately 20 km to the east of the LRF and 1s
marked by the disappearance of prograde muscovite (retrograde
muscovite is found up to the southern boundary of the Lac Gabricl
Complex). This is the only well defined isograd in the study
area, its western limit occurring just west of the staurolite out
isograd

In contrast to the pelitic rocks, the marble, calc-silicate
and amphibolite units in the area exnibit only minor changes in
mineral assemblages between the kyanite-in isograd and the onsct
of upper amphibolite facies metamorphism.

Isograds in the area commonly cross surface traces of Dy
structures (i.e. gneiss cored antiforms (Fig. 10)) and provide
further evidence that peak metamorphism in the area occurred
after the last episode of ductile deformation.

Recent work (Perreault et al., 1988) has shown that the LBB
and LGB were subjected to an earlier metamorphic event. Relict
assemblages indicate that the early metamorphism (Mj) reached
granulite facies conditions in the LBB and upper amphibolite
conditions in the IGB. No evidence for M; has been found in the
LRIMB (Perreault et al., 1988). This event has bheen dated at

approximately 1830 = *2 Ma (Perreault et al., 1988; Machado et

al., 1988). The extensive overprinting of this event by the main
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Hudsonian metamorphic event (M;) has made it very difficult to
determine the nature of this early event. U-Pb dating of sphene
and monazite has shown that peak M; conditions occurred between

1770 and 1790 in all three blocks (Perreault et al., 1988)

4.3 GENERAL PETROIOGY

Although most specimens in the study area have mineral
assemblages characteristic of upper amphibolite facies, one of
the specimens collected (7ell) contains the assemblage:

Hb—-Plag—Cpx-Gt-Opx
which is characteristic of granulite facies (Turner, 1981). This
is the only occurrence of a granulite facies assemblage in the
area. As mentioned in the previous section, there is some
evidence for an early, syn-tectonic granulite event in the
northern part of the study area. The SW limit of M; is apparently
collinear with the trace of the LPF and extends in a SE direction
along the north side of the Lac Stewart Complex (S. Perreault
pers. com, 1987). It is difficult to determine whether this
specimen crystallized during the M; event or is a relic from the
earlier granulite event which escaped retrogression. Hornblende,
plagioclase, garnet and clinopyroxene all appear to be in stable
equilibrium, and hornblende composition is similar to granulite

facies hornblende composition (i.e. high Ti, Na, K; Raase, 1974;

Raase et al., 1986), but it is difficult to determine whether Opx
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is a stable phase. If Opx was stable during the later event then
it has implications discussed further below (see section 4.6).

Apart from this specimen, the only major metamorphic changes
observed across the area studied for this thesis are 1) the
disappearance of prograde muscovite near the ITF and 2) the
change in the habit of sillimanite from fibrolite (with minor
associated prismatic material) to prismatic sillimanite north of
the LGC. The mineral assemblages of the major rock types of the
area are given in Table 1.

Sillimanite has several modes of occurrence south of the

IGC. Particularly noteworthy are the garnet-cored sillimanite
nodules which occur in pelitic schists (Plate 4c, 4d.). The
nodules range from one to two centimeters in diameter. They have
cores of extremely ragged garnet which is wusually rich in
inclusions of biotite (occasionally retrograded to chlorite),
quartz and ilmenite. Immediately surrounding the garnet is a
quartz-rich rim containing fresh biotite and crystalline
sillimanite. These rims are in turn surrounded Ly a mat of
almost pure fibrolite with minor amounts of biotite and ilmenite.
The fibrolite is commonly stained brown and small amounts of
biotite are commonly observed between fibers. Muscovite, which
is a common phase in sillimanite-free portions of the rocks, is
absent in the vicinity of these nodules.

These features indicate that the textures may result from a
prograde reaction between garnet and muscovite. In a more

detailed study of similar textures Pigage (1982) derived the
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Table 1. Metamorphic Assemblages

South of ILGC North of IGC
Pelitic Rocks

Qtz - 0lig - Bi - Mu + Tour Qtz - Olig - Bi - S§ill - Ksp + Gt
Qtz - Olig ~ Bi - Mu - Fib + Tour

Accessories: ilmenite, apatite

Semipelitic Rocks

Qtz - O0lig - Bi - Gt Qtz - O0lig - Bi - Gt

Qtz - 0lig - Bi - Ksp Qtz - Olig - Bi - Ksp
Amphibolite

Hb - P1 + Bi + Qtz + Gt Hb - P1 - Bi + Cumm + Qtz + Gt

Accessories: Sphene, ilmenite, apatite, calcite
Quartzose Gneiss
Qtz - Bio - Pl - Mu + Ksp Qtz - Bio - Pl - Ksp + Sill + Gt
Paragneiss
Qtz - P1 - Bi - Hb + Ksp + Cumm + Gt

Accessories: Sphene, ilmenite, apatite, zircon, allanite

Abbreviations used in table and text:

Ab = albite

An = anorthite

Bi = biotite

Cumm = cummingtonite

Cpx = clinopyroxene

Fib = fibrous sillimanite
Gt = garnet

Hb = hornblende

Ilm = ilmenite

Ksp = alkali feldspar

Mu = muscovite

Olig = oligoclase

Opx = orthopyroxene

Pl = plagioclase (greater than Anjg)
Qtz = quartz

Rt = rutile

Sill = sillimanite

Tour = tourmaline .
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the following reaction (not balanced)

Gt + Rt + Mu —> Sill + Qtz + An + Bi + Plag + Ilm.

This reaction is consistent with the ragged appearance of the
garnet, the quartz rich rims around the garnet, the concentration
of ilmenite in the quartz-rich regions and the absence of
muscovite. The presence of biotite in the fibrolite also
supports the operation of this reaction.

Some amphibolites and paragneisses north of the LPF contain
coexisting cummingtonite and hornblende. Cummingtonite is clear,
monoclinic, nonpleiochroic and commonly displays extensive
lamellar twinning. The hornblende is a smoky blue-green with a
strong pleiochroism. There are several ways in which these two
amphiboles coexist. The most common modes are 1) fine lamellae of
hornblende parallel to twin lamellae in cummingtonite (Plate 4e),
2) a patchy intergrcwth of blue-green hornblende and
cummingtonite with no distinct grain boundaries (Plate 4f) and
3) an apparently stable intergrowth of the two types of amphibole
with distinct grain boundaries (Plate 4g). More than one of these
textures is commonly found in the same section, especially modes
1 and 2.

These textures are quite similar to those described by
Stephenson and Hensel (1979). These authors suggest that type 3
intergrowths are the result of simultaneous growth during
metamorphism. They also suggest that type 1 and 2 intergrowths
are the result of exsolution of hornblende during cooling, with

type 2 possibly being the result of some sort of exsolution
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coarsening process. In any case, the textures of hornblende-
cumingtonite intergrowths (type 3) probably indicate that they
coexisted stably during prograde and peak metamorphism. The other
textures could possibly be the result of the exsolution of a
calcic phase from the cummingtonite on cooling from peak M;
conditions.

A fourth type of hornblende-cummingtonite intergrowth is more
difficult to interpret. In many of the sections cummingtonite is
rimmed by a zone of blue-green hornblende where it was originally
in contact with plagioclase (Plate 4h). The hornblende rims of
these crystals are generally poikiloblastic with quartz and have
poorly defined grain boundaries with the cummingtonite.
Cummingtonite in these intergrowths commonly displays a set of
fine "hornblende" exsolution lamellae which terminate at the
contact with the rimming hornblende. These textures indicate that
the rims may result from a reaction of the type:

Cum + Plag ——> Hb + Qtz.

Though the reaction itself may be fairly obvious, its timing

is not. The observation that the reaction has not gone to

completion (i.e. there is still cummingtonite remaining) suggests

that the reaction is a retrograde one (Vernon, 1976). Evidence of
the stable coexistence of hornblende and cummingtonite at peak
metamorphic conditions is difficult to reconcile with a
retrograde reaction of this nature. A possible explanation is
that the hornblende rims represent a reaction which occurred

during retrogression from the early granulite event. When peak
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conditions of the later Barrovian event were reached the

assemblage became stable and reaction ceased.

4.4 GEOTHERMOBARCOMETRY

4.4.1 Introduction

Mineralogic thermometry and barometry are vexry important
tools in the study of metamorphism and metamorphic terrains. The
use of appropriate, well calibrated geothermometers and
geobarometers allows reasonably accurate estimation of peak
pressures and temperatures of metamorphism and may permit the
elucidation of various portions of P-T paths followed by
rocks. The following section 1is a short review of

geothermometers and geocbarometers and their application.

4.4.2 Geothermcmeters

The most commonly used deothermometers in high grade
metamorphic terrains are based on the exchange of isovalent
cations between coexisting mineral pairs. Reactions of this sort
are well suited for geothermometry because of their small volume
change and their resistance to retrograde resetting (Essene,
1982). The small volume change of intercrystalline cation
exchange means that these reactions are only slightly or not at
all affected by differences in pressure, and therefore the
equilibrium composition of minerals used in these

geothermometers is for the most part a function of temperature.
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The most. commonly used exchange geothermometers are based on
Fe-Mg exchange reactions such as:
Almandine + Phlogopite <—> Pyrope + Annite
Fe3Al,Si3075 + KMg3ALSiy03q <---> Mg3Al,;8i3095 + KFe3AlSij0qg
(Ferry and Spear, 1978). Fe-Mg exchange geothermometers have also
been calibrated for garnet-clinopyroxene (Ellis and Green, 1979;
Saxena, 1979; and Dahl, 1979), garnet-cordierite (Currie, 1974;
Thompson, 1976; Perchuk and Lavrent'eva, 1983; Holdaway and Lee,
1977; Martignole and Sisi, 1981), garnet-hornblende (Graham and
Powell, 1984) and garnet-ilmenite (Pownceby et al., 1987)
exchange pairs. The very common use of garnet as one member of
a geothermometry exchange pair is due both to its common
presence in rocks of widely variable bulk composition and to its
refractory nature, which makes it relatively resistant to

retrograde compositional changes (Loomis, 1983).

4.4.3 Geobarometers

The most commonly used geobarometers in metamorphic studies
are based on solid-solid reactions involving the breakdown of low

density minerals in favour of higher density phases (i.e.

negative volume change). Ideally this type of barometer is
calibrated by locating the endmember reaction in P-T space
(either by experimental, empirical or theoretical means) and
extrapolating this over a range of Kgs (equilibrium
coefficients) for the pressures and temperatures of interest.

Because these barometers often have a significant temperature
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dependence, an independent estimate of temperature is usually
required for their use.

Examples of solid-solid reaction geobarometers useful in
high-grade metamorphic terrains are Garnet-
Rutile-Ilmenite-Plagioclase-Silica (GRIPS; Bohlen and Liotta,
1986), Garnet-Rutile~Aluminosilicate-Ilmenite (GRAIL; Bohlen et
al., 1983) Garnet-Aluminosilicate-Silica-Plagioclase (GASP;
Ghent, 1976, Newton and Haselton, 1981; Koziol and Newton, 1988),
garnet-plagioclase-clinopyroxene-quartz (Perkins and Newton,
1981) and garnet-plagioclase-orthopyroxene-quartz (Perkins and

Newton, 1981; Newton and Chipera, 1985).

4.4.4 Application

All geothermometers and geobarometers are based on the
assumption that chemical equilibrium exists among the minerals
used. In most cases this is ensured simply by working with
assemblages in mutual contact. When using minerals from high
grade metamorphic rocks, however, minerals in contact have
commonly undergone retrograde re-equilibration after peak
metamorphism and so record retrograde rather than peak
metamorphic conditions. Fortuiately, mineral =zoning provides a
way to look back into a rock's past. In almost all metanorphic
rocks garnet is 2zoned (Tracy, 1982; Loomis, 1983). Because
diffusion of cations through the garnet lattice is relatively
slow compared to other minerals, garnet crystals can maintain

large composition gradients between their rims and cores,
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allowing the garnet rims to remain in chemical equilibrium with
minerals in the matrix while the core retains the composition it
had earlier in the metamorphic history of the rock. In rocks
of medium metamorphic grade the composition of the core of zoned
garnets is generally believed to reflect the composition of
garnet in equilibrium with matrix minerals at an early stage of
its growth (Trzcienski, 1977; ILoomis, 1983). At higher
metamorphic grades (i.e. T > 650°C Woodsworth, 1977; Yardley,
1977) volume diffusion in garnets becomes fast enough that
chemical gradients can no longer be maintained between the
garnet rim and core and the crystal may become compositionally
homogeneous (given enough time at or above temperatures
required for rapid volume diffusion; Anderson and Olimpio, 1977;
Woodsworth, 1977; Yardley, 1977:; Loomis, 1983). Garnets from
rocks above the second sillimanite isograd, therefore, are
generally unzoned. As the rocks cool however, the rims of these
garnets maintain chemical equilibrium with the minerals in the
surrounding matrix, while the core of the garnet maintains the
composition it had at peak metamorphic conditions. Knowing the
significance of zoning in garnets from high grade rocks, it is
possible to obtain information about peak metamorphic conditions
if an assumption is made. If the volume of matrix Fe-Mg phases is
large compared with the volume of retrograded garnet rims the
matrix Fe-Mg minerals act as a sink of cations and their
composition is only very slightly changed by retrograde reartions

in garnet (i.e. lever principle, Ferry and Spear, 1978). By
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using the core composition of garnet and the composition of
matrix ferromagnesian minerals as input for geothermometers or
geobarometers it should therefore be possible to estimate peak
metamorphic pressures and temperatures (cf. Indares and

Martignole, 1985; Bohlen, 1987).

4.4,5 Sources of Error

Most calibrations of yeothermometers and geobarometers
include a calculated estimate of error (usually in the area of +
50°C and + 1 kbar respectively). These calculated errors
however, are based only on uncertainties in the calibration
(systematic errors) and are often "overly optimistic" (Hodges
and Mackenna, 1987). Examples of this type of error include
extrapolation of the geothermometer/barometer to conditions far
removed from those at which it was calibrated (Essene, 1982) and
use of the calibrations on minerals with compositions
significantly different from those used in the calibration.

One of the major sources of non-systematic error is the
possibility that the minerals used for calculating pressure and
temperature are not in chemical equilibrium. Although it is
difficult to prove that an assemblage was ever in equilibrium,
the risks of error due to non-equilibrium assemblages can be
minimized in several ways. The most important way of doing this
is by careful microscopic examination of textures for evidence
of non-equilibrium. Such evidence includes 1) the presence of

obviously retrograde minerals such as chlorite and muscovite, 2)
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textures indicating the breakdown of one mineral in favour of
another, 3) the lack of stable grain boundary and inclusion
shapes, 4) violations of the phase rule or 5) varying
compositions of grain edges for crystals of the same mineral
(all from Vernon, 1976). The chances of using non-equilibrium
assemblages can also be minimized by using only minerals from a
small volume of rock so that possible complications due to
possible bulk chemical inhomogeneity are avoided.

Another potential source of error is the presence of ferric
iron in the minerals used for geothermobarometers. Electron
microprobe analysis cannot distinguish ferrous from ferric iron.
If a mineral used for geojhermobarometry contains significant
amounts of ferric iron, it may cause large errors irn calculated
temperatures and pressures. Even though neglecting the presence
of ferric iron may lead to significant errors, the lack of an
adequate way to estimate ferric iron contents of minerals
accurately from microprobe data (especially minerals such as
biotite, hornblende and clinopyroxene) has made it common
practice to assume all iron is ferrous when calculating pressure
and temperature.

Errors may also be associated with thin-section effects. If
a zoned garnet is sectioned orf-center, the apparent core
composition will differ from the actual core composition. Errors
from this source can be minimized in several ways. If it is
assumed that garnets in a sample are of a uniform size, then the

largest garnet(s) in the thin section are cut closest to the
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core of the garnet. This source of error may be ignored when
homogenized high-grade garnets or assemblages found on garnet

rims are used for geothermometry or geobarometry.

4.4.6 Procedure

Thin sections of over 200 samples were made to determine the
mineralogy of the specific rock units and to provide a check of
metamorphic grades and mineral assemblages. Polished thin
sections were prepared from a number of samples to allow more
detailed study of the metamorphism using an electron
microprobe.

The sections were prepared for microprobe analysis by carbon
coating to prevent charge buildup. Analyses were carried out on a
Cameca~Camebax wavelength-dispersive electron microprobe with
specimen currents of between eight and 10 nanoAmps and counting
times of 20 to 30 seconds. Raw intensity data were converted
into oxide weight percentages using various silicate standards
(depending on the minerals being analyzed) and corrected using
the ZAF vprocedure. A microcomputer-based recalculation program
was used to recast the oxide weight percent results into
structural formulae.

The diversity of rock types in the study area makes it
possible to use a variety of different thermometers and
barometers and compare the results from each. This section

describes the thermometers and barometers used and how they were

68




Ly

applied (see Table 2 for summary). Where possible thermometers
and barometers were used on both rim and core-matrix assemblages.

Four different Fe-Mg exchange thermometers were used for this

work. The most frequently employed thermumeter was the garnet-
biotite geothermometer.
Several calibrations are available for this thermometer (e.g.
Thompson, 1976; Ferry and Spear, 1978; Hodges and Spear, 1982;
Perchuk and lavrent'eva, 1983; Indares and Martignole, 1985) and
although temperatures were calculated using all of them, only
that of Perchuk and Lavrent'eva produced reasonable results
throughout the area (see section 4.5.1)

The gqgarnet-hornblende thermometer was also frequently
employed. The calibration of Graham and Powell (1984) as modified
by Powell (1985) was used in this study.

The two other thermometers used are garnet-clinopyroxene and
garnet-cordierite. These thermometers were used on only one
sample each, due toc the scarcity of the required assemblage in
the study area. For the garnet-clinopyrcxene thermometer,
Powell's (1985) modification of Ellis and Green's thermometer
(1979) was chosen in order to maintain consistency with the
garnet-hornblende thermometer, which had been calibrated using
the same data set (Graham and Powell, 1984). The calibration of
Perchuk and lavrent'eva (1983) was chosen for the garnet-
cordierite thermometer because it had been calibrated using the
same set of experimental runs as their garnet-biotite

thermometer.
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Table 2. Geothermometers and Geobarometers

THERNOMETERS
ASSEMBLAGE REACTION __ REFERENCE
GARMET BIOTITE Almandine + Phlogopite = Anni te +  Pyrope Perchuk and

Fe3A12513012 + |0193Alsi3010 = KFe3Als|3010 + "93Al2$i3012

3 Pargasite

GARNET HORNBLENDE 3 FerroPargasite + 4 Pyrope =

3 NaCaZFel‘Al3si6022(0H)2 + 4 H93Al2513012

+ Hedenbergite
CaFeSh 206

3 Almandine + Diopside
3 Fe3A12513012+ CaMgs 150,

GARNET CLINOPYPOXENE 3 Pyrope

2 Almandine = Fe-Cordierite +

GARNET CORDIERITE 3 Mg-Cordierite +

: ol

Pyrope
3 Fe2AILSi5018 +2 “93Al2513012

Lavrent'eva, 1983

+ 4 Almandine  Graham and

3 NaCa2Fe AlySi 055 (OH), + Feghl,S150,5 Powetl, 1984

Ellis and Green,
1979!

Perchuk and
Lavrent'cva, 19832

BAROMETERS

ASSBBLMIé REACTION REFERENCLS
GRIPS Garnet(gr1alz) + Rutile = Ilmemite + Anorthite + Quartz Bohlen and Liotta, 1986

CaFezAlZSi3012 + TiOZ = Fel’103 + CBAlzsiz + 5|02
GRAIL Ilmenite + Aluninosilicate « 2 Quartz = Almendine + 3 Rutile Bohien et al., 1983
GARNET-ALUMINGSILICATE Anorthite = Grossular + Sillimanite + Quartz Newton and Haselton, 1982
PLAGIOCLASE-QUARTZ CaAl5Siy0g = Ca3AlZSi3012 +  AlLSi105  + 510,
GARNET-CL I NOPYROXENE Anorthite + Diopside = Grossular + Pyrope + Quartz Perkins and Newton, 1981

PLAGIOCLASE -QUARTZ CMlzsizoa + Cd‘gslzoé = Ca3M25i3012 + ngl25i3012 + siOZ

! as modified by Powell (1985)

2 Pressure effects ignored

3 acTIvITY MODELS
GARNET: Ganguly and Saxena, (1984) in GRIPS and GRAIL

Newton and Haselton, (1981) in Gt-Sill-Pl-Qtz

Newton et al., 1980.

Ideal two site mixing.

Ideal mixing assumed.

PLAGIOCLASE :
CLINOPYROXENE :
ALL OTHER MINERALS:
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Pressures were calculated wusing four mineralogical
barometers. For most of the specimens the GRIPS barometer (Bohlen
and Liotta, 1986) was used. For this geocbarometer garnet
activities were calculated using both the ternary solution models
of Perkims (1979, as reported in Bohlen et al., 1983) and the
quaternary models of Ganguly and Saxena (1984). Plagioclase
activities for this barometer (and for all others using
plagioclase) were calculated using the aluminum avoidance model
of Newton et _al., (1980).

The use of the remaining geobarometers (GRAIL, Garnet-AlSi-
Plag-Qtz, Garnet-Cpx-Plag-Qtz) was restricted to single samples.
The activities of phases involved in these barometers were

calculated as in Tabl~ 2.

4.5 Thermobarometry Results

4.5.1 Temperatures

Among the garnet-biotite geothermometers wused, the
calibration of Perchuk and Lavrent'eva (1983) was found to be
the most useful for this study. At the lower temperature range in
the study arfra (e.g. IRIMB), all tested garnet-biotite
thermometers, with the exception of the Hodges and Spear (1982)
calibration, produce results which are practically
indistinguishable. At higher metamorphic grades, however, there
is considerable disparity between the calibrations. In many cases
some of the calibrations gave unrealistic results (i.e.

temperatures of 850~1000°C). The results of the Perchuk and
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Lavrent'eva thermometer were found to give results that are more
realistic and consistent with other types of geothermometers use
in the area, in agreement with a study by Chipera and Newton
(1988) who used a more statistically significant method (trend
surface analysis) to compare calibrations. These authors
suggested that lack of knowledge of the effect of minor
components (e.g. Ca and Mn in garnet and Ti and Alyy in biotite)
may lead to significant errors in those calibrations which
attempt to correct for the effects of these components (e.q.
those of Hodges and Spear, 1982; Indares and Martignole, 1983).

Temperatures calculated using the garnet-hornblende
thermometer were found to be quite consistent with those
calculated using the Perchuk and Lavrent'eva calibration. When
both thermometers could be used in the same specimen the results
rarely differed by more than 50°C.

Results from the garnet-clinopyroxene and garmet-hornblende
calibrations were also found to be very similar. The results of
garnet-cordierite geothermometry (approximately 700°C for core-
matrix pairs) cannot be compared directly with the results of the
other thermometers, as there is no other thermometer available
for that specimen (0C40). When compared with results from nearby
samples however, the results from this thermometer appear to be
approximately 50°C lower than garnet-biotite or garnet-hornblende
temperatures

Temperatures calculated from rim pairs across the entire

study are remarkably consistent, even when results from different
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thermometers are compared. Temperatures range from 510 to 600°C
with average garnet-biotite temperatures of 550 (¢ = 29°C) and
average garnet-hornblende temperatures of 550°C (o = 31°C).

This consistency is not observed in temperatures obtained
from core-matrix pairs. The core-matrix results can be divided
into two distinct groups. The three southernmost samples give
core-matrix results which are the same as or slightly lower
than those obtained for rim pairs in the same sample. The
northern group of samples record relatively higher temperatures
for core-matrix pairs (e.g. over 650°C). The results for garnet-
biotite thermometers are quite variable, ranging from 650 to
850°C. The garnet-hornblende results are more consistent,
averaging 760°C (o = 22°C).

4.5.2 Pressures

Most of the samples collected contain no assemblage amenable
to geobarometry. In the LRIMB there are a number of specimens
containing the assemblage garnet-plagioclase-~sillimanite-biotite-
quartz, but these assemblages are rare elsewhere. Although most
specimens contain no rutile, the only barometer which can be
applied to specimens across the area is the GRIPS barometer of
Bohlen and Liotta (1986). The absence of rutile means that
pressures calculated using this barometer are maximum possible
estimates.

Pressures were calculated using the garnet activity models of
Perkins (1979, in Bohlen et al., 1983) and Ganguly and Saxena

(1984). The results calculated using the Ganguly and Saxena model
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were found to be preferable to those calculated using the
Perkins model. The use of the Perkins model results in pressures
up to one kilobar higher than for the Ganguly and Saxena model,
giving pressures in the field of kyanite stability at
calculated temperatures (Sillimanite is the stable
aluminosilicate over the entire study area.).

As with temperatures, pressures calculated using rim pairs
are quite consistent across the entire study area. Average rim
pressures are about 6.3 kbar (o = 0.38 kbar).

Pressures calculated using core-matrix pairs are much more
variable. As with temperatures, results from the three southern
samples give pressures which are similar to those obtained from
rim assemblages (= 6.5 kbar). The remainder of the samples give
results which are significantly higher, but show more
variability. Much of the variability is due to the results
ohtained from the GRAIL and garnet-aluminosilicate-plagioclase-
quartz barometers, which give pressures significantly lower (6.7
- 7.0 kbar) than most of the GRIPS pressures. The results from
GRIPS barometry range from 7.1 kbar to 9.1 kbar, with the

majority of the results between 7.7 and 8.2 kbar.

4.6 Discussion
This section is devoted to a discussion of the observations

and results presented in the previous sections and their
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implications for the overall metamorphic history of the study
area.

A major feature of the results is the striking consistency
of rim temperatures for both garnet-biotite and garnet-hornblende
pairs from specimens throughout the study area. This similarity
suggests that similar late stage events occurred in all parts of
the study area. Almost without exception, microprobe traverses
across garnet porphyroblasts show that the rims of these crystals
are quite different in composition from the cores (Fig. 11).
Concentrations of Mn and Fe increase sharply while Mg decreases
sharply at a small distance from the rim (Ca profiles change from
sample to sample, see Fig. 11). Profiles such as these are
generally believed to be the result of retrograde changes in
garnet composition (Grant and Weiblen, 1971; Tracy, 1982).
Compositional changes of this nature have been ascribed to two
processes. In one process, the garnet breaks down in favor of
another ferromagnesian phase (e.g. biotite ; Grant and Weiblen,
1971; Tracy, 1982). The other process involves simple cation
exchange between garmet and a co-existing ferromagnesian phase
(Lasaga et al., 1977). Evidence of garnet resorption has been
observed only in gpl0i and gp26A and is thought to be of minor
importance in this region. If most of these rim changes are due
to cation-exchange, the calculated rim temperatures correspond
to the temperature at which diffusion in garnet was so slow that
it was no longer able to maintain local partitioning equilibrium

with the ferromagnesian minerals surrounding it. If these rim
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Figure 11. Garnet zoning profiles for GP10i (a), JL6i (b),
GPl4e2b (c) and Al6fb (d). Note rapid changes in compos’tion near
rims. X-axis scales have break between almandine and remaining
components.
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profiles are due to resorption then calculated temperatures
correspond to the temperature at which mass transfer becomes so
slow that resorption reactions stop (Bohlen, 1987). In either
case, the rim temperatures reflect the cessation of any sort of
interplay between garnet and the surrounding matrix, and
therefore geobarometry results from rim assemblages should
represent pressures at this point in the rock's history.
Temperatures calculated from core-matrix pairs, on the other
hand, show a much greater variability, especially for garnet-
biotite pairs. Core-matrix pressure and temperature results
obtained from samples on the SE side of the LTF (see Fig 12) are
very low (500-550°C at = 6.5 kbar) and are in conflict with both
the presence of sillimanite in the surrounding rocks and with
work by Perreault et al. (1987) who estimate temperatures of
700°C for this area. One of these specimens (GP9d) gives the same
results for core-matrix and rim-matrix pairs. The garnet in this
specimen is highly poikiloblastic, with inclusions of quartz and
ilmenite. It 1is possible that the inclusions in the garnet
provided a means for the garnet core to maintain communication
with the matrix and maintain equilibrium during retrograde
metamorphism. It is also possible that this garnet was not
sectioned through its core, and thus results are similar to those
for rim pairs. The results from the other two specimens (gplOi
and gp26) are more puzzling. Core-matrix results from gplOi
average approximately 520°C while rim-rim results average 570°C.

Specimen 26A gives core matrix results averaging 560°C while rim-
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rim results range form 540 to 570°C. Microprobe traverses across
garnet from gploi show irreqular and complex =zoning (see Fig.
11), although overall the iron content is high in the core and
decreases towards the rims, while Mg increases towards the rim of
the crystal (except for a small retrograde zone on the edge of
the crystal). This sort of zoning pattern is similar in form
(but not in magnitude) to those commoniy ascribed to the prograde
growth of the garnet (loomis, 1983). The lower results calculated
from core-matrix pairs suggest that the core of this garnet has
not been homogenized during peak metamorphism, and has maintained
the composition it had when it crystallized. The small zone near
the edge of the crystal where composition changes rapidly is
prcbably due to retrograde re-equilibration. If so, then
calculated rim-rim temperatures correspond to the temperature at
which this re—equilibration took place. The other sample in this
group (gp26a) has similar modes and mineral compositions and was
collected approximately one km to the west of gpl0i. It is
probable that the results from this specimen represent similar
processes.

In order to determine if there are any overall changes in P-T
conditions within the study area a plot of temperature and
pressure against distance was constructed by projecting the
sample locations onto an east-trending 1line (roughly
perpendicular to isograds observed elsewhere in the Trough). The
biggest drawback with this presentation (Fig. 12) is the large

gap (approximately 8 km) for which there is no information.
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Unfortunately the transition from the lower temperatures of the
IRIMB and IGB to the higher temperatures of the LBB occurs within
this gap. There is some indication of increasing temperature from
the results of sample rj13 but the major temperature increase
occurs to the east of it. There is some variability in
temperatures ir the LBB, but most are between 700-800°C. The
gt-hb thermometer results are very consistent and suggest that
for most of this section peak temperatures were =~ 750°C and
fairly uniform.

Calculated peak pressures range from 6.7 to 9.1 kbar with an
average of 7.7 + 1 kbar for the eastern group of samples. The
most probable reason for this variability is the use of the GRIPS
barometer on assemblages lacking rutile. As stated earlier the
results from these assemblages will be maximum possible pressures
(Bohlen and Liotta, 1987). One sample with the full GRIPS
assemblage (5W3) gives results considerably lower (7.1 kbar) than
those calculated from rutile-free assemblages, and is in good
agreement with those calculated using the garnet-sillimanite-
plagioclase-quartz (GASP) and GRAIL barometers which give results
of 7.0 and 6.7 kbar respectively. This agreement indicates that
peak pressures are near 7 Xkbar, with the higher results being
maximum estimates. These results indicate that pressures
calculated using the GRIPS with rutile-free assemblages may be
up to two kbar greater than the actual pressure. The variability

of geobarometry results for core-matrix pairs makes it difficult
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to detect the presence or absence of any sort of pressure
gradient across the study area.

As with temperatures, pressures calculated from rim pairs are
somewhat more consistent (Fig 12b), ranging from 6 to 7 kbar
(higher pressures from rutile-free assemblages) and probably
represent the pressure conditions at the time when diffusion or
reaction processes involving garnet were terminated.

Overall, results from geothermobarometry indicate that peak
metamorphic conditions were approximately 750°C at 7-7.5 kbar.
The P-T estimates are in good agreement with the presence of
sillimanite as the stable aluminosilicate phase (based on
Holdaway's (1971) phase relationships). The pressures are also
consistent with the bathozone 5 assemblages (Carmichael, 1978)
found in the area. These P-T conditions place the study area just
below the P-T space occupied by worldwide granulites (England and
Thompson, 1984b) (Fig. 13) in accord with the observed mineral
assemblages transitional between granulite and amphibolite
facies.

The existence of a rock bearing granulite facies assemblages
(7ell : Hb-Plag-Cpx-Gt—-Opx) in an otherwise upper amphibolite
facies terrain has some implications with regard to metamorphism
in the area. If this specimen is a relic from the M; event, there
must be some reason for why it escaped the retrogression which
affected the rocks around it. Alternatively, if it represents an
M, granulite assemblage it must be somehow different from the

rocks around it. Thermometry results (Gt-Hb and Gt-Cpx
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Figure 13. P-T diagram showing aluminosilicate phase
relationships, and various melting reactions. 1) Wet melting in
pelites. 2) Wet melting in amphibolites. 3) Dry melting in
pelites. 4) Dry melting in amphibolites. Boxes labeled "peak"
and "retrograde" enclose peak and retrograde results from
geothermobarometry (this study). Diagram after England and
Thompson, 1984.
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thermometers) from this specimen indicate peak temperatures of
780°C, which are not significantly higher than results from other
specimens in the same area. If temperature and pressure are not
factors in the preservation or creation of this assemblage (It
is unlikely that this specimen has been subjected to pressures
higher than the specimens around it.), then the most probable
reason for its presence is reduced Pyrn. In most metamorphic
terrains which include an amphibolite-granulite transition
zone, the change is accompanied by increasing temperature and
decreasing Pyyp or both, with or without change in pressure
(Philljps, 1980; Janardhan et al., 1982; Scareurs, 1984). If Pjpp
was locally reduced, it could explain preservation of an earlier
granulite relic or the development of granulite assemblages in an
amphibolite terrain. Local granulite assemblages in amphibolite

terrains have been observed elsewhere (Janardhan et al., 1982).

One feature commonly found in high-grade metamorphic
terrains, namely partial melting is rare in the study area.
Migmatization is only obvious in the "basement" rocks of the Lac
Berthet area. Structural evidence from these rocks however(i.e
migmatites deformed by D; structures), indicates that partial
melting occurred before the main metamorphism in the area (i.e.
M,) which was post-tectonic. Migmatites are not obscrved
elsewhere in the study area, but some amphibolites in the LBB and
upper LGB have minor quartzofeldspathic "sweats" which may mark

the onset of partial melting.
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If the geothermobarometry results accurately reflect peak
metamorphic conditions, then the lack of migmatites in the area
is most puzzling. The rocks are well past conditions of wet and
dry pelite melting as determined by Thompson and Tracy (1979) and
above the conditions for wet melting in amphibolites (Thompson
and England, 1984) but the only evidence for partial melting
(except for the Lac Berthet basement rocks) is the presence of
quartzofeldspathic sweats in some amphibolites.

One possible explanation for this is that migmatites were
simply not recognized. If partial melting occurred before D; the
subsequent formation of the S, foliation could possibly have
obscured evidence of migmatization. In view of the fact that
migmatites in the Lac Berthet basement (which was deformed by Dj)
are so 1immediately obvious, this does not seem 1likely.
Alternatively it is possible that the melts generated by
anatexis were mobile enough to leave the rocks in which they were
generated. A possible scenario for this would involve anatexis
during the early granulite event, with the melts rising from the
rocks in which they were generated. Because the Berthet gneisses
are migmatized, this would imply that partial melting occurred
prior to the juxtaposition of the gneisses and supracrustal rocks
during D;. The migmatitization of the Berthet gneisses would then
occur 1in response to their being brought into contact with the
hotter supracrustals. Although this scenario is possible, there
is no evidence for it. The more favoured explanation for the lack

of migmatites is that they never formed. Since, as mentioned
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above, the temperature conditions for these rocks are above those
required for melt generation, threre must have been other factors
involved. Two variables which are known to displace melting
reactions to higher temperatures are water activity and bulk
composition. Conditions of ay;p < 1.0 have been shown to retard
melt generation significantly (Thompson and Algor, 1977; Thompson
and Tracy, 1979). 2 major problem with invoking this factor is
that the protoliths of these rocks were sediments and so
probably water saturated. The alternative explanation is that the
rocks are of an unsuitable bulk composition. Previous studies
(Thompson and Algor, 1977; Thompson and Tracy, 1979) have shown
that in Ca-rich rocks anatexis occurs at higher temperatures than
in pelites. This is a possible explanation for the lack of
pelites in the area. The rocks of the area have plagioclase
compositions of at least Anjy and up to Angy. The rocks also
commonly contain Ca-amphiboles, attesting to their cCa-rich
compositions.

Thus, the favoured reason for lack of migmatites in the LBB
and LGB is lack of suitable compositions among the rocks of these
blocks. The voluminous pegmatites which intrude parts of the
area may be an indication that anatexis did occur at depth, and
that the melts have risen to the present level of exposure.

If it is assumed that core-matrix thermometer and barometer
pairs give P-T conditions corresponding to peak metamorphic
conditions (i.e. Tpax and Pppay » England and Thompson, 1984) and

that rim pairs record P-T conditions during retrograde
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metamorphism ( cf. Bohlen, 1987), then it should be possible to
elucidate some portion of the P-T path followed by these rocks
during uplift and erosion (i.e. after peak metamorphism).

The biggest assumption in using this nethod to deduce P-T
paths is that results from rim pairs represent a point in P-T
space that was actually occupied by the specimen. Whether or not
this 1is true depends on the blocking conditions for the
thermometers and barometers used. As mentioned previously the
blocking conditions are dependent mainly on diffusion rates in
garnet, which are much lower than for most other minerals. If it
is assumed that rim temperatures from sections exhibiting
retrograde garnet rims and no sign of garnet resorption are those
at which diffusion of cations effectively stopped (i.e. the
blocking temperature)}, then barometers should record the
pressure at which the rocks cooled through this temperature. Rim
pairs should then provide one point on the cooling path of each
rock. (Paths from peak to retrograde conditions have been
prepared, but in these cases retrograde assemblages rather than
rim assemblages have been used (e.g. Allbarede, 1976, Hodges and
Royden, 1984)

Rim and core-matrix P-T data for individual rocks are related
by fairly uniform positive slopes in P-T space (Fig. 14), close
to that of the Ky-Sill phase boundary (Holdaway, 1971). These
paths are also roughly parallel to the GRIPS reaction curve.
Because these paths are defined by only two points they do not

give anyindication of the curvature of the path and any further
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interpretation should be approached with caution. The general

form of these P-T paths (i.e. decreasing P and T) is, however,
roughly similar to those observed and calculated for the uplift
and erosion of a tectonically thickened pile (e.g. Allbarde,
1976, Hodges and Royden, 1984; England and Thompson, 1984). This
is consistent with Ky-Sill facies series metamorphism in the
area, which is generally thought to be the result of crustal

thickening (England and Thompson, 1984b; Thompson and Ridley,

1987) .
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5. Geochemistry of the Meta-igneous Rocks

5.1 Introduction

In any investigation of the tectonic history of an area, the
nature of the igneous rocks can provide important constraints on
its evolution. In some cases petrological and igneous
associations can provide important clues tc the history of a
region (e.g. Pitcher, 1987), but in most cases more information
can be derived from the study of whole rock geochemistry of
igneous rocks. Because the processes by which igneous rocks are
derived differs for each tectonic environment, the chemistry of
the resulting rocks often reflects their origin. In many cases
the geochemistry of a suite of igneous rocks may allow direct
identification of their emplacement environment (e.gq. Pearce et
al., 1984; Harris et al., 1986; for granitoid rocks; Pearce and
Cann, 1973; Pearce, 1975; Pearce et al., 1975; Floyd and
Winchester, 1975; Pearce et al.; 1977; Beccaluva et al.; 1979 for
basaltic rocks) but even when this is not possible the
geochemical characteristics may still provide some clues as to
their origin.

For this study whole rock analyses for major and trace
elements were obtained using X-ray fluorescence (XRF) for 8
amphibolites ("metabasalts") from the lac a Foin area and 38
gabbroic to granitoid rocks from the Lac Gabriel complex. This
chapter is concerned with the geochemistry of these rocks and its
implications with respect to their origin.
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5.2 Amphibolites
5. eous Affinit
Due to the obliteration of primary features by high~grade
metamorphism, care must be taken to ensure that the amphibolites
used for geochemistry are actually igneous in origin. It has been
shown that mixtures of calcareous and pelitic rock can mimic the
chemistry and therefore the mineralogy of basaltic rocks (Leake,
1964) . One of the amphibolite units sampled displayed deformed
pillow structures (Bosdachin, 1936) which provide evidence of its
igneous extrusive origin. The other units sampled provide no such
evidence. The most useful way to distinguish between para and
ortho-amphibolites is by using ‘rends defined by high field
strength elements (Leake, 1964) such as 2r, Y, Nb and Ti which
remain relatively immobile during metamorphism (Pearce and Cann,
1973; Floyd and Winchester, 1975). Although para-amphibolites may
mimic ortho-amphibolite geochemistry, the trends defined by the
immobile elements may allow discrimination between the two
(Leake, 1964). When plotted on these diagrams, the data show
trends like those of igneous rocks. On the basis of these trends
and the presence of pillow structures in one unit, it is assumed
that these amphibolites are igneous in origin.
Although the effect of metamorphism and alteration on the
chemistry of these rocks has not been rigorously assessed, the
presence of minor calcite in some of the specimens indicates some

mobility of calcium. Sills and Tarney (1984) have shown that
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metamorphism usually works to decrease SiO, concentration and
increase the concentration of K70, Rb, NajyO, BaO, Sr and CaO.
Using the classification scheme of Irvine and Baragar, (1971)
these rocks are tholeiitic basalts. (Fig. 15. Note: Even though
diagrams used in this classification are based on Na,0 and X0,
enrichment in these oxides during metamorphism would not alter
this classification. Because these rocks presently plot in the
tholeiitic fields, enrichment in K,0 and NayO could only have
moved them closer to the field boundaries. A decrease in SiO,
concentration would have a similar effect (for Fig. 15b)). When
plotted on an alkaline-tholeiitic discrimination based on more
immobile elements (TiO, vs Y/Nb, Winchester and Floyd, 1975) the
samples also plot well within the tholeiitic field (Fig. 16a).
These rocks are very similar in major element chemistry to
the Hellancourt Volcanics (HV) farther to the west, which are
low-K tholeiitic basalts (Boone, 1987; see Fig. 16b). The
Hellancourt volcanics are chemically transitional between P-type
MORB and continental tholeiite using both Zr/Nb ratios and
elemental abundances of K, Rb, Sr and Ba (Boone, 1987). The
metabasalts of the study area have 2Zr/Nb ratios (9-10) which are
slightly higher than those of the Hellancourt Volcanics (6-8)
but still intermediate between the Zr/Nb ratios of P-type MORB
and continental tholeiite. Abundances of K, Rb, and Sr are also
slightly higher than those of the HV (0.5 wt%, 200 ppm and 217
ppm respectively versus 0.3 wt%, 180 ppm and 160 ppm), but these

values may be of little significance due to the high grade
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diagrams for lLac a Foin amphibolites. Lines dividing calc-
alkaline and tholeiitic fields from Irvine and Baragar, 1972.
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metamorphism undergone by these samples (cf. Sills and Tarney,
1984). Overall these samples are sufficiently similar to the
Hellancourt volcanics that they may well be correlative to them.
In this case they are geochemically transitional between P-type
MORB and continental tholeiites. However, given the degree of
their metamorphism, their tectonic environment should be
interpreted with caution. Suffice it to say that these rocks
were probably emplaced in an area of thinned or absent
continental crust.

Although there have been a number of schemes proposed for the
tectonic discrimination cof basalt emplacement environment, the
highly metamorphosed nature and lack of certainty as to the
origins of these samples make the use of such schemes
questionable. The ages of these rocks also must be considered,
as most of these discrimination diagrams were derived using
Cenozoic basalts (e.g. Pearce and Cann, 1973; Pearce et al.,

1977; Beccaluva et al., 1979).

5.3 lac Gabriel Complex
5.3.1 Geochemistry
Samples from the ILac Gabriel complex show a wide range in
Si0, content, (40-73 wt. %) with the majority of the granitoids
containing less than 60 weight percent silica. Harker plots for
various elements (Fig. 17) show =mootihh trends, especially for
total iron, CaO and TiO,, with more scatter in plots of MgO and

Al,03. These diagrams alsc show considerable overlap in the
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silica content of the tonalites and granodiorites. These
features suggest derivation of the granitoids from a common
source, bhut trace elements provide no conclusive evidence for
this. On Y/Zr plcts (Fig. 18) there is a poorly defined trend
connecting the hornblende gabbros to the granodiorites and
granites, but other trace element plots (Rb/Sr, Rb/Zr, see Fig.
18) show a large degree of scatter and no observable trends.
Most of the rocks of this complex are slightly peraluminous. The
samples are also calc-alkaline, having a Peacock index of 59 and
showing a good calc-alkaline trend on AFM and Na,0-K,0-Ca0
diagrams (Fig. 19). The Harker plots also show calc-alkaline
trends, with Mgo, CaO, TiO, and total iron decreasing and Naj0

and KO increasing with increasing silica content (cf. Atherton

and Sanderson, 1987).

5.3.2 Tectonic Affinity of the lLac Gabriel Complex

Various studies have shown that the characteristics of
granitoid intrusives are closely related to the tectonic
environment of their emplacement. Most of these studies have
used both physical and chemical characteristics, (e.g. White and
Chappell, 1974; Pitcher, 1983) but purely geochemical parameters
have also been used (Pearce et al., 1984; Harris et al., 1986).

On the tectonic discrimination diagram of Pearce et_al.
(1984) the granitoids all fall within the field of volcanic arc
granites (Fig. 20). A problem with this mode of discrimination

is its incapacity to distinguish volcanic arc granitoids from
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Figure 19. Granitoids from the Lac Gabriel Complex plotted
on AFM and NapyO-K,0-CaO diagrams. Line separating tholeiitic
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post-collision granitoids, which may share many of the same
characteristics (Pitcher, 1983). However, other features of the
granitoids, such as a wide range in composition and Sio,
content, the dominance of hornblende over biotite as a mafic
component, the common association with magnetite and the
presence of mafic xenoliths and mafic intrusives are more
typical of "Cordilleran" 1I-type granitoids characteristic of
continental arc terrains, than of "Caledonian" I-types, which
are characteristic of post-orogenic uplift (Pitcher, 1983). One
feature of "Cordilleran" I-type granitoids absent here is their
common association with large amounts of andesite and dacite. A
likely explanation for this is that deep erosion, as evidenced

by the high metamorphic grades, has removed a formerly

associated volcanic pile.

100




Chapter 6. DISCUSSION AND OONCLUSIONS

6.1 Introduction

The synthesis of data presented earlier in this work allows
the formulation of an overall picture of processes which led to
the formation of the eastern margin of the labrador Trough as it
is presently observed. In this chapter the implications of these
data are discussed and they are integrated into a geological
history for the area. This history is then used to provide some

constraints on tectonic models for the area.

6.2 Summary and Discussion
6.2.1 TLithological Associations

This section deals with the lithological associations of the
study area and their implications for depositional environments.
Correlations between the study area and other parts of the
Labrador Trough Orogen are also discussed.

The predominance of pelitic and semipelitic rocks in the Lac
Rachael-lac Murrray Block indicates that the block preserves
sediments deposited in a deep-water, low energy environment.
The basaltic and gabbroic amphibolites in the block indicate that
this basin was subjected to episodic basaltic volcanism and
attendant intrusion. The base of the sequence, which contains

several marble units and a metaconglomerate with Archean(?)
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gneiss clasts indicates that deposition of the early parts of
the sequence took place in shallow water on or near continental
crust. The metaquartzite unit at the top of the sequence suggests

a late (if younging is to the east) shallowing-up episode.

Work by Boone (1987) and Boone and Hynes (in press) has
provided some evidence that sediments in this block may have been
deposited on thinned continental crust. As mentioned previously
the Hellancourt volcanics of the Labrador Trough s.s. have
petrochemical characteristics intermediate between continental
tholeiite and MORB (Boone, 1987) which 1is compatible with
eruption on thinned crust. When palinspastically restored to
their pre-deformation position, these volcanics are located to
the east of the gneiss- cored antiforms of the LRIMB. The
presence of volcanics and deep -water sediments is consistent
with a continental rise origin for the block.

In contrast, the eastern two blocks consist of thick
sequences of immature clastic metasediments and possible
pyroclastics. Although the Lac Gabriel and Lac Berthet blocks
each have distinctive lithological features, their depositional
environments appear to have been fairly similar, and they are
tentatively considered correlative.

The 1lithological features of these two blocks, such as
quartz-rich and arkosic sediments, epiclastic amphibolites and
possible pyroclastics, are compatible with deposition in a

slope-shelf environment on a continental margin. The

102




v

predominance of gneissic metasandstones and arkosic rocks
favours a continental sedimentary source (Dickinson, 1980) but
whether these metasediments were deposited on continental crust
is uncertain. If the gneissic nappe in the northern section of
the Lac Berthet block is Archean, it may represent their
overthrust basement.

Although there has been no development of a formal
stratigraphy for the area, parts of it may be correlated to other
rock units in the Trough and northern Quebec and Labrador. The
most obvious similarity is found between the rocks of the IRIMB
and a belt of schistose metasediments and metavolcanics found in
the hinterland of the Central Labrador Trough. The belt is known
as the laporte schists or the Laporte "Group" (Dimroth et al.,
1971; Taylor, 1979; Wardle and Bailey, 1981). The rocks of the
belt have been interpreted as the metamorphosed equivalents of a
deep basinal shale-greywacke sequence which was subjected to
episodic shallowing. These rocks have been correlated with the
upper parts of the Knob Lake Group of the Kaniapiskau Supergroup.

Work in the western parts of the LRIMB at the latitude of the
study area (Moorhead and Hynes, 1986) has shcwn that the rocks of
the area are similar to those of the Labrador Trough s.s to the
west and are probably correlative with parts of the Kaniapiskau
Supergroup. These correlations and suggestions that volcanics of
the Hellancourt formation may have originated a considerable
distance to the east of their present location (Boone and Hynes,

in press) indicate that the rocks of the LRIMB, and the Laporte
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"Group" in general, may be distal equivalents of the Trough

supercrustal succession, which were deposited on a continental

rise.

The rocks of the LGB and IBB on the other hand, exhibit no
obvious similarities to rocks of the Kaniapiskau Supergroup.
Although the overall 1lithologies of the blocks have some
similarities to those of the Lake Harbour Group of northern
Labrador and southern Baffin Island (i.e. mainly paragneiss,
metasandstone and amphibolite; Taylor, 1979), there is not enough

evidence to make a correlation.

6.2,2 Structural Geoloqy
Although, as shown in Chapter 3, the study area has been

polydeformed, it is 1in general structurally simple. The
following paragraphs provide a brief summary of the major
structural features.

The main structural element over the entire area is a well
defined foliation formed during the first phase of deformation.
Two distinct styles of later folds deform this foliation and are
assumed to represent two later events (D, and Dj). The second
phase of deformation produced a spaced crenulation in some rocks
of the LRIME.

The area is cut by three major faults. The earliest is the
Lac Turcotte Fault which has been assignad to D;. The Ilac
Pingiajjnlik Fault has features suggesting that it was active

syn-to-post D, and pre-D;. The Lac Olmstead Fault was devermined
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to be syn to post-metamorphic.

The overall structural features of the study area suggest a
history of major compressional shortening during the Labrador
Trough Orogeny. The presence of a major S; foliation and the
accompanying emplacement of basement above the supracrustal rocks
indicate that D; was accompanied by major shortening. If, as
postulated by Perreault et al. (1987), M; was the result of
extensive overthrusting during D;, then D3 was also a major
shortening event. Wardle et al. (1987) suggest that deformation
in the central zone of the Labrador Trough Orogen (which includes
the study area) was controlled by transpression. Some evidence
for strike slip motion has been observed on the IOF, but
elsewhere no evidence 1is observed. It 1is possible *that
transpression controlled deformation in the region, but this has
not been demonstrated in the study area.

One of the interesting features of the study area is the
heterogeneous imprint of D3 deformation. As mentioned in Chapter
3, D3 is the major deformation event in the Labrador Trough s.s.
In the study area however, D3 was the least intense deformation
(in terms of folding and production of foliation). There are
several possible explanations for this relative 1lack of
intensity. The most probable reason is that by the time of Dj
deformation the rocks of the area had become sufficiently
hardened (through incresaed crystallinity) to resist major
deformation, and simply transmitted the stress to the west. A

second mechanism may alsc have been in effect. If the Dy event
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was restricted to upper levels of the crust, then the rocks of
the study area (which were at deeper crustal levels than those in

the west) would have escaped major deformation.

6.2.3 Metamorphism
As discussed above (Chapter 4) parts of the area were

affected by two metamorphic events, one at 1830 and one at 1790
Ma. Evidence for the early metamorphism (M;) has been found only
in the Lac Gabriel and Lac Berthet blocks, mainly in the form of
relict Opx-bearing assemblages and garnet zoning profiles
(Perreault et al., 1988). Metamorphic grades for this event
reached granulite facies in the LBB and upper amphibolite facies
in the IGB. The assemblages of this event were extensively
overprinted during M,, which occurred simultaneously in all three
blocks of the study area (Perreault et al., 1988).

Because M; was so thoroughly overprinted by M;, little is
known about pressure and temperature conditions during this
event. P and T conditions during M, can, however, be estimated
using geothermobarometry. Using a variety of calibrations for
several assemblages, pressure and temperature conditions have
been estimated for peak metamorphism, and in some case for
subsequent retrograde re-equilibration. Retrograde assemblages
give similar results across the area, regardless of the
geothermometer/geobarometer used. Temperatures range from 520 to
600°C. Pressures are somewhat more erratic, but for t..2 most

part are restricted to between 6 and 7 kbar. Peak metamorphic
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conditions (at least in the study area, see Chapter 4) are more
variable. Core-matrix results for the LRIMB are between 520 and
550°C and 6 and 6.5 kbar, but these are not thought to represent
peak conditions (see Chapter 4). P-T data are sparse for the IGB,
but there seems to be an increase from 650 to 750°C from the
center of the block to its eastern limit. No reliable pressure
results are available for this block. Core-matrix results for Gt-
Bi pairs in the 1IBB range from 680 to 850°C, while Gt-Hb results
are more consistent at approximately 750°C. Pressures for this
block are dquite variable, but rutile bearing assemblages give
GRIPS pressures of 7 Kkbar, in good agreement with garnet-
aluminosilicate-plagioclase-quartz and GRAIL results of 6.3 and
7.0 kbar respectively.

The P-T paths constructed from geothermometry results are
relatively uniform in slope, and are roughly parallel to the Ky-
Sill phase boundary (Holdaway, 1971). The paths are similar to
those calculated and observed for the uplift and erosion of a
tectonically thickened pile (e.g. Allbarede, 1976, Hodges and

Royden, 1984; England and Thompson, 1984).

6.2.4 Geological History

The relative timing features and events described above can
be used to outline the geological history of the study area, with
available isotopic dating providing some control on the timing of
events (see Chapters 2,4 and 5 for sources of dates). This

history is depicted graphically in Figure 21.
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After the deposition of the supracrustal rocks, the first
recognized event in the area was the D; deformation, during which
1) the main foliation was produced, 2) basement was placed above
cover in the IBB and 3) movement occurred on the Lac Turcotte
Fault. The next event which occurred was the intrusion of the lac
Gabriel complex and associated intrusive rocks at about 1845 to
1840 Ma. As related in Chapter 2, field evidence indicates that
the mafic intrusives were emplaced prior to the granodioritic and
tonalitic rocks.

At about 1830 to 1833 Ma, peak conditions of the M
metamorphism were reached in the LBB and IGB. D occurred at some
time after M; with attendant shearing of the southern edge of the
IGC. Motion on the LPF occurred during or after Dj. The
restriction of granulite facies assemblages to the east side of
this fault suggests that their presence is somehow associated
with this fault,

The next event was D3 deformaticn which had a variable
effect on various parts of the study area. Deformed pegmatite
veins in the area indicate that they were intruded before D3 in
the LBB and LGB.

Peak Ms metamorphic conditions in all three blocks were
reached at some point after D3 (ca. 1790). Pegmatite intrusion
continued for at least 15 m.y. after this (until 1775 Ma).

Dextral strike-slip faulting on the LOF occurred after peak
metamorphism, but before the rocks had time to cool

significantly. The final event in the area was the intrusion of
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a series of Neohelikian diabase dykes and sills.

6.2,5 Interpretation

Although the data presented above and in the previous
chapters do not imply any specific tectonic environment for the
study area, they do provide some constraints which must be taken
into account in any proposed model.

There are several features of the history which are of major
importainca to an interpretation of tectonic environment. These
are 1) the early LIF which Jjuxtaposed blocks of highly
contrasting lithology, 2) the presence of a suite of syntectonic
calc-alkaline, Cordilleran "I"-type granitoids with volcanic arc
granitoid affinities (see Chapter 5) and 3) syn and post-
tectonic metamorphic events.

The origin of the oranitoids 1is critical to any
interpretation. If they are mantle derived, the IBB and LGB may
represent a subduction-related arc terrain. If this is the case,
then questions of when subduction occurred and what was subducted
arise. The presence of the D; LIF which juxtaposes rocks of
highly different origin suggests some possibilities.

A Proterozoic suture has long been postulated somewhere in
the hinterland of the Labrador Trough (cf. Gibb and Walcott,
1971; Dewey and Burke, 1973.) The presence of an early fault
separating contrasting rock types would appear to fill the
requirements of such a suture. The timing of the fault is also

suitable. The strong S; found throughout the area would require a
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major deformation event to produce it. If the LTF represents the
suture cf such a collision then its timing is also consistent
with the appearance of arc-related plutonic rocks after D; and
before D,. The presence of the granitoids would indicate that
subduction with attendant plutonism occurred sometime after
collision. The presence of a suture zone on this fault would
imply east directed subduction of the IRIMB which, as suggested
earlier, may have been deposited on thin continental crust,

Although at first glance this may be appear to be a
satisfactory interpretation for the area, there are some
problems. The first is the size of the igneous complex, which is
quite small in comparison with arcs developed above more modern
subduction zones. This is not a major jroblem, since it is
possible that greater volumes of granitoid rocks exist at depth,
or that these complexes represent the eroded roots of a much
larger complex.

A more serious problem with this interpretation is the
location of the plutonic rocks with respect to the LTF. In more
recent examples of subducticn-related magmatism, the arc is
generally located 100 to 200 km from the arc trench (Dickinson,
1971, 1975). In this area, however, the distance between the
postulated suture and the magmatic rocks is between 5 and 10
kilometers. It is possible that these rocks are only a small part
of the complex. Recent work (van der Leeden et al., 1987) has
shown that the Central Labrador Batholith approximately 100 km to

the east consists of calc-alkaline "I" type granitoids with
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volcanic arc granitoid affinities. The size of this batholith
and its distance from the postulated suture are more like those
for modern arc complexes.

An alternative explanation for the presence of the IGC is
suggested by the close temporal and spatial relationships between
it and the LTF (See Figs. 4 and 21). If the LTF reflects large
scale westward thrusting, the rocks on the lower plate of the
thrust may have experienced significant temperature increases as
geotherms re-equilibrated to new, deeper conditions. Thermal
modeling by England and Thompson (1986) has shown that under some
conditions, overthrusting may raise temperatures in the 1lower
plate enough to promote melting of amphibolitic rock, giving rise
to calc-alkaline "I"-type magmas. If this process occurred in
response to thrusting on the LT¥ then the subsequently generated
magmas may have risen into the wupper plate of the thrust.

This model is also attractivve in that it may explain the M;
metamorphism in the LGB and LBB. If these rocks were brought up
along the LPF, the sudden, virtually isothermal pressure drop may
have been responsible for the metamorphic event.

The main problem with this model is the VAG affinity of the
magmatic rocks in the IGC, which would suggest some mantle
component. Pearce et al. (1984) however, suggest that there may
be some difficulties in applying this type of tectonic
discrimination scheme to Precambrian rocks.

Although it is not possible to chose between these models,

they have some points in common. The first is that the rocks of
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the IRIMB, which show affinities to those of the LT, were
juxtaposed with the rocks of the IGB and IBB early in the
history of the area. Whether the Lac Gabriel and lac Berthet
Blocks represent exotic blocks (i.e. the LTF is a suture) or are
simply an uplifted portion of the eastern margin of the Labrador
Trough is uncertain. The second common feature of the models is
that intrusion of the igneous complexes occurred in response to
motion on the LTF. As suggested above the melting may be the
result of magmatism above a subduction zone or simply due to
thermal re-equilibration in response to overthrusting.

A final part of this discussion is more regional in scope
and deals with the suitabiltiy of published models for the
development of the Labrador Trough Orogen in light of data from
the study area and the Labrador segment in general. As reviewed
in Chapter 1 there are three main types of model for the
development of the orogen. Early models invoked basement
remobilization in a Himalayan-type continental collision (Dewey
and Burke, 1973; Xearey, 1976). In 1981 Dimroth (1981) presented
a model in which subsidence of an ensialic basin and subsequent
A-type subduction were the result of lithospheric delamination.
The last types of model are those in which the Labrador Trough
Orogen is envisioned as analogous to an Andean-type continental
margin (Thomas and Kearey, 1980; van der Leeden et al., in press)

The model presented by Dimroth has several deficiencies, not
with respect to the study area, but in terms of the entire

labrador Segment. First, this model does not explain the
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eastward-directed thrusting and deformation observed at the Nain-
Churchill boundary (Morgan, 1975). The model also does not
explain the presence of the 500 km long early Proterozoic
batholith observed in the central parts of the orogen (Taylor,
1979; van der Ieeden et al., in press), the apparent absence of
which was one of the reasons for Dimroth's objection to a plate
tectonic origin for the Trough. One of the main reasons for the
problems with this model is that it is based mainly on the rocks
of the Labrador Trough s.s., rather than on the hinterland itself
which has the potential to provide more information on the post-
depositional stages of the orogen.

Models which invoke plate tectonic processes, on the other
hand, are more successful in explaining features of the orogen.
Modern tectonic processes involving continents have two stages:
1) an initial stage entailing subduction of oceanic crust
beneath a continent (e.q. Peruvian Andes) and docking of island
arcs with continental crust and 2) a terminal stage in which all
oceanic crust has been subducted and continents on either side of
the former ocean basin collide. A first-stage model can explain
such features as the calc-alkaline "I"-type Central Labrador
batholith and has been proposed by Thomas and Kearey (1980) and
van der Ieeden et al. (in press). It is obvious, however that
the Labrador Trough Orogeny has advanced to its terminal stage,
since it 1is flanked on either side by stable cratons (i.e
Superior and Nain Provinces). A modern example of a terminal

continental collision is the Himalayan orogen, which has many
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similarities to the Labrador Trough orogen. The Himalayan orogen
is the result of a terminal collision between the\ Indian and
Asian continents after the subduction of the intervening oceanic
crust (Tethys) and at least one island arc continent collision in

the western Himalavas (i.e. Kohistan arc, Coward et al., 1986)

During the subduction of the intervening oceanic crust the
leading edge of the Asian plate is believed to have resembled an

Andean type margin (Allegre et al., 1984).

On the largest scale, the orogens are similar in that both
contain a highly deformed and metamorphosed core flanked on
either side by stable cratons. There are similarities on a
smaller scale as well. The labrador segment has a distinct
asymmetry, with distinct fault bounded lithotectonic domains
occurring parallel to the borders of the orogen. Almost all of
these domains have rough analogs with different portions of the
Himalayan orogen. Moving from west to east these zones are: 1) a
low grade autochthonous zone, equivalent to the miogeoclinal
portion of the Trough. 2) a foreland fold and thrust belt. 3) A
zone of reworked basement and supracrustals analogous to the
ILRIMB, 4) A metamorphosed imbricate zone possibly analogous to
the lac Gabriel and lac Berthet blocks and 5) A long line of
calc-alkaline, "I"-type batholiths (e.g. the Kohistan, Ladakh and
Gangdise batholiths (Searle et al., 1987)) which are believed to
have origins on an Andean type margin and are mainly post
tectonic (Coward et al., 1987). These are analogous to the rocks

of the Central lLabrador batholith, which are also late tectonic,
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calc-alkaline "I"-types (van der leeden et al., in press).

Ancther similarity between the Himalayan orogen and the
labrador segment is also observed. A late tectonic Barrovian
metamorphism is observed south of the Indus or Southern suture
with grade increasing to the north (or towards the suture) (Le
Fort, 1986, Coward et al., 1986) This metamorphism is believed to
be due to overthrusting (Le Fort, 1986). This is analogous to the
late Barrovian event described by Perreault et al., (1987), which
is also believed to be the result of overthrusting.

There are some features of the Himalayan orogen which have no
analogs in the Labrador Segment. The most notable is the absence
of ophiolite sequences and high-pressure metamorphic rocks.
Ophiolites occur throughout the length of the Himalayan orogen,
but are generally restricted to the hanging walls of the Indus
and Southern sutures (cf. Allegre et al., 1984; Coward et al.,
1987) . Blueschists and other high-pressure metamorphic rocks are
found immediately south of the Indus suture in central India (Le
Fort, 1986) and the Southern suture in Pakistan (Coward et al.,
1987) Another common feature which is absent in the Labrador
Segment is bodies of post-collisional leucocratic granitoids,
which are widespread south of the Indus suture (ILe Fort, 1986).
No analogs are known for any of these features in the Labrador
Segment. The erosion of some 20 to 30 km of overlying rock (based
on paleopressures for the IBB and assuming an average rock
density of 2700 Kg m™3) may explain why some of these features

are absent (e.g. high-level leucocratic granites) but does not
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explain the lack of ophiolites, which in most published cross-
sections extend to considerable depth. Modeling by Hynes (1982,
1987) predicts that in Proterozoic orogens, blueschist
metamorphic rocks and ophiolite complexes should be rare, but
ophiclites have been described in the early Proterozoic Cape
Smith Belt (Scott et al., 1988; St-Onge et al., 1988) and in
Proterozoic rocks in Norway. The lack of blueschist facies rocks
could be explained by the age of the orogen. Work by England and
Richardson (1977) has shown that age is a major factor in the
preservation of blueschists. These authors suggest that thermal
relaxation and erosion increase temperatures within blueschist
terrains and tend to convert them to greenschist and amphibolite
facies rocks. Modeling by these authors shows that for any
reasonable range of parameters the probability of preserving
blueschist facies rocks goes to zero within 500 million years.
The problem with comparing the features of two orogenies is
that in all 1ikelihood no orogeny has ever proceeded in the same
manner as anoth~r, and therefore there are bound to be
differences. The above discussion shows that the Labrador Segment
has some similarities with the Himalayan orogen and that it (the
Himalayan Orogeny) 1is probably the best modern analog for

Hudsonian tectonism in the Labrador Trough Orogeny.

6.3 Conclusions

The structural and metamorphic features of the three blocks
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which make up the study area are the result of the early
Proterozoic Hudsonian Orogeny. The rocks of the IRIMB are
correlative to those of the Laporte "Group" and are believed to
represent distal equivalents of the Kaniapiskau Supergroup which
were deposited on a continental rise. The rocks of the LBB and
IGB are lithologically distinct from those of the LRIMB, but are
considered to be correlative with each other. These two blocks
are considered to be the result of deposition on a continental
slope/shelf environment, with a continental sediment source.

The structural geology of the three blocks is similar, all
showing the effect of three deformation episodes. The early event
produced the main foliation throughout the area and rare rootless
intrafolial folds. The second event produced common mesoscopic
and macroscopic tight-to-open folds with a rare axial planar
cleavage, while D produced macroscopic upright folds. The
heterogeneous imprint and relative lack of intensity of Dy

(compared with the Labrador Trough s.s. ) are believed to be the

result of the more crystalline nature of the rocks of the study
area during D3. In general deformation in the area involved major
shortening and probable southwest transport.

The LBB and IGB show evidence for an early metamorphic event
of granulite and upper amphibolite facies. A later event which
occurred simultaneously throughout the region overprinted much
of the early event. Geothermobarometric studies indicate that
peak metamorphic conditions for the second event were

approximately 750 °C and 7 kbar, slightly below granulite facies,
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although minor granulite facies assemblages have been observed.
The lack of migmatization in the area is believed to be the
result of Ca-rich bulk rock compositions. P-T paths prepared from
geothermaobarometric results have forms similar to those predicted
for tectonic crustal thickening.

Geochemical and petrological studies of the amphibolites of
the lac a Foin area and the granitoids of the LGC have provided
information about their origin. The LGC rocks are calc-alkaline,
Cordilleran "I'~type granitoids, with volcanic arc dgranitoid
affinities on trace element discrimination plots. The
amphibolites are believed to represent metamorphosed basalts and
are geochemically quite similar to the Hellancourt Volcanics of
the labrador Trough, which are low-K tholeiites transitional
between P-MORB and continental tholeiites.

The juxtaposition of the LRIMB with the other blocks occurred
early in the orogeny along the LTF. The temporal and spatial
relationships between the juxtaposition and intrusion of the LGC
suggest some sort of causal relationship between them. Possible
models are either subduction magmatism related to subduction
(i.e. IGB is a magmatic arc), or simply magmatism in response
to overthrusting along the LTF. The lack of correlation between
the rocks of the LBB and IGB and the LRIMB (and the Labrador
Trough s.s.) suggest that they may be exotic blocks transported
along the LTF. Alternatively, they could simply be an uplifted
portion of the eastern margin of the Labrador Trough.

Comparison of the Labrador Segment with modern orogenies
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suggests that the Himalayan orogeny is probably the best modern
analog for the Hudsonian orogeny in this region, although small

differences do exist.

6.4 Suggestions for Further Work

Of any projects proposed for the area, the most important in
terms of overall geology would be more detailed mapping of the
areas east of the Koksoak River. Although all of this area is
mapped at 1:250,000 (Taylor, 1979) more detailed mapping would
provide much needed information on the structure and lithology of
the area and possibly allow the development of a much more
complete tectonic interpretation for the area.

Also important for further study is a more detailed
examinatiols of the syntectonic intrusives of the area. Such a
study should deal with petrological and geochemical aspects of
various phases of the three complexes with the specific aim of
determining where and how they were generated. (The high
metamorphic grades of the area could make this very difficult).

A final area where further work would be beneficial are the
"basement”" gneisses of the Lac Berthet block. The most important
work would be isotopic dating of these rocks to verify their
assumed Archean age. A more detailed study of the structural
geology of the contact between these rocks and the supracrustals
would also be beneficial in determining the mechanism by which

they have been placed above supracrustal rocks.
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