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Abstract

Abstract

The Grenville Province of eastern Canada consists of a variety of lithotectonic units (terranes)
which formed a large mountain chain along the margin of Laurentia at 1190-1000 Ma. The deepest crustal
levels of the Grenvillian orogen are best exposed along a belt of high-PT terranes which form part of the
parautochthonous belt. The best exposed section is the Manicouagan Imbricate Zone which contains rocks
metamorphosed at conditions up to eclogite facies. The Tshenukutish terrane is the highest structural
division of the Manicouagan Imbricate Zone and contains mafic and ultramafic rocks which characterise
two distinct lithotectonic units. The structurally lower unit, the Baie du Nord segment, comprises granitic
and dioritic country rocks intruded by Fe-Ti gabbro and anorthosite. The highest structural units in the
Tshenukutish terrane belong to the Boundary zone, a complex series of tectonic slices, which include lenses
of mafic and ultramafic rocks known as the Lac Espadon suite. Cumulate textures suggest that the Lac
Espadon suite represents a layered, mafic and ultramafic complex. Geochemical analysis of the gabbroic
end-members from both the Lac Espadon suite and the Baie du Nord segment indicate a within-plate
tholeiite petrotectonic signature. REE-patterns of the gabbroic rocks and associated cumulates further
suggest fractionation from a tholeiitic source and high-crustal level emplacement. U-Pb dating of igneous
baddeleyite gives an age of 1170+/-5 Ma for emplacement of Fe-Ti gabbro in the Baie du Nord segment. In
the Lac Espadon suite, U-Pb ages of igneous zircon and baddeleyite (ca. 1650-1630 Ma) suggest a
Labradorian age of emplacement. The ages of zircon formed during anatexis (1046+/-3 Ma) and other
metamorphic zircon ages (1042+22/-28 Ma, 1030+10/-7 Ma, 1030+/-12 Ma, 1012+/-12 Ma) show the
timing of high-PT metamorphic overprint to be Grenvillian in age. The timing of retrogression and cooling
is constrained by the ages of titanite (1006-997 Ma) and rutile (960-929 Ma). The Fe-Ti gabbroic rocks
from the Baie du Nord segment display mineral assemblages which represent progressive stages of

metamorphic transformation resulting in the formation of coronas, granoblastic pseudomorphs (transitional)
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Abstract
and eclogites. In addition, the transitional and eclogitic samples exhibit coronas developed locally around

igneous xenocrysts. Maximum T-conditions recorded in the Baic du Nord segment are in the range 720-820
°C with recorded P-conditions reflecting increasing eclogitization (14 kbar in coronitic rocks and up to 17
kbar in eclogitic rocks). Estimates of peak PT-conditions recorded by massive corona-bearing rocks in the
Lac Espadon suite are in the range 780-930 °C at 16-19 kbar. Reequilibration during the early stages of
exhumation at high T-conditions (>700 °C) variably affected all samples in the Tshenukutish terrane. The
PT-conditions recorded during retrogression (ca. 700-800 °C and 8-12 kbar) define segments of steep PT-
paths and isothermal metamorphic (field) gradients, suggesting high heat flow through the lower crust. The
presence of syn-metamorphic mafic dykes and granites further suggest heat input (including from the
mantle) during exhumation. The rates of cooling and exhumation in the Manicouagan Imbricate Zone were
modelled using all the available PT-data and U-Pb ages for zircon, monazite, titanite and rutile. The results
indicate that the early stages of exhumation were charecterized by near isothermal conditions. Uplift rates
were relatively fast (>1 mm/yr) consistent with tectonic exhumation. Rates subsequently slowed, probably
during thrust emplacement of the highest structural levels (the Boundary zone) over the rest of the
Tshenukutish terrane. Differences between titanite and rutile cooling ages suggest that late-stage cooling
and exhumation was slow, consistent with other high-P terranes. The PTt-evolution of the Tshenukutish
terrane is compatible with models for tectonic exhumation by extrusion during northwest thrusting, with
extension on top of the pile. Evidence for high heat flow and rapid uplift during the initial exhumation in
the Manicouagan Imbricate Zone supports current models which suggest that asthenospheric upwelling
immediately followed extensional collapse of the Grenville orogen.
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“.....man will occasionally stumble over the truth, but usually manages to pick himself up, walk over or
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Orogenic belts, the Grenville Province and Manicouagan Imbricate Zone

GL1. Introduction

GI.1.1. PTt-paths in orogenic belts

Many orogenic (mountain) belts, e.g. Alps, Himalayas, are interpreted to be the result of
continent-continent collision. This process produces an area of thickened continental crust which in turn
leads to an increase in temperature (T) and pressure (P) resulting in metamorphic transformation of the
rock types present. The petrologic responses t0 metamorphism are commonly diverse and are driven not
only by PT-conditions attained, but also the time (t) over which the transformation processes operated.
Metamorphism is therefore controlled by the extent of crustal thickening (i.e., the PT-conditions
experienced) and by subsequent exhumation processes, which govern the duration of metamorphic
(orogenic) events. Ideally, absolute dating of metamorphism can be combined with the PT-data to produce
a metamorphic history. Thus, the PTt-history (or PTt-path) defined by rocks within a terrane can be used
to elucidate the tectonic processes in operation during the orogenic event.

Several models have been suggested to explain the metamorphic processes caused by crustal
thickening in continental collision zones (¢.g. England and Thompson 1984; Thompson and England
1984; Davy and Gillet 1986; Thompson and Ridley 1987; Shi and Wang 1987; Bohlen 1987; Hodges
1991; Rupel and Hodges 1994). All of these models show that the shapes of the PT-paths followed by
metamorphic rocks depend upon the relative rates of heat transfer during orogenic processes, and on the
type of exhumation (tectonic versus erosional). Exhumation controlled by erosional denudation only (e.g.
Thompson and England 1986) will follow long, slowly evolving PT-paths (Figure GL1a). Since reaction

rates increase exponentially with T, rocks that follow this type of PT-path tend to lose the mineral
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assemblages formed at maximum pressures. Alternative mechanisms controlling exhumation, €.g. tectonic

uplift, will produce a different type of PTt-path (c.g. Thompson and Ridley 1987). Because tectonic
exhumation is faster than erosion, heat in the thickened crust has less time to accumulate. The maximum
temperature attained will not only be lower, but both the P and T-conditions recorded are likely to be
closer to the maximum burial depth (Figure GL1b). If we assume that the rate of heat transfer is constant,
it will take longer for the peak temperatures to be attained by rocks following the first PT-path (erosional
denudation) than in the second (tectonic exhumation). Thus, the relative lengths of the paths are broadly

representative of the duration of the metamorphic events.

GlI.1.2. The Grenville Province

The Grenville Province, located in the in the eastern Canadian Shield, represents the exposed
roots of a collisional orogen. The Province comprises units accreted to the southeastern margin of
Laurentia with the main accretion events occuring at ca. 1650 Ma (Labradorian), ca. 1450 Ma
(Pinwarian) and ca. 1250 (Elzevirian). These units were subsequently involved in the Grenvillian orogeny
which occurred in discrete pulses between 1190 and 990 Ma (Rivers 1997). Various supracrustal rocks
and intrusions, from anorthosites and large gabbro bodies to smaller dyke swarms and granites, occur
throughout the Grenville Province. Some of these rocks, the mafic units in particular, record PT-
conditions up to eclogite facies (Grant 1988; Rivers and Mengel 1988; Indares 1993; Indares and Rivers
1995). The metamorphic conditions recorded by both the high-P assemblages in these rocks and by their
retrogressed equivalents define very steep PT-paths (c.g. Indares 1993). These PT-paths support models
which suggest rapid tectonic exhumation throughout much the of the orogen shortly after the high-P event
(e.g. Rivers et al. 1989, 1993). Thus, the Grenville Province represents one of the few examples of a
geological terrane where processes operating in deep orogens can be studied and where rapid tectonic

exhumation may have preserved some record of these processes.

Page GI.2



G 1] ucti 0 , { the G il
Gl.1.3. The Manicouagan Imbricate Zone and the Tshenukutish terrane

Among the high-P lithotectonic units of the Grenville Province, the Manicouagan Imbricate Zone
is the best exposed. The Manicouagan Imbricate Zone (MIZ) is a2 70 km wide assembly of crustal slices
which lie at the southern margin of the Parautochthonous Belt of the eastern Grenville Province (Indares
1994, Figure GL2). The MIZ is located at the western extension of the Molson Lake terrane and
tectonically overlies the Gagnon terrane to the north and is in turn overlain by the Harte Jaune terrane to
the south. Both the Molson Lake and Gagnon terranes contain eclogite facies rocks (Indares 1993; Indares
and Rivers 1995). There are two domains identified within the MIZ, the Lelukuau terrane to the west and
the smaller Tshenukutish domain to the east (Figure GL3). The Lelukuau terrane (LT) comprises a
Labradorian anorthosite-mangerite-charnockite-granite (AMCG) suite intruded by 1040 Ma mafic dykes
(Indares et al. 1998). The rocks in the LT occur as a stack of thrust slices with kinematic evidence of
north-west directed movement. The Tsheaukutish terrane (TT) tectonically overlies the LT (Indarcs 1994)
and can be divided into two units (Figure GL3). The structurally lower unit, the Baie du Nord segment,
comprises diotitic-granitic country rocks with rafts of metapelite. These are cross cut by mesocratic Fe-Ti
gabbro sills which grade into more leucocratic rocks. The structurally higher unit, the Boundary zone, lies
to the east and south of the TT (Figure GL3) and is represented by a complex assembly of tectonic slices
and lenses. This area includes lenses of mafic and ultramafic rocks called the Lac Espadon suite, the Brien
anorthosite, the Hart Jaune granite, various orthogneisses and metapelites and the lower-grade X-
complex. The main boundaries in the TT show evidence for south-east directed extension (Indares et al.
1998).

Evidence for high-PT metamorphism is witnessed in the MIZ and is particularly well
documented by the mafic rocks. The Fe-Ti gabbro and anorthosite bodies in the BNS show variable
replacement of igneous minerals with high-P coronas and pscudomorphs. The margins of the Fe-Ti

gabbros show evidence for deformation, fluid infiltration and partial melting. The mafic and ultramafic
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rocks (LES) in the BZ also show evidence of high-PT corona development. In addition, the mafic rocks of

both the BNS and LES have margins of amphibolitc. The amphibolite margins are indicative of
retrogression and may be used to constrain part of the PT-evolution. Therefore, the metagabbroic and
metamorphosed ultramafic rocks from the TT show great potential for constructing segments of PT-paths.
By applying U-Pb geochronology the timing of peak metamorphism and initial exhumation may also be
constrained. The combination of detailed PT-history and U-Pb ages should prove to be of great benefit in

understanding the high-PT processes in both the Greaville and in orogenic belts in general.

GL2. Thesis outline

Gl.2.1. Aims and Objectives

The main aim of this project is to obtain a detailed metamorphic history of the Tshenukutish
terrane (TT) by applying a number of techniques to the mafic and ultramafic rocks of the area. This is
achieved by fulfilling the following objectives;

1) To broadly classify the parent rock types of the gabbroic bodies both in terms of emplacement
ages and geochemistry. The ages are constrained by U-Pb geochronology carried out on igneous accessory
phases such as zircon and baddeleyite. Petrologic investigations and geochemistry (XRF major and trace-
element and ICP-MS rare-carth clement) are used to characterize the geochemical signatures and tectonic
setting of the protoliths. By combining these two approaches the diversity of the parent rock types can be
well established. In addition, the geochemical composition of the rocks is used to clarify the potential
relationships between whole-rock chemistry and metamorphic mineral assemblages.

2) To determine the PT-conditions experienced by the mafic rocks. This is done in two stages.
First, the petrographic studies of the igneous precursor minerals, metamorphic textures and the

composition and zoning trends obtained by electron microprobe analysis, are used to identify the mineral
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reaction history. The second stage is to determine the range of PT-conditions which have been recorded.

This is achieved by determining microdomains for which local equilibrium may be assumed and using
selected mineral compositions for the application of thermobarometry.

3) To determine the age of metamorphism, exhumation and cooling rates recorded by the TT.
This is achieved by combining the PT-data and high precision U-Pb dating of the mafic and ultramafic
samples examined in this study, and associated rocks across the TT. Using well established U-Pb dating
techniques on the accessory phases along with textural and PT-data for the main phase mineral
assemblage, a detailed time-scale for the metamorphic processes is obtained.

Thus, both the parent rock types and the metamorphic history of the mafic and ultramafic rocks
from the TT is determined. In addition, a comparison of the metamorphic history of these rocks with
others in the Grenville Province and with other high-PT terranes can be made. The implications of the

PTt-history of these rocks on models for the development of collisional orogens can then be considered.

GI.2.2. Outline of techniques: petrologic investigations

Much of the petrologic work carried out on the samples displaying both preserved high-PT
textures and their amphibolite margins uses standard transmitted and reflected light microscopy along
with cathodoluminescence and back-scattered scanning electron microscopy (CL and BS-SEM). The
mineralogy and textures of a large number of the polished sections are characterized. Disequilibrium
textures (essentially coronas) are very common in the mafic and uitramafic samples from the TT. The
significance of these textures is discussed fully in the next scction. In general, the least reequilibrated
assemblages in appropriate microdomains can be used to determine the peak PT-conditions of
metamorphism. The amphibolites and reequilibrated corona assemblages are used to obtain retrograde PT-
conditions. Specific problems in applying thermobarometry in rocks with complex textures are discussed

in each section.
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GI.2.3. U-Pb geochronology

The U-Pb isotopic investigations were carried out to, a) place absolute ages on the protoliths and
b) determine the timing of metamorphic event(s) and c) the rates of cooling. The latter two objectives are
combined to give the relative time scale variations required to construct PTt-paths for the TT. Accessory
minerals present in the samples include zircon (ZrSiO,), both igneous and metamorphic, baddeleyite
(Zr0y), titanite (CaTiSiOs) and rutile (TiO2). Available U-Pb ages from other rocks within the MIZ
(Indares et al. 1998; Indares and Dunning, in press) include further zircon, titanite and rutile ages from
mafic rocks and granites, along with monazite ages from metapelitic samples. Due to the high closure
temperature (T.) of zircon and monazite (ca. 900 °C and ca. 750 °C, respectively) and somewhat lower T,
for titanite and rutile (ca. 650 °C and ca. 400 °C, respectively) the U-Pb age information can be used to

determine cooling rates, and when combined with the PT-data, rates of uplift.

G1.2.4 Thesis format

This study involves metamorphism of mafic rocks at high-PT conditions and the resultant
formation of coronitic textures. The current understanding about the formation and significance of
coronitic textures and U-Pb dating of mafic rocks is discussed in some detail in the next section. The
remainder of the thesis is presented as a series of four papers, which have been published or submitted for
publication in international journals. The papers have been formatted to a standard style and all references
are located at the end of the thesis rather than after each paper. Some changes were made to the thesis
versions of the papers, such as standardizing the names of terranes and sub-units, and including expanded
data sets which would have been too large for the submitted manuscripts. However, none of these changes
alter the conclusions presented.

Paper 1 (Cox, R.A., Dunning, G.R. and Indares, A., Precambrian Research, 1998, volume 90,

pages 59-83) deals with the general classification of the mafic and ultramafic rocks in the TT by using
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petrologic and geochemical analysis and U-Pb dating to determine the protolith ages. The timing of

metamorphism is also constrained and the results are discussed and compared with other available data in
both the MIZ and in the Grenville Province.

Paper 2 (Cox, R.A. and Indares, A., Journal of Metamorphic Geology, 1999, volume 17, pages
537-556) examines in detail the metamorphism of the Fe-Ti gabbroic rocks in the BNS, western TT. The
study characterizes the transformation from gabbro, to coronite and eclogite. Evidence for partial melting
of the deformed and hydrated gabbro margins is examined along with the effects of retrogression to
amphibolite. Thermobarometry has been applied to determine the PT-conditions of metamorphism
recorded by these samples.

Paper 3 (Cox, R.A. and Indares, A., Canadian Mineralogist, 1999, volume 37, pages 335-357)
deals with the metamorphism of the mafic and ultramafic rocks which comprise the LES, located in the
BZ, eastern TT. These rocks display high-PT coronitic assemblages which require careful micro-scale
characterization and detailed thermobarometry to elucidate peak metamorphic conditions. Retrogression
has variably affected these rocks and the PT-data set produced by both peak and retrograde assemblages is
used to characterize conditions of metamorphism during exhumation.

Paper 4 (Cox, R.A., Indares, A. and Dunning GR., submitted to Precambrian Research)
compiles the U-Pb and PT-data sets from the MIZ, including those presented in the preceding papers. The
data are used to model cooling and exhumation rates for the TT and part of the underlying LT. The results
from this study are compared with those from other areas of the Greaville and younger high-PT orogenic
belts. The discussion points out the similarities and differences in the tectonic models suggested for the
tectonic evolution of the Grenville with other orogens.

A section at the end of the thesis summarizes the conclusions from all four papers. The
photomicrographs discussed in each paper are presented in Appendix A and more complete descriptions

of the techniques and analytical methods are presented in Appendix B.
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Figure GL.1 (a-b). Two hypothetical PT-paths for rocks in collisional orogens (after England and
Thompson 1984). Note the difference in both the length and shape of the paths along with the
difference in peak-T achieved in each case. Retrograde reactions due to water input may occur

during exhumation but will affect the rocks following path (a) more than those in (b).
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Figure GI.2. Map showing the location of the Manicouagan Imbricate Zone (MIZ) and adjacent terranes

in the eastern Grenville Province.
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Figure GI.3. Map showing the main lithotectonic units and structural boundaries within the MIZ.
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Introduction__ glic rocks and metamorphism
An introduction to the high pressure and temperature metamorphic

transformation of mafic rocks in continental collisional orogens.

L1. High-PT metamorphism of mafic rocks

The study of high-P metamorphic rocks, such as eclogite, is of importance to the understanding of
tectonic processes in deep crustal segments during orogenesis. As discussed in the Section GL1 (and shown
in Figure GL1a-b), the preservation of high-PT assemblages requires that the rocks do not pervasively
reequilibrate at lower PT-conditions or during retrogression. It has been suggested that this may happen for
a variety of reasons such as rapid exhumation (¢.g. Droop et al. 1990) or dry conditions (e.g. O’Brien 1999)
limiting typical retrogression reactions. Undeformed, dry, mafic igneous rocks, which have been exhumed
rapidly, are often the most likely to record peak-PT conditions.

I.1.1. Reactions and kinetics

Coarse grained, undeformed meta-igneous rocks such as metagabbros, where fluid has played a
limited role in the reaction path, commonly display disequilibrium textures (e.g. Mork 1985, 1986, Pognate
1985, Koons et al 1987, Johnson and Carison 1990, Indares 1993). The coarse grain size and dry nature of
metagabbros results in slow diffusion despite large chemical gradients between igneous phases such as
olivine and plagioclase, which in turn leads to the formation of corona assemblages. During eclogite facies
metamorphism of a typical metagabbro with original mineral domains of olivine, plagioclase and augite, a
first corona stage produces orthopyroxene around olivine, gamet around the plagioclase and an increase in
the Na-content of augite (Figure L1). Increasing eclogitization leads to formation of omphacite, while
orthopyroxene and gamet tend to develop pseudomorphs after olivine and plagioclase. Commonly Al in the
remaining plagioclase forms high Al phases such as kyanite, corundum or spinel (¢.g. Mork 1985, Indares
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granoblastic, omphacite/jadeite and gamet assemblage, i.c. a “true” eclogite (Carswell 1990).

There are many reactions described for this general transformation process, some of which are
illustrated in Figure L2. The resulting high-P phases are controlled by the kinetics of these breakdown
reactions. Plagioclase breakdown reactions under high-PT metamorphic conditions can occur by either a
migration of elements out of the plagioclase site to form new minerals or the production of new mineral
assemblages inside the plagioclase domains. In the latter case, the initial reactions involve the anorthite
component and fluid to produce a number of products. One such transformation involves the production of
zoisite, kyanite, quartz and more albitic plagioclase by the breakdown of the anorthite component of the
plagioclase and H7O. In the absence of H7O, the initial anorthite-consuming reaction produces grossular
gamet, kyanite and quartz (Wayte et al. 1989). At about 17 kbar and 600 °C the albitic component of the
plagioclase begins to react to produce jadeite, kyanite and/or quartz. These reactions are summarized below
(after Wayte 1989 et al. and Rubie 1990).

(R1.1] An+Ab+H;0eZo+Ky+Qz+ Ab

(R1.2] An+Ab+H,0 < Jd+Zo+Ky+Qu

[R1.3] An<Grs+ Ky +Qtz+ Ab

[(R1.4] An+ Ab < Jd +Grs + Ky + Qtz

Detailed studies of the textures related to plagioclase breakdown reactions (Wayte et al. 1989)
show that even at an advanced state of reaction during metamorphism the plagioclase is not consumed
completely and that the Na-component is stable until 17 kbar when reactions [R1.2] and [R1.4] begin.

The breakdown of augite involves the replacement of Ca, Mg and Fe by Na and Al from
plagioclase. Ca and Al diffuse extremely slowly in pyroxene (Brady and McCallister 1983). In Figures L1
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and L2 it was shown that, in the first stage of eclogitization under high-PT conditions, the formation of a

Na-augite is part of the usual assemblage. Therefore, there must be some diffusion of Na from the
plagioclase to the clinopyroxene site at this stage. Otten and Buseck (1987) carried out a detailed study of
the transformation of clinopyroxene to omphacite. The main reaction involved the formation of very fine
Na-augite lamellae along pre-existing crystal structures (i.c. cleavage and lattice defects) and the presence
of these allowed more rapid growth of Na-clinopyroxene at later stages. Thus, only a very small amount of
Na migration was necessary to produce the Na-bearing clinopyroxene compaositions often observed during
the early stages of the eclogitization of metagabbroic rocks. In addition, increased albite breakdown at
higher pressures produces Na-clinopyroxene pseudomorphs after plagioclase (Wayte et al. 1989).

Olivine breakdown usually involves progressive development of orthopyroxene coronas and
eventually pseudomorphs which are contemporaneous with the breakdown of anorthite then albite in
plagioclase. These solid-solid reactions usually occur at high temperatures (>750 °C) in the absence of any
fluid. Where fluids are present, the breakdown of olivine can take place at temperatures well below those
encountered in high-PT metamorphic conditions, i.e. <600 °C. The resulting reactions with the fluid and
surrounding phases in such cases produce talc, chlorite and other hydrous products. Thus, the composition,
fluid activity, PT-conditions and kinetic factors all control the breakdown of original mineral domains and
the formation of the resulting coronas and pseudomorphs.

The distribution of the minerals in the coronas and possible chemical zoning trends depend upon
the type of chemical gradient between adjacent igneous phases. For example, plagioclase is poor in Fe and
Mg and olivine is poor in Al and Ca. Diffusion of Fe and Mg towards the plagioclase and Al and Ca
towards the olivine leads to the typical corona assemblage of orthopyroxene (surrounding olivine),
clinopyroxene in the middle and gamet around plagioclase (e.g. Grant 1988; Johnson and Carison 1990).
The composition of the gamet changes from Fe and Mg-rich (almandine and pyrope) on the olivine side of
the corona to Ca-rich (grossular) on the plagioclase side of the corona, thus reflecting the element/mineral
relationships in each domain. Excess Al in the plagioclase sitc may lead to the development of kyanite
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and/or corundum inclusions, whereas in more mafic rocks, excess Mg and Fe diffusing into the plagioclase

site may result in spinel inclusions (Indares 1993; Indares and Rivers 1995). Due to the slow rates of
diffusion in undeformed gabbroic rocks, textures will often not evolve past corona formation stages. Thus,

in many cases the transformation from coronite to eclogite will be “frozen” and the PT-conditions recorded
will likely be close to the metamorphic peak.

1.1.2. Retrogression textures in high-PT rocks

The preservation of disequilibrium textures in high-PT rocks such as those described above can
persist for tens of millions of years (Rubie 1990). However, deformation of high-PT rocks greatly increases
reaction rates. As a result deformed mafic rocks tend to experience more pervasive development of high P-
mineral assemblages but are also more prone to retrogression (¢.g. Merk 198S; Koons et al 1987). This is
because deformation not only enhances mineral diffusion by grain size reduction but also increases the
susceptibility of the rock to fluid infiltration which in tumn facilitates retrograde reactions. Deformed rocks
are therefore much more likely to reequilibrate to produce lower grade metamorphic assemblages upon
uplift and cooling than those which display incomplete prograde transformation to eclogite. Some of the
reactions involved during re-equilibration of high-PT rocks upon cooling and decompression are listed
below.

[R1.5]Jd + Qtz <> Ab
[R1.6] Omp + Qiz < Ab + Di
[R1.7} Phe + Pg + Grt < Pl + Bt + Ms + H,O

[R1.8] Grt + Omp + Ky + HO « Hbl + Pt

Reactions (R1.5} and [R1.6] are solid-solid reactions which require no input of fluid. The rate of
these reactions is usually very slow. Under fluid poor (or absent) conditions the time to replace a 10uym
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jadeite with albite is >40 Ma (Rubie 1986). In this case, only in extremely slow cooling terranes will

retrogression pervasively affect the high-P assemblage. On the other hand the same reaction, fluid assisted,
can take place in a few tens of years at only 550 °C (Rubic 1986). The injection of fluid, or the presence of
existing fluid bearing minerals, will invariably induce reactions [R1.7] and [R1.8). These reactions are
considerably more likc'v to occur in deformed high-PT rocks, partly due to enhanced rates of fluid
migration, due to reduce: grain size and the development of strongly directional fabrics. Reaction [R1.7]
will take place due to the presence of some hydrous phases which are often found in deformed eclogitic
rocks (Koons et al. 1987). However, tie preservation of eclogitic rocks as undeformed lenses within
deformed and retrogressed high-PT terranes is not uncommon (e.g. Heinrich 1982). The deformation and
subsequent re-hydration and retrogression of many such lenses can be seen to be restricted to the outer edge
of the eclogite body (Figure L3). H.O is consumed in reactions along the outer edges of the body which
generally preserves the core of the lens through the uplift and cooling path of the rock.

1.1.3. PT-estimates using disequilibrium textures

PT-conditions in coronitic rocks can be determined using microdomains which can be regarded as
displaying local equilibrium. For example, gamet and orthopyroxene or garnet and omphacite can be
regarded as in equilibrium at their respective grain boundaries where Fe-Mg exchange reactions occur. By
applying Fe-Mg exchange thermometry (e.g. Carswell and Harley 1990; Ellis and Green 1979. Krogh
1988) the T-conditions of these equilibrated contacts can be established. To determine the P-conditions a
similar approach can be applied using an appropriate net transfer reaction. For instance, kyanite and
corundum bearing plagioclase in contact with garnet can be used to determine the P-conditions (e.g. Ky-
Cm-P1-Grt barometer, Indares and Rivers 1995). A drawback with this method is that T-conditions are
calculated in a different microdomain than P-conditions. For example the gamet in contact with the
plagioclase is usually more grossular-rich than at the pyroxene contact. In such cases the assumption has to
be made that the temperatures and pressures were recorded simultaneously. In any microdomain
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equilibrium is likely achieved at the highest temperatures, and therefore this assumption is often correct.

Calculation of both peak-P and T in coronitic rocks obviously requires that retrogression has not occurred.
Rerogression may be indicated by the presence of lower grade minerals in the corona assemblage (e.g
biotite and homblende) or by chemical reequilibration of mineral compositions. In strongly zoned minerals
such as garnet, coronas in contact with plagioclase will tend to show a decrease in Ca-content if they have
undergone reequilibration during cooling and exhumation. Similarly the Fe/Mg ratio in the gamet will tend
to increase at the contact with pyroxene. Ca diffuses much more slowly than Fe or Mg in gamet, especially
at temperatures below 700 °C (e.g. Cygan and Lasaga 1985; Loomis et al. 1985; Chakraborty and Ganguly
1992; Schwandt et al. 1996). In other words, Ca exchange between plagioclase and gamet (recording
pressures) will cease before Fe-Mg exchange between gamet and pyroxene (recording temperatures). If the
recorded T-conditions are below 700 °C, and there is no textural evidence for reequilibration, the combined
PT-estimates for the corona assemblage are likely to be erroncous. Thus, only when a) textural evidence
suggests local equilibrium, b) balanced reactions for the minerals present in the microdomain can be
written, and ¢) chemical zoning profiles indicate no major reequilibration, can the independently derived
pressures and temperatures be combined to give accurate PT-estimates for the formation of a corona
assemblage. On the other hand, retrograde conditions can be calculated using domains where retrogression
is evident. The estimation of both peak and retrograde conditions allows segments of PT-paths to be

determined.

L2. Geochronology in high-PT terranes: dating of mafic rocks and metamorphism

Accurately determined mineral ages are a prerequisite for placing PT-data in a temporal context.
The U-Pb method often allows for both protolith and metamorphic ages to be calculated using a variety of
accessory minerals. Concentrations of magmatic zircon may be as high as 35 mg/kg in gabbros, but the
actual amount seems to bear little relation to the Zr-content of the protolith (Gebauer 1990). Zircon can also
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occur as a metamorphic phase. Other primary igneous phases such as baddeleyite are also suitable for
dating, but are not found as metamorphic crystals in mafic rocks. Thus, only after mineral separation and
accessory mineral identification can a sample be deemed suitable for U-Pb geochronology.

I.2.1. Protolith ages

Zircon, baddeleyite and titanite have been used to constrain protolith ages for a variety of mafic
racks (e.g. Rogers and Dunning 1991; Lanyon et al. 1993). The temperature at which Pb-diffusion is
negligible, known as the closure temperature (T.) after Dodson (1979) is high for zircon and baddeleyite
(>900 °C) and lower for titanite (ca. 650 °C). In addition, baddeleyite and titanite commonly react to form
secondary metamorphic minerals. On the other hand, mafic rocks which have undergone metamorphism
may still record protolith ages where primary magmatic zircon and/or baddeleyite can be recovered (e.g.
Davidson and van Breemen 1988; Paquette et al 1989; Dudis et al. 1994). U-Pb ages, plotted on a
concordia diagram, commonly show one of four different patterns in metamorphosed rocks (Figure L4). In
the first scenario the protolith age would be reliably determined. In the other three cases the age given by
the upper intercept may or may not be the true age for the protolith. Mixtures between Pb-loss ages,
metamorphic diffusion and overgrowths and even new grown minerals may all be present in a suite of
accessory phases. Thus, the careful characterization of the morphologies of igneous accessory minerals
(essentially zircon and baddeleyite) is a prerequisite in the determination of reliable protolith ages.

1.2.2. Metamorphic ages

Metamorphic ages require the same careful characterization of the mineral phases to be dated and
indeed are often more complex to determine reliably. Two basic approaches can be used to calculate the
timing of metamorphism; a) indirect dating of metamorphism using the ages of cross-cutting intrusions
such as dykes, pegmatites and granites, or b) direct dating of metamorphic minerals in the mafic rocks and
in related supracrustal rocks (e.g. metasediments). In the former case the ages will essentially be those of

Page 1.7



{ntreduction Malfic rocks and metgmorphism
the igneous protoliths and thus, will give only minimum and/or maximum estimates for the age of

metamorphism. Only rarely (e.g. syn-metamorphic intrusions) will these data be useful in determining
metamorphic ages or cooling and exhumation rates. Direct dating of metamorphism can be constrained by
lower intercepts on discordia lines produced by Pb-loss, metamorphic overgrowths or by new grown
minerals (Figure L4) or indeed by a combination of these patterns. Metamorphic overgrowths (commonly
on zircon) can produce discordia lines which constrain ages indicative of both metamorphism and protolith
ages. Nonetheless, apparently simple discordia lines produced by metamorphic Pb-loss often produce lower
intercept ages which are geologically meaningless (Mezger and Krogstad 1997). This is due to the fact that
secondary Pb-loss from subsequent thermal events or recent Pb-loss can be superimposed onto
metamorphic discordia lines. The most reliable ages for metamorphism result from dating of newly grown
metamorphic minerals which have concordant ages. In addition, minerals with concordant metamorphic
ages can be used to constrain discordia lines (Figure L4). The processes involving the formation of
metamorphic accessory minerals are generally poorly understood and difficult to determine. However,
some accessory phases grow as a result of reactions which can be constrained (c.g. titanite replacing rutile)
or during anatexis (e.g. zircon) which can give reliable PT-estimates. The growth of the relevant phase may
occur above its closure temperature (T,) in which case the age will represent cooling and not growth. On
the other hand, if a sufficient number of accessory phases with different closure temperatures can be dated,
then the data can be used to determine peak metamorphism and also cooling rates.

1.3. Summary

Mafic igneous rocks offer the most promising targets for deciphering the PT-history of the crust
beneath orogenic belts. Rocks which display coronitic to granoblastic textures are particularly important as
they tend to preserve a record of both the peak pressure and peak temperature conditions even at the highest
grades of metamorphism. Deformed mafic rocks will typically be retrogressed and by combining the PT-
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conditions recorded by these rocks with those from undeformed coronite and eclogite, PT-paths from the
deepest crustal scgments of metamorphic terranes can be established. These PT-paths in turn allow a
greater understanding of the tectonic processes operating in collisional orogems. Modem U-Pb
geochronology can be applied to mafic rocks and their metamorphosed equivalents. Thus, both the PT-
history and the absolute time scales can be determined. The set of four papers which follows deals with a
suite of metamorphosed mafic rocks from the Tshenukutish terrane in the Manicougan Imbricate Zone
which is one of the best exposed high-P terranes in the Grenville Province.
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Figure I.1. Generalised reaction pathways for the transformation from original gabbro, to coronitic and
transitional rocks, and finally to eclogite (after Rubie 1990).
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Figure 1.2. Two examples of progressive transformation of gabbro to eclogite (figure modified from Rubie
1990). Individual microdomains (and coronas) within the assemblages are shown as separate shaded areas.
The reactions and/or mineral assemblages within certain microdomains are also shown. Short arrows
represent the direction of grain boundary movement along consuming reaction fronts. Long arrows indicate

the prograde transition to the a corona assemblage.
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Figure 1.3. Simplified reaction pathway showing the retrogression of an eclogitic lens by hydration of the
deformed margin and fluid infiltration from the surrounding country rock (after Heinrich 1982).
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Figure 1.4. Representative U-Pb diagrams from mafic rocks showing simplified examples of typical sets of
data in metamorphosed samples. Clearly, the example 1 will represent the best case for
determining a protolith age. The data in example 4 will most likely give a reliable age for the

metamorphic event. The four examples are not mutually exclusive and combinations are possible.
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Laper ] Letrology gnd geochronology.
Petrology and U-Pb geochronology of the mafic and ultramafic, high-

pressure metamorphic coronites from the Tshenukutish terrane.

Abstract

Two suites of mafic and ultramafic rocks from the Tshenukutish terrane, eastern Grenville
Province, have been the subject of a detailed petrographic and geochemical study combined with U-Pb
geochronology. The Tshenukutish terrane is the highest tectonic level in the eclogite-bearing,
Manicouagan Imbricate Zone and is divided into two tectonic units, the Baie du Nord segment and the
Boundary zone. A suite of mafic and ultramafic rocks, the Lac Espadon suite, forms part of the Boundary
zone. The Lac Espadon suite comprises a diverse range of rock types, such as dunite, troctolite,
hornblendite and olivine gabbro. Cumulate textures and geochemical characteristics suggest that the Lac
Espadon suite represents a layered, mafic and ultramafic complex. In the Baie du Nord segment the mafic
rocks sampled comprised of gabbro and anorthosite intrusions, along with smaller, coarse-grained
gabbroic intrusions. In contrast to the Lac Espadon suite, the mafic rocks from the Baie du Nord segment
represent a fairly homogeneous group of Fe-Ti gabbros and related anorthosites. Rocks of gabbroic
composition from both suites have within-plate tholeiite, petrotectonic signatures. Furthermore, REE-
patterns of gabbro and associated cumulate rocks in both suites suggest fractionation from a tholeiitic
source. All the rocks show abundant petrographic evidence for high-pressure metamorphism, including
the widespread development of gamet, clinopyroxene and kyanite-bearing metamorphic assemblages.
Estimates of the conditions of high-pressure metamorphism in previous studies and melting textures in
deformed and hydrated gabbro margins are in the range 750-900 °C and 16-18 kbar. In the Lac Espadon

suite U-Pb ages of igneous zircon and baddeleyite are in the range 1643-1629 Ma for the emplacement of
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the layered complex. In the Baie du Nord segment baddeleyite gives an age of 1170+/-5 Ma for

emplacement of the Fe-Ti gabbros. Ages of high-P metamorphism are constrained by zircon formed
during anatexis of deformed and hydrated Fe-Ti gabbro margins at 1046+/-3 Ma. Other metamorphic ages
include zircons with (metamorphic) overgrowths (1042+22/-28 Ma), saccharoidal zircon replacing
baddeleyite (1030+10/-7 Ma and 1030+/-12 Ma) and new growth of equant zircon (1012+/-12 Ma) from
the undeformed interiors of samples in both suites of rocks. These ages indicate that the high-P
metamorphism of the Tshenukutish terrane occurred during the Grenvillian (Ottawan) event.
Retrogression to amphibolite facies is constrained by the ages of titanite (1006-997 Ma) in deformed
gabbro margins. Rutile ages range between 960-929 Ma and are interpreted as cooling ages. The
difference between the ages of titanite and rutile suggest slow cooling of the Tshenukutish terrane after

initial high-pressure and temperature metamorphism and exhumation.

Keywords: Grenville Province, mafic rocks, high-pressure, coronas, U-Pb geochronology

1.1. Introduction

The Grenville Province of the Canadian Shield was formed by continental collision that affected
the margin of Laurentia in the interval between 1200-1000 Ma (Grenvillian orogeny, Baer 1981; Windley
1986; Rivers et al. 1989). There is growing evidence that parts of the southerm margin of the
parautochthonous belt of the Grenville Province experienced eclogite facies metamorphism at 1100-1000
Ma. Evidence of this event has been particularly well preserved in massive and relatively dry coronitic
metagabbros (Indares 1993; Indares and Rivers 1995; Indares and Dunning 1997). Textural evidence of

the various stages of metamorphic evolution, along with information about the protoliths, tend to be best
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preserved in undeformed mafic rocks (Rubie 1990). For these reasons, metagabbros are suitable targets for

geochronological studies, since together with their amphibolite margins, they are likely to preserve a
variety of accessory minerals with different growth and closure temperatures. Therefore they can be used
for both the determination of the age of the protoliths and the timing of metamorphism. To date, the age
of Grenvillian metamorphism has been investigated in the western Grenville (e.g. Mezger et al. 1991,
1993; Haggart et al. 1993; van der Pluijm et al. 1994; Jamieson et al. 1995; Friecdman and Martignole
1995; Martignole and Reynolds 1997) and chiefly from Labradorian rocks of the eastern Grenville (e.g.
Scharer et al 1986; Schirer and Gower 1988; Phillipe et al. 1993; Connelly et al. 1995; Wasteneys et al.
1997). However, so far very few examples of high pressure (high-P) metagabbros or ultramafic rocks have
been dated (e.g. Indares and Dunning 1997).

The aim of this contribution is to document a newly discovered occurrence of high-P, coronitic
metagabbros and ultramafic rocks from the Tshenukutish terrane of the Manicouagan Imbricate Zone.
These rocks are discussed in terms of their general petrographic and geochemical characteristics, protolith

ages and the timing of metamorphism established by U-Pb geochronology.

1.2. Geological Setting

The Manicouagan Imbricate Zone (MIZ) is a 2000 km? stack of high-P crustal rocks recently
discovered along the shores of Manicouagan Reservoir in eastern Quebec (Indares 1997). The MIZ is
located at the same structural level, but a few tens of km west of the Molson Lake terrane, which contains
1450 Ma gabbros (Shabogamo gabbro, Connelly and Heaman 1993) partially transformed to eclogite
during the Grenvillian orogeny (Indares 1993; Indares and Rivers 1995). To the north, both MIZ and
Molson Lake terrane overlie the parautochthonous Gagnon terrane along a thrust contact (Figure 1.1a).

The Gagnon terrane is a northwest-verging, Grenvillian fold-thrust and nappe belt, with metamorphic
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grade increasing from greenschist facies in the north, to high-P amphibolite and locally, eclogite facies in

the south. At its southeast margin, the MIZ is truncated by an extensional detachment (Hart Jaune fault,
Eaton et al. 1995) which scparates it from the overlying 1467 Ma granulites of the allochthonous Hart
Jaune terrane. The latter rocks are characterized by a mid-amphibolite facies Grenvillian overprint (Scott
and Hynes 1994).

The MIZ consists of two contrasting, fault-bounded lithotectonic units. The lower unit, known as
the Lelukuau terrane (LT), is a thrust stack largely composed of anorthosite, olivine-gabbro and granitoid
rocks, Labradorian in age and younger leucogranites and related rocks (1648+11/-10 Ma and 1298+8/-5
Ma, igneous zircon, Gale et al. 1994). The LT experienced high-P metamorphism during the Grenvillian
orogeny as indicated by U-Pb ages of metamorphic zircon and monazite along with cooling recorded by
titanite and rutile (Gale et al. 1994; Indares et al. 1998). Phase relationships in the upper levels of the LT
are consistent with P-conditions of 16-18 kbar, at temperatures between 850-900 °C, indicating burial in
excess of 50 km under a high thermal regime (Indares 1997). The structurally overlying Tshenukutish
terrane (TT) comprises a variety of lithotectonic suites that occur between the LT and Harte Jaune terrane
and are bounded by extensional shear zones (Figure 1.1b), the Baie du Nord segment (BNS) in the west,
and the Boundary zone in the southeast. The structurally lower BNS is composed of migmatized
orthogneiss, locally grading to diorite, which contains rafis of supracrustal rocks. These units have been
intruded by Fe-Ti gabbros. Anorthosite has been observed as tectonic layers and lenses within shear zones.
The interior of the BNS is variably affected by an early phase of deformation predating the intrusion of the
Fe-Ti gabbro, and a later phase that caused boudinage of the gabbro bodies and development of shear
zones with evidence of northwest-directed tectonic transport.

The Boundary zone contains mafic and ultramafic rocks known collectively as the Lac Espadon
suite (LES), the Hart Jaune granite (1017 Ma, Indares et al. 1998) with rafts of metapelite and the Brien

anorthosite (1169 Ma, Scott and Hynes 1994), which occurs as large tectonic lenses (Figure 1.1b). To the
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southeast, the Boundary zone is tectonically overlain by the Hart Jaunc terrane along the southeast-

dipping Hart Jaune extensional shear zone (stage 2 extension, Eaton et al. 1995, Indares 1997) which
consists of tectonic layers of granite and amphibolite. The LES is mainly composed of orthogneiss with
tectonic enclaves of troctolite, dunite and homblendite, mesocratic olivine-gabbro and also Fe-Ti mafic
pegmatite (nelsonite). The latter is restricted to the northern part of the suite and its relationship with the
rest of the LES is unclear. The LES is characterized by L-dominant deformation with lineations plunging
moderately to the southeast. Shear zones at the boundaries of BNS and LES display evidence of top-to-
the-south extension (stage 1 extension, Indares 1997) which truncate earlier thrust related fabrics in the
overlying LT as well as the L-fabric in the LES (Indares 1997).

Evidence of high-P metamorphism is mainly indicated by extensive replacement of igneous
phases by garnet, clinopyroxene and subordinate kyanite in the mafic rocks of both the BNS and LES, and
in the anorthosites of the BNS and the Boundary zone. The margins of the Fe-Ti gabbros of BNS are
commonly transformed to granoblastic amphibolite. In addition, the amphibolite margins contain up to
20% leucosomes with gamet porphyroblasts which are ofien several cm in diameter. Conditions of partial
melting of amphibolite and associated production of garnet have been experimentally investigated (e.g.
Wolf and Wyllie 1994; Senn and Dunn 1994) and documented in naturally occurring samples (Williams
et al. 1995). According to these studies, the presence of mafic migmatite, with less than 20% melt in
association with large garnet porphyroblasts, suggests fluid assisted melting under PT-conditions of 10-20
kbar and 750-900 °C. In addition, metapelitic rafts in the BNS are extensively migmatized and contain
garnet, kyanite and K-feldspar restite, indicative of vapor absent partial melting under P-conditions in
excess of 17 kbar at 800-900 °C. Similar PT-conditions are also recorded by rocks in the upper levels of
the LT (Indares et al. 1995; Indares 1997). In stage 1 extensional shear zones of the southern BNS,
asymmetric rotation of leucosomes and garnet porphyroblasts in the amphibolite margins of the Fe-Ti
gabbros, is consistent with the top-to-the-south tectonic transport. This indicates that stage 1 extension
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postdated the high-PT metamorphism and associated melting. The orthogneisses of the BNS and LES do

not preserve diagnostic high-P mineral assemblages. In the Boundary zone, the Hart Jaune granite
postdated the peak of metamorphism, but is deformed by the Hart Jaune shear zone. The metapelites and
margins of the Brien anorthosite in the Boundary zone are highly retrogressed and characterized by
widespread development of chlorite and epidote.

1.3. Petrography of the Mafic Rocks

1.3.1. Lac Espadon suite (LES)

The coronitic troctolites of the LES preserve relict igneous assemblages represented by olivine,
plagioclase, and minor ilmenite. Metamorphic coronas of orthopyroxene, clinopyroxene, pargasitic
amphibole and garnet are developed between the olivine and plagioclase (Appendix A, Plate Al.1a-c).
Plagioclase has numerous crystallographically oriented inclusions of kyanite and corundum, consistent
with metamorphism under high-P conditions (Indares 1993). Coronas of intergrown brown pargasitic
amphibole and biotite are found around ilmenite. The presence of both clinopyroxene and pargasite may
indicate either incomplete prograde reactions or retrogression of the clinopyroxene by fluid infiltration
under high-P conditions. Coronitic troctolites grade into coarse-grained dunite, implying igneous layering.
The dunites are dominated by fosterite-rich olivine with orthoamphibole (Appendix A, Plate Al.1d) and
serpentine (antigorite), as well as minor opaques. Adjacent to shear zones troctolites grade into
granoblastic amphibolites with relict olivine, and metamorphic garnet porphyroblasts, orthopyroxene and
hornblende.

Small pods of coarse-grained, poikilitic hornblendite are found in close association with dunite
and troctolite in the LES. Hornblendites are a feature of many intrusive complexes (eg. Muir et al. 1997,

Sisson et al. 1997). Hornblende occurs as oikocrysts up to 10 cm in diameter that, in association with
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large 2 cm phlogopitic micas, form subhedral, high-relief plates in thin section and comprise over half

these rocks. Clinopyroxene crystals, S cm in diameter, locally reach high concentrations, (i.c. pyroxene
hornblendite). Chadacrysts of olivine and plagioclase with minor opaque minerals and apatite are
identifiable within hornblende oikocrysts. Chadacryst populations vary from high amounts of plagioclase
to equal amounts of plagioclase and olivine (Appendix A, Plate Al.2a-b). Although there are no clear
contacts between the hornblendites and other mafic units, the increase in modal plagioclase shown by the
transition from dunite to troctolite, and the same trend in chadacryst populations within homblendite, may
reflect an increase in plagioclase formation in the magma. The homblendites show abundant evidence of
high-P metamorphism. Garnet forms coronas around plagioclase chadacrysts with both containing
numerous inclusions of kyanite and corundum that are oriented parallel to cleavage in the plagiociase.
Olivine chadacrysts have orthopyroxene and clinopyroxene coronas. Granoblastic clinopyroxene
aggregates are randomly distributed, replacing plagioclase or primary clinopyroxene.

Small lenses of garnet amphibolite cutcrop adjacent to the hornblendites. The garnet
amphibolites are variably foliated, and are composed of euhedral to subhedral garnet porphyroblasts,
plagioclase, homblende and biotite with lesser amounts of rutile, titanite+/-ilmenite (Appendix A, Plate
Al.4a-b). An outcrop of massive, coarse-grained, Fe-Ti mafic pegmatite occurs near the northern margin
of the LES. The rock is characterized by large (1 to Scm) apatite and ilmenite crystals. Similar rocks have
becn designated as nelsonite and have been reported from other Grenvillian terranes (e.g. Florence et al.
1995). Original pyroxene and plagioclase have been recrystallized, with clinopyroxene being replaced by
hormblende. Plagioclase contains spinel-rich areas and sparse, cleavage-oriented corundum inclusions.
Hornblende and garnet form irregular coronas between ilmenite and plagioclase (Appendix A, Plate
Al.5a-b). Dark brown (Ti-rich) biotite occurs as inclusions in plagioclase and garnet, as intergrowths

with hornblende, and in coronas around ilmenite. Small, clear plagioclase collars form between garnet
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and hornblende. The relationship between this rock and the mafic and ultramafic rocks of the LES is not

clear.

Olivine gabbros of the LES are coarse-grained and mesocratic. They show poikilophitic texture,
with the original assemblage consisting of plagioclase, olivine, and interstitial clinopyroxene. Large (0.5
to 1 cm) apatites are common, with large rutile crystals and minor ilmenite also present (Appendix A,
Plate Al.6a-b). Original plagioclase has been recrystallized and contains numerous kyanite and
corundum plates. Olivine has been all but replaced by aggregates of orthopyroxene, surrounded by coronas
of clinopyroxene and gamet. Locally plagioclase collars form in the coronas between garnet and
clinopyroxene, commonly in association with pargasite. These may be the result of growth during
decompression (Indares 1993). Pargasite also forms around original cuhedral biotite, ilmenite and
clinopyroxene.

The common occurrence of cumulate textures (dunites, troctolites and hornblendites) and the
close association of the mafic to ultramafic units in the LES suggest that these rocks may represent
dismembered portions of a layered intrusion.

1.3.2. Baie du Nord segment (BNS)

In the BNS, Fe-Ti gabbros show a range in both igneous and metamorphic mineralogy and
textures. Igneous textures are variably preserved in the form of relict plagioclase and clinopyroxene and
fine grained, rounded orthopyroxene aggregates after olivine (Appendix A, Plate Al.7a). Ilmenite and
apatite are common coustituents of the original igneous assemblage. Coronas of pargasite, with
intergrown biotite/phlogopite around ilmenite, are present in many samples. Orthopyroxene aggregates
are surrounded by clinopyroxene and gamet coronas. Garnet locally pseudomorphs the lath shape of the
igneous plagioclase. Plagioclase collars between gamet and clinopyroxene (Appendix A, Plate Al1.7b-d)
are common and are evidence of decompression (Indares 1993). These are most common in samples
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where garnet forms pseudomorphs after plagioclase (Appendix A, Plate A1.8a), indicating extensive re-

equilibration following high-P garnet growth. Other samples are more granoblastic, with coronas less well
preserved. Relict clinopyroxene and plagioclase contain numerous inclusions of an opaque phase, which
leads to a distinctive clouded appearance and locally plagioclase also contains corundum. In addition, the
northern margin of the BNS contains gabbros with assemblages dominated by omphacite-gamet and only
sparse (less than 5%) relics of plagioclase containing high concentrations of spinel and corundum
inclusions (Appendix A, Plate A1.9a). These represent rocks which are closest to “true” eclogites
(Carswell 1990). Large plagioclase and olivine crystals occur in some of the Fe-Ti gabbros and are
interpreted to be xenocrysts (Appendix A, Plates A1.8b and A1.9b). The Fe-Ti gabbros grade into more
leucocratic varieties with a higher plagioclase/ilmenite ratio and are considered to be leucocratic portions
of zoned intrusions, as opposed to true anorthosite bodies. However, the North Bay anorthosite is different,
being granoblastic, with strongly recrystallized plagioclase and minor hornblende, garnet, biotite, ilmenite
and rutile (Appendix A, Plate A1.10s). The North Bay anorthosite may be correlated with the Brien
anorthosite.

Coarse-grained Fe-Ti gabbros also occur in the western and northern margins of the BNS
(marginal gabbros). These gabbros display relicts of clinopyroxene, plagioclase and lesser amounts of
olivine, ilmenite and large, 1-2 cm crystals of apatite (Appendix A, Plate A1.10b). Olivine is variably
replaced by orthopyroxene. Plagioclase is strongly recrystallized and displays cleavage-oriented spinel and
corundum inclusions. Extensive collars of plagioclase with pargasite, are present between garnet and
clinopyroxene, implying decompression and hydrous retrogression.

In the leucosome-bearing, amphibolite margins of the Fe-Ti gabbros, primary textures are
overprinted by granoblastic assemblages. The large garnet poikiloblasts occur within the leucosomes
(Appendix A, Plate Al.11a) with cores rich in inclusions of quartz, plagioclase, ilmenite and rutile and

inclusion-free rims (Appendix A, Plate A1.11b). Inclusions form sygmoidal trails indicating rotation of
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the garnet poikiloblasts during growth. Titanite occurs mainly in the rims and along cracks in the garnet

and is concentrated around rutile, and thus, post-dated rotation (Appendix A, Plates Al.11c-d). The
matrix assemblage consists of hornblende, plagioclase, quartz, ilmenite, biotite and titanite+/-rutile.
Titanite in the matrix is less abundant and smaller in grain-size than within the gamet, probably

reflecting the involvement of rutile and garnet during the titanite-forming reaction.

1.4. Geochemistry

1.4.1. Analytical techniques

Geochemical analysis of representative rock samples was carried out at the Department of Earth
Sciences, Memorial University of Newfoundland. XRF-clemental analysis was performed using a
Fisions/ARL 8420+ sequential wavelength dispersive X-ray spectrometer on pressed pellets (5 g of fine,
dried rock powder and 0.7 g of phenolic resin) for trace-elements and major-clements in samples with
high Fe-content. Major-clement compositions on the majority of samples were determined using fused
beads (1.5 g of rock powder, 6 g of lithium metaborate and 1.5 g of lithium tetraborate). Detection limits
for pressed pellets range from 0.7 ppm (Nb) to 41 ppm (Ce) with precision around 0.2% to 3.1%. Fused
beads have detection limits of 0.006% (KO and TiO;) to 0.079% (Al;O;) with precision ranging from
0.2% to 3.2%. Samples are compared with Govindaraju-1989 and 1 internal standard. Loss on ignition
(LOI) was determined by weighing powders before and after drying at 1050 °C.

REE-concentrations were determined by Na-sinter analysis with a Perkin-Elmer SCIEX ELAN
model 250 ICP-mass spectrometer. Detection limits range from 0.001 ppm for Lu to 0.015 ppm for Yb.
Samples arc compared with Chondrite, Govindaraju DNC-1, MRG-1, BR-688 and W-2 standards as well

as 4 internal standards and blank solutions. Mean precision is better that 10%.
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1.4.2. Tectonic discrimination of gabbros

Table 1.1 shows major and trace-clement compositions of representative mafic rocks from the
TT. In general, the major-eclement compositions mirror the major mineralogy with the troctolites, dunites
and hornblendites being more Mg-rich than other gabbroic rocks in the TT (Table 1.1) in accordance
with their ultramafic nature. Similarly, the olivine gabbros (LES) and Fe-Ti gabbros and anorthosites
(BNS) are more plagioclase rich and consequently higher in Ca and Na. However, there is considerable
overlap in the overall variation displayed by the major-element compositions of the rocks.

The troctolites, dunites and hornblendites of the LES and the anorthosite intrusions (BNS) have
cumulate textures and therefore do not represent liquid compositions. Only the olivine gabbros from the
LES and Fe-Ti and marginal gabbros from the BNS are likely to be representative of magmatic liquid
compositions and thus, can be used in tectonic discrimination diagrams. All these samples show a
tholeiitic trend using the classification diagram of Irvine and Baragar (1971) for major-clement data
(Figure 1.2a). However, the Fe-Ti gabbros (BNS) are the only group which display a within-plate
tholeiitic character (Figure 1.2b-¢) using the classification diagrams of Meschede (1986) and Pearce and
Cann (1973). The olivine gabbros from the LES and the marginal gabbros of the BNS are not well
constrained to any particular field and in particular seem to show a depletion in Zr. A further suite of
diagrams (Figure 1.3a-d) show a general within-plate tholeiitic signature for the samples but there is a
spread in both the Zr and Ti-contents. For example, in Figure 1.3a although the Y/Zr ratios are similar
for all samples there is considerable variation in Zr-concentrations leading to samples which plot outside
the fields defined. In Figure 1.3c-d a similar pattern exists with Ti-contents lying outside the
petrotectonic fields defined (Floyd and Winchester 1975; Pearce 1982) but displaying restricted Y/Nb and
Nb/Y ratios. This is most likely due to fractionation of both Zr and Ti-bearing phases during
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crystallization. The abundance of ilmenite in the BNS samples and the presence of both zircon and

baddeleyite in several of the mineral separates (see Section 1.5) supports this interpretation. The LES
olivine gabbros are probably petrogenetically related to the cumulates (dunites, troctolites and
hornblendites) of the LES. Similarly, although the marginal gabbros of the BNS may be related to the
main Fe-Ti gabbros (BNS), the coarse grain size and spread of some of the trace-clement data points to
either open system behavior, fractionation, or the possibility that thesc analyses may not represent liquid

compositions.

1.4.3. REE distribution
REE-concentrations for selected samples are shown in Table 1.2. REE-fractionation was
modeled for the LES ultramafic samples, nelsonite and the BNS anorthosites and marginal gabbros. All

the fractions were assumed to have resulted from cumulate formation which is represented by the

following formula;

CJ/Co=(1-F)®

where,

C, represents the concentration of a REE in the cumulate,

C, represents the concentration of the REE in the parent liguid,

F is the fraction of melt remaining and,

D is the bulk distribution coefficient.
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Bulk distribution coefficients were calculated using the mineral data from Arth (1976) for phlogopite,

Schock (1979) for magnetite/ilmenite, Fujimaki et al. (1984) for olivine, plagioclase, clinopyroxene and
hornblende and Fujimaki (1986) for apatite. For samples which contained biotite instead of phlogopite an
average K, using the data from Mahood and Hildreth (1983) and Arth (1976) was taken. Starting
compositions were assumed to be of a within-plate tholeiite character with REE-fields defined by data in
Dostal et al (1984).

The primitive-mantle normalized REE-patterns for the gabbroic rocks of the LES and BNS are
shown in Figure 1.4a-b In general, the variations between the gabbro HREE-patterns in each individual
suite probably reflect variation in modal igneous olivine and clinopyroxene which have distribution
coefficients an order of magnitude greater for HREE over plagioclase (e.g. Fujimaki et al. 1984; Messiga
et al. 1995). The differences in MREE and LREE are likely controlled by apatite and plagioclase (e.g.
Fujimaki et al. 1984; Fujimaki 1986). The patterns for both the BNS and LES gabbros correspond well to
within-plate REE-signatures (Dostal et al. 1983, shaded ficld in Figure 1.4a-b).

The cumulates in the LES show significant fractionation of REE which reflect the mineral
compositions and textures. The dunites are generally REE-poor with some HREE-enrichment whereas the
troctolites are more light REE-enriched and have large, positive Eu-anomalies (Figure 1.4¢) reflecting the
increased plagioclase content. REE-fractionation was modeled assuming a 20% fractionation of cumulate
material with 30% olivine and 70% plagioclase using the starting composition of the within-plate field
(Figure 1.4a-b). The resulting field (shaded area) corresponds well to the overall patterns of the
troctolites, although one rather REE-poor sample lies outside the modeled concentrations. Hornblendites
show LREE and MREE-enrichment over the dunites and troctolites (Figure 1.4d), directly reflecting the
hornblende (MREE) and to a lesser extent phlogopite (LREE), which comprise the bulk of these samples.
Modeled compositions assuming a 20% fractionate with 2.5% plagioclase, 2.5% olivine, 15% phlogopite

and 80% hornblende show a less satisfactory fit however. The MREE and HREE show a reasonably
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similar trend, albeit with the modeled ficld narrower than the samples themselves. In contrast, the Eu and

LREE-concentrations are higher in the hornblendites than in the modeled samples. This may be due to
underestimation of the plagioclase contents, or the influence of apatite which is present in trace amounts
in all the rocks. Alternatively the starting compositions or indeed the distribution coefficients may not be
accurate.

The nelsonite (LES) is LREE-enriched (Figure 1.4d), similar to the gabbros from both the LES
and BNS, and it is likely the abundance of apatite (ca. 5-10%) which produces a strong enrichment in
LREE and MREE. The modeled REE-compositions were calculated assuming 30% fractionation of
cumulate material with 50% plagioclase, 25% biotite, 10% clinopyroxene, 10% ilmenite and 5% apatite.
The modeled results and the single REE-pattern obtained on the nelsonite are very similar (Figure 1.4d).
Given the reasonable agreement between the modeled REE-fractionation patterns and the measured REE-
concentrations in the rocks themselves, it is interpreted that the uiltramafic samples in the LES represent
cumulates fractionated from tholeiitic magmas similar to those which formed the olivine gabbros. The
origin of the nelsonite remains enigmatic. Nelsonites are associated with anorthositic magmas (e.g.
Florence et al. 1995). The sample displays a highly LREE-enriched pattern and thus, either the source of
the melt was correspondingly eariched in LREE and/or the parent melt experienced a high degree of
fractionation and HREE-depletion during high-level, crustal emplacement. Given the evidence dispiayed
by the intrusions in the LES for tholeiitic within-plate magmatism and strong fractionation, the second
scenario is favored. In conclusion, the LES represents rocks which all crystallized or fractionated from
continental tholeiitic magmas.

The marginal gabbros in the BNS (Figure 1.4d) show similar patterns to the Fe-Ti gabbros.
However, the marginal gabbros do show significant variation in MREE and HREE even between the two
sample analysed. This, along with the trace-clement patterns (Figure 1.2 and 1.3), strongly suggests some

kind of fractionation. The modeled REE-patterns (Figure 1.4¢) were calculated assuming a within-plate
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tholeiitic parent melt and 30% fractionation of 25% plagioclase, 50% clinopyroxene, 10% ilmenite, 10%

phlogopite/biotite and 5% apatite. Although the patterns overlap there is clearly a difference in the shapes
of the patterns overall and one marginal sample shows significantly higher HREE-contents. This may be
explained by enrichment in HREE by the presence of zircon, or that the modeled fields are unrealistic
based on the starting melt compositions and the distribution coefficients used. The anorthosite samples in
the BNS show the same overall REE-pattern as the Fe-Ti gabbros (Figure 1.4a and d). However, the
lower LREE and HREE along with the positive Eu-anomalies in the anorthosites reflect the lower
ilmenite, clinopyroxene and olivine, and the higher plagioclase contents. The modeled REE-patterns were
calculated assuming 30% fractionation of 80% plagioclase, 10% ilmenite, 5% clinopyroxene and 5%
phlogopite/biotite. The measured and modeled REE-patterns are in excellent agreement.

An interesting point to note is that, despite the textural evidence for fluid-assisted partial melting
and retrogression, the major and trace-eclement compositions (sample 313, Table 1.1) and REE-pattern
(Figure 1.4c) of the subordinate, migmatitic garnet amphibolite margin is identical to the main Fe-Ti
gabbros in the BNS. Thus, despite melting and retrogression the chemical composition of the rock was not
significantly changed, suggesting that the leucosomes and gamet poikiloblasts, which form part of the
rock sample are indeed a localized phenomenon and unlikely to be the product of magma mixing or later

melt injection.

LS. U-Pb geochronology

1.5.1. Sample selection
Seven representative samples were chosen for U-Pb geochronology (Figure 1.1b) in order to
establish the age of the protoliths and constrain the age of metamorphism. Samples of hornblendite (LES

1) and olivine gabbro (LES 2) were collected from the LES, representing the ultramafic and mafic units
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respectively. The nelsonite (LES 3) was sampled to determine the temporal relationship between this

intrusion and the rest of the TT. Garnet amphibolite (LES 4) was also sampled in order to constrain the
timing of metamorphism and retrogression. Two representative Fe-Ti gabbros (BNS 1 and BNS 2) were
selected. Sample BNS 1 is coronitic with high-P assemblages well preserved and limited secondary
plagioclase/pargasite collars. Sample BNS 2 (transitional metagabbro) shows complete replacement of the
igneous mineralogy by high-P assemblages but also extensive secondary plagioclase growth. Migmatitic-
garnet amphibolite (BNS 3) from the Fe-Ti gabbro margins was sampled to determine the age of melting
and also amphibolite retrogression. The large size of the garnets (5-10 cm) in sample BNS 3 enabled the
extraction of mineral scparates from garnet poikiloblasts and matrix independently. This was done to
examine the effects of armoring by the gamnets and evaluate any age difference between the inclusion
assemblages and the matrix assemblages.

Individual zircon and baddeleyite grains were mounted on stubs and gold-coated. The grain
mounts were examined using a Hitachi S-570 scanning electron microscope (SEM) with an accelerating
voltage of 20 kV and a beam current of 100 umA. Selected zircon grains were also mounted in resin,
polished, carbon coated and examined using the same SEM in back-scattering mode.
Cathodoluminescence (CL) images were obtained on a number of zircons using a Cambridge Instruments
CL-unit on the SEM housed in the Physical Sciences Unit at the University of Glasgow. These grains were

examined using an accelerating voltage of 20 kV and beam currents of between 0.1-0.01 mA.

1.5.2. U-Pb method

Accessory mineral fractions were obtained from the samples described above by Wilfley table,
Frantz magnetic scparator and heavy liquid separation. Fractions were picked under ethanol and air-
abraded which has been shown to improve concordance (Krogh 1982), except the very smallest fractions

(indicated in Table 1.3.) Fractions were then cleaned with 4N HNO,, doubly distilled H;O and distilled
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acetone, then weighed and spiked with mixed **P>**U tracer solution and dissolved with 8N HNO, and

conc. HF for S days at 210 °C in teflon bombs. fon exchange chemistry (after Krogh 1973) used DOWEX
analytical grade AG1-X8 anion exchange resin in chloride form. The purified U and Pb were mounted
together on single Re-filaments with silica gel and HyPO,. Isotopic ratios were determined using a
Finnigan-MAT 262 thermal ionization mass spectrometer in static mode, with faraday cups calibrated
against NBS 981. The **Pb signal and both U and Pb isotope compositions for small samples were
measured by peak jumping in the secondary electron multiplier-ion counter, which was calibrated using
known faraday data. Ratios are corrected for U and Pb fractionation at 0.1%/AMU using repeated
measurements of NBS standards and for laboratory blanks (2-12 pg Pb, 1 pg U). Composition of common-
Pb above procedure blanks was estimated using the model of Stacey and Kramers (1975). Uncertainties on
isotopic ratios were determined using an unpublished error propagation program and linear regressions
follow the method of Davis (1982). Uncertainties in final age determinations are reported at the 95%

confidence interval. Further details of the method are reported in Dubé et al. (1996).

1.5.3. U-Pb results: Lac Espadon suite (LES)

Sample LES 1 (hornblendite): Irregular zircons up to 400 um in diameter, with some euhedral
faces were recovered from sample LES 1 (Appendix A, Plate A3.1a). The presence of irregular zircon
produced in the later stages of mafic crystallization has been documented in other Grenvillian gabbros
(e.g van Breemen et al. 1986). CL and BS-SEM images (Appendix A, Plate A3.1b-¢) show oscillatory
zoning which is usually only associated with crystals of igneous origin. No metamorphic overgrowths or
inherited segments were obscrved. Zircons with the same morphology, but showing a brown, turbid
appearance indicative of a-particle damage in the crystal, are also present. The turbid appearance may
indicate higher U-content and metamict structure. Two populations of baddeleyite were present in the

sample. These consisted of small (S0 um), clear, pale brown blocks and prisms with cleavage parallel to
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faces (Appendix A, Plate A3.1d) and small, brown to green, elongated crystals (Appendix A, Plate

A3l.le). In addition sample LES 1 contained saccharoidal zircons, forming 20-200 um, clear, rounded
prisms and a second population of elongate, brown, sugary zircons (Appendix A, Plate A3.1f-g). Both
saccharoidal zircon populations typically contained small baddeleyite inclusions. Thus, saccharoidal
zircon populations appear to represent psecudomorphs after baddeleyite. This type of zircon replacement of
baddeleyite is documented elsewhere (Davidson and van Breemen 1988; Heaman and LeCheminant 1993;
Dudas et al. 1994) with extensive replacement of baddeleyite requiring, in general, much higher grades of
metamorphism than partial replacement (Davidson and van Breecmen 1988; Patterson and Heaman 1991).
The U-Pb isotope data (Table 1.3) from zoned, irregular zircon prisms (Z1 and Z2), saccharoidal zircon
(Z4 and Z5) and baddeleyite (B1, B2 and B3) define a discordia line (Figures 1.5a and 1.5b). The upper
intercept gives an age of 1643+/-5 Ma and a lower intercept age of 1030+/-12 Ma (20% probability of fit).
These ages are interpreted as the age of the igneous protolith and high-grade metamorphism respectively.
The line omits the high-U and Th igneous zircons (Z3), and colored saccharoidal zircon (Z6, Z7) which
have apparently undergone Pb-loss after metamorphism. The metamorphic zircon fractions (Z4 and ZS5)
have preserved some inherited component from the baddeleyite, and the lower intercepts are likely to
represent growth ages for these populations. Sample LES 1 also contained one fraction of small, clear,
bright yellow and red rutile prisms, the analysis of which is discussed with sample LES 2 below.

Sample LES 2 (olivine gabbro): Irregular, zircon crystals (Appendix A, Plate A3.2a), similar to
those found in sample LES 1, were also recovered from the olivine gabbro (LES 2). BS-SEM images show
oscillatory zoning likely of igneous origin and no metamorphic overgrowths, although the grains are
clearly fragmented (Appendix A, Plate 2b). The sample also contained abundant large, dark, red/brown
prisms and fragments of rutile (three fractions). In sample LES 2 the four zircon fractions give an upper
intercept age of 1629+17/-11 Ma and a poorly constrained lower intercept of 854+111/-103 Ma with a

13% probability of fit (Figure 1.6a). This age is within error of the cumulate hornblendite (LES 1) age
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and thus, interpreted as the protolith age of the later stages of magmatic activity which formed the mafic

and ultramafic rocks of the LES. In addition, the lower intercept of the discordia line suggests Pb-loss at
the later stages of post-metamorphic cooling, the age of which is more precisely constrained by the rutile
populations. Rutile from both samples LES 1 and LES 2 define a discordia line which gives an upper
intercept age of 929+/-4 Ma (73% probability of fit, Figure 1.6b) with recent Pb-loss.

Sample LES 3 (nelsonite): In sample LES 3 zircons ranged from 100-400 pm in diameter, with
rounded overgrowths on irregular crystals which occasionally display euhedral, prismatic faces (Appendix
A, Plate A3.2¢). Similar zircon morphologies have been reported from metamorphosed mafic rocks in the
Grenville (e.g. van Breemen et al. 1986; Pehrsson et al. 1996). These have been interpreted as irregular,
igneous zircons with rounded overgrowths which result from partial resorption and new crystallization
during metamorphism. CL images reveal that these grains contain large cores with complex zonation and
irregular overgrowths (Appendix A, Plate A3.2d). The four analysed fractions lie on a discordia with a
17% probability of fit, giving ages of 1042+22/-28 Ma with a poorly constrained upper intercept at 1596
+129/-99 Ma (Figure 1.7a). These ages suggest that the zircons in LES 3 are indeed strongly affected by
metamorphism (in the form of overgrowths) but still contain an inherited igneous component. The
igneous age while poorly constrained suggests nelsonite emplacement at a similar time to the other mafic
and ultramafic rocks of the LES.

Sample LES 4 (garnet amphibolite): Titanite was found in sample LES 4 forming light colored
fragments of prisms which range in diameter from 0.5-0.25 mm, often with small rutile inclusions. The
rutile inclusions were removed before or after air abrasion. All three fractions are concordant with fraction
T2, the most precise (-0.25% discordant) giving an age of 1004+/-4 Ma (Figure 1.7b). This age
represents the time of retrograde metamorphic growth of titanite replacing rutile, or the age of cooling

though the closure temperature of titanite.
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1.5.4. U-Pb results: Baie du Nord segment (BNS)

Sample BNS | (coronitic Fe-Ti gabbro): In sample BNS 1 small amounts of brown, 20-40 pm
blocks of baddeleyite and clear, saccharoidal prisms of zircon were recovered. Baddeleyite gives an
igneous protolith age of 1170+/-5 Ma (Figure 1.8a) based on the concordant fraction (B2). Three
analyses of saccharoidal zircon are closely clustered and Z2 overlaps concordia with **P/***U age of
1023 Ma and a “’Pb/**Pb age of 1030 Ma. Analysis Z3 is less reliable due to a higher proportion of
common-Pb but the ***Ptv**U is 1032 Ma. An age of 1030+10/-7 Ma is based primarily on Z2, but
overlaps the most reliable data from the three factions analysed. These ages are interpreted as the age of
magmatic emplacement of the Fe-Ti gabbro and high-P Grenvillian metamorphism respectively.

Sample BNS 2 (transitional metagabbro): Sample BNS 2 (transitional metagabbro) contained
angular zircon fragments (Appendix A, Plate A3.2¢) which revealed rather irregular zones in CL,
indicative of metamorphic growth (Appendix A, Plate A3.2f). The sample also contained rounded
multifaceted grains (Appendix A, Plate A3.2g). Similar rounded zircon morphologies have been
documented in several high-grade metamorphic terranes (c.g. Peucat et al. 1982; Paquette et al. 1989,
1995; Kalt et al. 1994; Creaser et al. 1997, Jeackel et al. 1997). Both fractions analysed are nearly
concordant but with large uncertainties and gave “*Pt/**U ages of 1012+/-12 Ma and 988+/-12 Ma. Both
analyses are sensitive to the common-Pb correction applied. The age of 1012+/-12 Ma may be valid for
both populations (Figure 1.8b) if Z1 experienced some Pb-loss. This age overlaps those of the
saccharoidal zircons in samples LES 1 and BNS 1 and is interpreted as dating high-P metamorphism
although not precisely.

Sample BNS 3 (migmatitic-garnet amphibolite): From this sample two populations each of
zircon, titanite and rutile were recovered. The first population of zircon consisted of smaill, multi-faceted,
equant grains recovered from the matrix (Appendix A, Plate A3.2g). The second population of subhedral,

clongated zircons with prismatic faces (Appendix A, Plate A3.2h) was found in both the matrix and
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garnet porphyroblast separates. The equant, multi-faceted zircon morphology is typical of high-grade sub-

solidus growth, whereas the elongated prismatic nature of the second population is more typical of those
formed in magmatic liquids (¢.g. Peucat et al. 1982; Paquette et al. 1989, 1995; Kalt et al. 1994; Jeackel et
al. 1997). Thus, the analysis of these populations may permit determination of the timing of melting and
sub-solidus development of the dominant textures in the sample. Titanite forms pale brown prisms
replacing garnet and rutile, which are typically found as large inclusions (Appendix A, Plate A3.3c).
Inclusions were removed before dissolution of the titanites. The crystals extracted from the matrix were
smaller (0.25 mm) than those in gamet poikiloblasts (1 mm). Matrix and poikiloblast fractions were
analysed separately. Rutile from sample BNS 3 was also analysed. In the matrix separates rutile forms
elongated, yellow to dark brown prisms. These show a large variation in grain size (0.2-3 mm). Rutile
from the garnet porphyroblasts is more angular but has similar color and grain size variations. Fractions
were analysed as large and small grain sizes (Appendix A, Plate A3.3a-b) independently from each of the
garnet and matrix scparates.

Sample BNS 3 yields the most information in terms of metamorphic history. One zircon fraction
(Z3) is concordant at 1041 Ma and is overlapped by three other fractions, two of elongated zircons from
garmet and one abraded equant fraction from the matrix (Figure 1.9a). Two further fractions are
discordant (Z1 and Z4, Figure 1.9a). Although the morphologies suggest that elongated and equant
zircons may be different in origin, any age difference between the two populations in the sample is not
resolvable. The best fit line for five of the six zircon fractions gives an age of 1046+/-3 Ma (21%
probability of fit). The Z1-population (Figure 1.9a) is an unabraded, equant fraction from the amphibolite
matrix, and lies above this line. This may indicate later metamorphic growth which was cither not present
in the other fractions or may have been removed by abrasion. Large, | mm titanite inclusions from the
gamets in sample BNS 3 give an age of 1006+/-5 Ma (T4, -0.05% discordant). The smaller, 0.25 mm

matrix titanite (T1 and T2, stipple pattern) give an age of 997+/-3 Ma (T1, 0.2% discordant, Figure
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1.9b). These ages, while very close, may reflect the closure temperatures for the different titanite grain

sizes, or different growth events. Similarly, larger (4 mm) and smaller (0.25 mm) grain-size fractions of
rutile give ages of 960+/-6 Ma (R4 and RS, 0.04% discordant) and 946+/-2 Ma (R1, R2 and R3, discordia
line with 94% probability of fit), respectively (Figure 1.9c). The ages are independent of whether the
rutiles were separated from the garnet poikiloblasts or matrix. Interestingly, the U-contents of the matrix
titanite and rutile are significantly higher than for the garnet-hosted grains. However, the reason for this is
not clear, although low U-contents in the garnet and the partial breakdown of U-bearing minerals in the

matrix are possible explanations.

1.6. Discussion

1.6.1. Intrusive relationships and protolith ages

The mafic units of the TT have a similar petrotectonic setting (i.c. tholeciites and within-plate
tholeiites) to many of the gabbros from the eastern Grenville Province (Gower et al. 1991a). The gabbroic
rocks and cumulates from the LES are coarse grained and represent extensively fractionated magmas. The
density of tholeiitic magma varies with pressure from 2.6 gm/cm’ at surface conditions to 3.4 gm/cm’ at
20-30 kbar (Kushiro 1980). The hormblende and olivine fractionation recorded in the LES mafic
intrusions could have occurred over a wide range of crustal depths. The Fe-Ti gabbros from the BNS are
dominated by plagioclase fractionation which occurs in tholeiitic melts at ca. $ kbar (15 km) or less. Thus,
these rocks were probably emplaced at higher crustal levels than those in the LES. The marginal gabbros
from the BNS and the nelsonite from the LES represent melts which are the most enriched in LREE. The
BNS marginal gabbros and LES nelsonite contain xenocrysts and inherited zircon respectively. This
strongly suggests a high crustal level of emplacement.
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The current available U-Pb ages from the Manicouagan Imbricate Zone are summarized in

Figure 1.10. The ca. 1643-1629 Ma (Labradorian) age range for the most precisely dated mafic and
ultramafic rocks from the LES is similar to the age for the anorthosite complex in the tectonically
underlying LT (Gale et al. 1994; Indares et al. 1998). Mafic rocks from the two areas also have similar
general characteristics (e.g. troctolites, fractionated mafic units) suggesting that the mafic rocks in the
LES may be dismembered parts of the anorthosite complex of the LT. Labradorian anorthosites and mafic
complexes also occur elsewhere in the eastern Grenville Province (¢.g. Phillipe et al. 1993; Gower 1996),
but they were not previously known to extend this far west. Thus, the Labradorian igneous activity which
is characteristic of many parts of the eastern Greaville can now be seen extending west to the MIZ.

The 1170+/-5 Ma age for the Fe-Ti gabbros from the BNS is identical to the Brien anorthosite in
the Boundary zone (1169+/-2 Ma, Scott and Hynes 1994) but is somewhat younger than the North Bay
anorthosite (ca. 1250-1200 Indares et al. 1998). Fe-Ti gabbros with the same age are also found in the
Wakeham terrane to the south (Martignole et al. 1994) and across western Grenville (e.g. Davidson and
van Breemen 1988; Heaman and LeCheminant 1993; Indares and Dunning; 1997). Mafic rocks of this
general age (1250-1160 Ma) in the Grenville are thought to be related to extension, removal of mantle
lithosphere and asthenospheric up welling that occurred after the Elzevirian, crustal-thickening event
(Corrigan and Hanmer 1997, Rivers 1997). Thus, ages of the Fe-Ti gabbros and anorthosites may

represent similar magmatic activity in the BNS.

1.6.2. Grenvillian metamorphism of the TT

Textures in the mafic and ultramafic rocks of the TT are likely the result of high-P
metamorphism. Crustal thickening, which led to the development of the high-P assemblages, must have
begun after the emplacement of the Fe-Ti gabbros (BNS 1, 1170+/-5 Ma), which are the youngest pre-

metamorphic intrusions in the TT. The U-Pb zircon ages of the nelsonite (LES 3), and ages of partial
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melting and metamorphism in the migmatitic-garnet amphibolite (BNS 3) constrain the ages of peak

metamorphism to ca. 1046-1042 Ma. These ages comrespond to the Ottawan phase of the Grenvillian
orogeny. During the early stages of decompression, temperatures above the blocking temperature of
titanite (ca. 600 °C, Cherniak 1993) contributed to the breakdown of baddeleyite to form saccharoidal
zircon and promoted new metamorphic zircon growth, along with reequilibration of some of the high-P
textures. The ages of saccharoidal metamorphic zircon (1030+/-12 Ma, LES 1; 1030+10/-7 Ma BNS 1)
and metamorphic zircon (1012+/-12 Ma, BNS 2) overlap. Similarly, titanite ages (1004+/-4 Ma; LES 4;
1006+/-5 Ma, BNS 3) are virtually identical. Thus, high-P metamorphism and the initial stages of cooling
appear to be contemporancous across the TT. In addition, metamorphic ages (Figure 1.10) and field
relationships indicate that the TT and LT were in close association both during the late-Grenvillian
(Ottawan) event and during subsequent exhumation. The reason for variation in rutile cooling ages from
the units in the TT (960+/-6 Ma and 946+/-2 Ma, BNS 3; 929+/-4 Ma, samples LES 1 and LES 2) is not
well understood. Regardless of these local variations, the difference between the youngest titanite (997+/-3
Ma, sample BNS 3) and rutile ages in the TT show that cooling down to ca. 400 °C, the average blocking
temperature for rutile (Mezger et al. 1989), occurred over a fairly long period of time, at least 30 Ma.

It is noteworthy that pre-Ottawan metamorphic events are not recorded in the mafic rocks of the
TT, as for instance the ca. 1450-1400 Ma metamorphism documented in some terranes in the eastern and
southwestern Grenville (Tucker and Gower 1994; Ketchum et al. 1994) or the earlier Grenvillian event
recorded at 1190-1160 Ma (e.g. van Breemen et al 1986, Mezger et al 1993; McEachern and van Breemen
1993). Saccharoidal zircon ages from the western Greaville Province, in particular the eclogite-bearing
areas studied by Indares and Dunning (1997) are significantly older (1069+/-3 Ma) than those in the TT.
U-Pb ages of rounded metamorphic zircons from retrogressed eclogites also in the western Grenville
(Ketchum and Krogh 1998) range from 1090-1060 Ma. The ages of post-peak metamorphic pegmatites
from the western Grenville (ca. 990-1050, Ketchum et al. 1997) overlap the age of high-P metamorphism
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in the TT. Zircon ages of peak metamorphism from the eastern Grenville are very similar to those in the

TT (e.g. Phillipe et al. 1993; Wasteneys et al. 1997). The older ages of high-P metamorphism in the
western Grenville imply that the high-P Grenvillian event may show a younging trend from west to east.

The relatively prolonged period of later stage cooling recorded in the TT is consistent with
studies of cooling in other Grenvillian terranes (¢.g. Friedman and Martignole 1995; Martignole and
Reynolds 1997; Mezger et al. 1991, 1993; van der Pluijm et al. 1994; Jamieson et al. 1995). The similarity
between the cooling ages recorded by the terranes in these studies and the ages recorded by titanite and
rutile in the TT metagabbroic rocks suggests that a process of slow cooling following tectonic exhumation
may be rather widespread across the Grenville Province.

1.7. Conclusions

The cumulates, gabbros and nelsonite in the TT comprise parts of two igneous associations that
formed during Labradorian magmatic activity (LES) and post-Elzevirian gabbro emplacement (BNS). The
units have within-plate tholeiite chemical signatures, with textures, trace-clement and REE-patterns
suggesting a high crustal level of emplacement. During the late-Grenvillian (Ottawan) orogeny crustal-
thickening led to high-P metamorphism at ca. 1046-1042 Ma in the TT, forming high-P assemblages in
the gabbroic rocks. Evidence for an earlier metamorphism has not been detected in the gabbroic rocks of
the TT. Exhumation and decompression at high temperatures probably continued for some time,
producing both a variety of zircon morphologies and recording the age differences between zircon, titanite
and rutile. The cooling ages indicated, in conjunction with decompressional metamorphic textures within
the samples, suggests that the TT was most likely exhumed between 1046 Ma and 997 Ma at high
temperatures, to amphibolite facies. The TT then experienced slow cooling, thus recording the large

difference between the titanite and rutile ages. Metamorphic terranes in the other areas of the Grenville
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Province show a similar trend. Thus, the processes controlling these exhumation paths may be rather

widespread across the Grenville Province.
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Figure 1.1 (a-b). Maps of a) the general location of the MIZ and b) study area showing the main structural

boundaries, lithological units and U-Pb sample localities in the TT.
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Figure 1.1 (continued).
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Figure 1.2 (a-c). Tectonic discrimination plots showing the within-plate tholeiite nature of the gabbros
from the TT, after a) Irvine and Baragar (1971), b) Meschede (1986) and ¢) Pearce and Cann

(1973).
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Figure 1.3 (a-d). Tectonic discrimination plots showing the within-plate tholeiite nature and apparent Zr
and Ti fractionation within the gabbros from the TT, after a) Pearce and Norry (1979), b) Pearce

and Cann (1973), ¢) Floyd and Winchester (1975) and d) Pearce (1982).
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Figure 1.3 (continued).
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Figure 1.4 (a-f). Whole rock/primitive raantle normalized REE-patterns for a) Olivine gabbro and
amphibolites (LES), b) Fe-Ti gabbros and migmatitic-garnet amphibolite (BNS), c) troctolite and dunite
(LES), d) nelsonite and hornblendite (LES), e) marginal gabbros (BNS) and f) anorthosites (BNS). The
dark field plotted represents “model” within-plate tholeiites (a and b) from data in Dostal et al (1984) or

fractionates from this assumed staring composition (d-f). See text for discussion.
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Figure 1.4 (continued).
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Figure 1.4 (continued).
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Figure 1.5 (a-b). U-Pb concordia diagrams showing a) the igneous protolith age on the upper intercepts
and b) metamorphic ages for the lower intercepts for two discordia lines defined by zircon and

baddeleyite fractions from LES 1 (homnblendite).
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Figure 1.6 (a-b). U-Pb concordia diagrams showing a) igneous protolith age for the upper intercept on
zircon from LES 2 (olivine gabbro) and b) the cooling age for the upper intercept on rutile from

both LES 1 and LES 2.
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Figure 1.7 (a-b). U-Pb concordia diagrams for a) igneous zircon with metamorphic overgrowths found in
LES 3 (nelsonite) giving a emplacement age at the upper intercept and b) concordant

metamorphic titanite from LES 4 (garnet amphibolite).
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Figure 1.8 (a-b). U-Pb concordia diagrams for a) BNS 1 (coronitic Fe-Ti gabbro), showing the protolith
age with concordant baddeleyite and metamorphic ages with concordant zircon, and b)
concordant metamorphic zircon from BNS 2 (re-equilibrated coronite).
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Figure 1.9 (a-<c). U-Pb concordia diagrams BNS 3 (migmatitic-garnet amphibolite) showing, a) concordant
metamorphic zircon, b) two ages from concordant metamorphic titanite populations and c)
cooling ages from both concordant, large grain size (R4, RS) and fine-grained (R1, R2, R3) rutile

populations.
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Figure 1.10. Summary diagram of U-Pb ages from the Manicouagan Imbricate Zone (MIZ). Ages in the
LT are from Gale et al. (1994) and Indares et al (1998). Ages in the TT arc from this study,
Indares et al. (1998) and Indares and Dunning (in press). The Brien anorthosite age (Boundary
zone) is from Scott and Hynes (1994). Note: Zi = igneous zircon, Bi = igneous baddeleyite, Zm =
metamorphic zircon, Mm = metamorphic monazite, Tm = metamorphic titanite, Rm =

metamorphic rutile (cooling ages).
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Table 1.1. Major- and trace-clement compositions of selected mafic samples from the TT obtained by XRF

analyses. Note: * = analysis of major-elements by pressed pellet only, due to high Fe,0,.




1t 2804

Ultramafic rocks (Lac Espadon suite)
Troctohte | Dunite | Olvine amphubolite Homblenditc I

Sa 5b Sce 60 6am1® 6am2°® 3b1 3b4 3b6 3b7 4 137

5102 4294 4457 3217 30.23 35.15 35.07 45.53 H63 4432 44.06 4.1 44,65
TIO2 03 026 0} 009 055 046 02 018 039 029 024 02
ARO3 1298 1625 452 043 705 707 1406 1188 na7 1081 1231 nmn
Fe203 18.01 1474 2521 3097 21.83 228 1252 1375 1408 142 13N 133
Mg0 nn 148 236 294 19.36 1978 1818 2145 254 24 2197 21.29
Cs0 5.8l 707 345 065 5.52 546 623 502 56 193 586 534
MaO 02 017 027 0.36 022 024 018 019 0ol9 02 018 019
K20 016 019 009 002 012 017 069 0.66 053 065 049 076
Na20 13) 2,08 084 016 114 132 149 1.08 1.0 129 126 om
208 008 006 004 0.06 008 ol on 0.16 o 02 018 013
Tetal 99.56 10019 890 8591 91.02 91.96 931 99,0 100.19 99,03 1003 99.36
Lo1 12§ 287 013 o 0ss 027 086 102 053 258 208 1.94
¢ 12 10 0 12 0 0 12 n 17 12 16 0
v 3 » 1”7 19 105 ] 50 9 % 64 52 73
Cr 0 50 87 ns 72 617 468 699 750 708 465 698
N 496 ") 835 1146 664 664 681 768 I 836 645 752
Ga 12 13 6 [} 10 9 n n 10 s n 10
Rb 18 18 1 00 15 07 U2 s 139 178 125 259
S 414 $592 281 89 3187 217 9238 7083 73 n3) 8483 726
Y 21 15 1 1 29 19 49 28 177 102 42 4
Zr 1n9 47 1 25 156 133 61.5 536 7.1 66.8 42 a7
N» 2 1 o8 1 16 13 41 27 43 43 32 36
Lo 187 214 9% 0 134 42 662 698 570 634 545 596
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Table 1.1 (continued).




Z#°1 28vg

Gabbrolc rocks (Lac Espadon suite)
Olsvine gabbro Gamet amphibalite Nelsonte
35 35¢ 2b 2 9c
§102 46.1 4726 an 488 n
TIO2 0.52 26 296 097 472
ARRO3 1683 16.02 1207 1745 15.36
¥Fe203 9.92 1413 1798 1209 1
MgO 13.01 653 521 Az 45!
Cs0 8.94 83 853 835 998
MwnO 015 019 028 0.15 028
K20 053 097 168 028 091
Na20 1.81 3.06 13§ 37 312
P208 ol 037 064 0l g7
Total 9192 99.43 9842 99.18 9826
Lol 016 o7 051 091 144
Se¢ 43 20 13 6 19
v 244 1S 47 67 134
Cr 54 65 147 62 7
NI 19 503 150 1s 0
Ge 2 15 2 21 18
Rb 56.6 86 66 62 7
Sr b2 652 5133 46.6 978
Y §5.1 105 94 L ¥ 387
(/4 234 474 26 181 829
Nb 63 26 2 19 88
Ba 1737 656 238 160 Py,
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Table 1.1 (continued).




£r°1 38vd

Fe-Ti Gabbros (Bale du Nord segment)

Coronitic and transitional metagabbro

SI02 457 4398 435 46.13 4545 “n 4226 4063 4167 4438 4295 4105
o2 285 147 429 242 1 286 sol 398 381 155 21
ARO3 158 1547 15.39 1635 1643 1576 1457 1463 1167 16 132 172
F203 1712 15.56 1729 1607 1566 162 18.52 1869 183 1645 1904 14.56
Mg0 58 645 65 676 889 136 6.58 601 655 1016 131 539
Cs0 8 84 152 801 834 12 133 684 701 826 64 912
Ma0 02 021 019 021 02 02 02 019 0.18 02 0.3 0.4
K20 069 088 052 0m 049 051 052 047 0ss 036 035 0.76
Na20 304 501 3.5 28 258 284 an 289 315 158 203 297
P208 057 021 033 041 018 052 0® 037 066 02 025 0.8
Total 97 97.64 %83 2992 9.6 996 9.9 M7 9361 937 968 974
Lol 094 006 008 083 0.03 013 0.66 065 012 o031 o3 1.64
] 25 37 25 ] u ) 30 2 27 6 ) 2%
v 275 12 3% pIvi] 193 150 n 538 924 n m 18
Cr " 3 52 158 184 168 126 120 M 50 55 75
N n 103 5 n n 145 % s 158 % 260 “
Ge 2% 2 ] 2 2 2 u 2 2 n 17 27
Rb 16 98 s 136 127 5s 62 47 43 21 52 136
s 6345 7148 a7 293 3002 M. 4612 so1 2923 4538 3677 “19
Y 301 13 254 302 201 25 %5 211 23 52 162 285
% m 918 1584 1126 ms 1542 175 1362 1S1s 209 931 289
Ne 109 77 9.1 85 94 76 95 61 82 29 62 188
Be 1226 683 305 333 1 40 356 24 18 356 163
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Table 1.1 (continued).




pr'1 a3og4

Anorthosites and Marginal Gabbros (Baie du Nord segment)
Margina) Gabbeo
268b

Si02 44.76 45.88 4347 4351 2n 429
o2 147 245 05 0.62 092 23
ARO3 15.58 16 2387 2439 1235 1378
Fel203 16.19 158 7.08 6T 1204 13.87
MgO 104 66 5.04 446 826 nn
Ce0 814 8N 1063 1092 9.03 935
MnO 021 0.2 0.09 008 0.8 0.19
K20 042 on 04 03 037 052
Na20 184 265 32 315 kX ) 25
P20S 0.18 037 0.06 0.08 015 025
Total 9.19 99.38 99.39 923 99.85 9784
Lol 005 014 039 029 253 1.95
Sc 24 2 4 25 ns 14
v 35 267 190 n 168 52
Cr 16) 34 4 @20 96 15
Ni 104 B s 275 262 62
Ga 26 28 17 2 20 2
Rb 164 195 64 3l 106 1
S 285.7 760.5 4129 5449 2873 536
Y 322 205 133 166 196 48
/] 1M1 1872 66.2 176.1 1043 405
Nb 91 233 54 1.4 98 42
Be 347 408 245 61 230 246
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Table 1.2. REE-analyses and additional trace-clement compositions of selected mafic samples from the TT

obtained by ICP-MS analyses.




Eaper [ Petrology and geochronology
Ultramfic recks (Lac Espaden suite)
Troctolite Dunite Olivine Homblendite
amphibolite
Sa 5b 3¢ 6 Gam! b4 3b7 4
Ls 214 212 0.6 0.28 227 13.92 1634 14.3
Ce a2 434 128 0.80 508 26.98 U2 2766
Pr 0.65 0.55 0.16 alo 0.6S 288 421 3.4
Nd 258 225 0.62 0.44 296 984 16.67 1216
Sm 0.62 0.5 013 013 069 1.54 3.18 1.9
Eu 0.57 0.63 021 0.04 047 0.54 0.67 0.62
Gd 0.53 0. o1 013 061 1.05 256 133
™ 0.09 0.07 002 002 0.09 o1l 0.33 0.18
Dy 0.52 037 008 0.18 056 0.6$ 2 094
Ho on 0.08 0.02 0.03 012 013 04 0.17
Er 0.29 (1] 007 0.14 03$ 043 L1 0.s
Tm 0.04 003 001 0.02 005 0.06 0.16 0.07
Yb 0.25 (1% on 0.20 03s 0.45 1.07 0.46
| 0.04 0.04 0.02 0.04 005 0.06 0.16 007
Hf 0.38 0.24 026 009 043 128 142 119
Ts 2.08 0.76 04 036 1.03 o 1.08 0.89
Th 0.11 0.08 0.08 0.02 0.1 0.63 0.72 0.46
e ——
Gabbreic rechs (Lac Kspaden Suits)
Olivine gabbro | Amphibolite Nelsonite
35 3S¢ p:) 2 9¢
La 9.14 20.78 3.15 1464 3786
Ce 19.88 0997 785 an 9419
Pr 264 688 1.21 638 14.06
Nd 11.07 3044 6s 3139 63.49
Sm 237 741 204 842 1392
Eu 097 248 0.94 3.04 583
Gd 23s 638 24 96 13.36
™ 034 099 036 1.8 1.54
Dy 218 $.27 21 1003 168
Ho 044 093 037 208 1.40
Er 1.28 227 1.03 608 3.42
Tm 018 0.30 0.14 083 037
Yb 118 1.76 0.86 542 243
Lu 016 026 0.12 os 03$
Hf 1.28 5.06 098 s 21
Ta 1.23 263 0.62 084 1.14
> 0.34 1.49 0.19 1.19 0.66

Page 1.45



Table 1.2 (continued).




Laper |

Letrology and geochronology

Fe-T1 G-hh-fld.d- Nerd sogmeont)

Coronitic and itional " Ecloa Migmatiti
et
anphibolite

85b1 110 124al 313
[ 19.96 11.74 10.70 7.40 20.7
Ce 46.99 30.86 s 1897 47.86
Pr 647 4.66 an 268 628
Nd 30.12 214 19.11 1242 2628
Sm 672 513 468 3.04 609
Eu 254 1.96 1.54 132 1922
Gd 717 .6 4s8 347 63
T 1.04 0.8 on 0.50 0958
Dy 6.05 48 437 3.09 5. 76
Ho 1.18 093 087 063 117
Er 331 266 243 1.76 3.44
Tm 043 036 034 028 048
Yb 270 231 2158 1.50 3.02
La 042 0.33 032 0.3 047
Hf 3.89 3.66 328 222 536
Ta 1.31 1.92 L™ 095 1.61
Th 1.10 0.41 0.38 038 ki)
e e
Anertlealics ond Mergianl Golines (Bats <0 Rerd cogrscl)
Anorthosite Marginal gabbeo
311b 316 317 | 268 263>
—
La rX7) 63 EX;) 12.1 127
Ce 1nn 1493 8.48 1241 3117
Pr 1.65 1.64 LN 456 4.55
Nd 743 6.54 an 0.7 2134
Sm 1.7 142 112 a5 $.54
Eu 143 088 0.88 1.58 195
Gd 169 1.4 .18 486 6.18
™ 021 02 018 0.63 098
Dy 118 119 1.09 3.7 6.01
Ho 021 02$ 02 0.9 12
Er 059 0.63 0.6 1.3 326
Tm 0.08 0.09 0.08 (%> 0.47
Yb 051 062 0.53 .7 294
Lu 007 0.09 0.09 0.18 0.46
Hf 131 0.59 0.7 429 408
Ts 1.67 1.39 202 1.87 1.66
Th 0.17 047 0.27 0.53 1.06
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Table 1.3. U-Pb isotope data for mineral fractions from the mafic rocks of the TT.

Note:

1) Z = zircon, B = baddeleyite, R = rutile, T = titanite (sphene).

2) Final Frantz magnetic separation ,where sample size allowed, was done with 5°, 3°, 1°, and 0° side tilts
and 30° forward slope after methyl iodide separation.

3) Measured **Pb/**Pb ratios are corrected for fractionation, blank and spike.

4) Other atomic ratios are also corrected for initial common Pb, using the mode! of Stacey and Kramers

(1975).

5) Errors are quoted at 2o for measured ratios. Errors on sample weights due to balance fluctuations are

+/-0.0010mg.
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LES 1 (hornblendite UTM S544 57268)
Z1  Lge, frags prisms 01688 142 90 33 28 16411 04506 02713(12) 36671 (146) 0.09804(102) 1587 1547 1564
22 Lge, frags prisms 01611  1.509 % 34 42 8270 04830 02746(16)  3.T284(214) 0.09872 (16) 1600 1564 1579
23 Lge, prisms, nurbid 0093 2406 876 387 27 90763 O0TNT 0213(12) 3T39(172) 009884 (10) 1602 558 1576
ZA  Sscchaoidal 00388 0137 161 28 15 21173 00687 0.1791(16)  18660(152) 007557 (40) 1083 1062 1069
25 Saccharoidal 01200 0186 209 37 12 31%63 00934 01767 (8) 18330 (88) 007523 (28) 1076 1049 1087
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B2  Brownblocks 00128 0007 348 215 15 STS97 00029 02679(10) 3.6095(140) 009773 (10) 1581 1530 1582
B3 Greenneedies, not abr 00083 0061 25 6 28 202 02000 02380(22) 30635(550) 009334(110) 1490 1377 1424
R Small angule prisms 00128 0026 33 4 31 205 00093 01366(12) 13059(282) 006936(132) 909 05 848
LES 2 (livine gebbre UTM SS7257327)
FAl Small, multi-facd 00133 0738 87 26 86 300 02583 0.2513(16) 33239(278) 0.095%4 (72) 1547 1445 1487
72 Elongsied, oncks 00218 0808 138 42 13 4442 02M8 02585(12) 34426(158) 0096SS (26) 1559 1482 1514
23 L. prisns, cubodral 00585 0835 143 46 31 7853 02686 02732(14) 37100(180) 009850 (16) 1596 1557 1S4
74 L priss, cubedral 01391 1016 200 6 31 24974 03354 02672(30) 36162(402) 009 (10) 1589 1527 1583
Rl L dak brown 11260 o0 14 2 U7 662 0064 01534 (8) 1481 (82) 0OM0S (20) 90 90 9
R2 L. dukbrown 069 0009 13 2 60 1822 00230 01519 (8) 14660 (76) 006999 (20) o 912 97
RS L. brightredbrown 10265 0100 16 2 17 995 00636 01513 (6) 14590 (66) 006994 (12) 92 908 914
LES 3 (neleonits UTM 5563 57339)
Z1 V. lage, prism 01386 o068 I8 4 12 3051 02908 01956(16) 21713(160) 008061 (34) 1211 1152 UM
72 Prisms, smallsize 01265 0593 19 4 10 3094 02657 01298(10) 20S82(523) O0073(210) 1163 1121 1138
Z3 V. lape, crckd, prisme 01638 043 27 S 21 SMS 02020 01835 (8) 1957 (89) 00779 (10) 1087 1101 1129
74 Small, clear, equant 00116 042 2 4 S8 81 01890 01933(14) 21402(3%) 008030(126) 1204 1139 1162
LES 4 (garnet amphibetite UTM S546 57269)
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T2 Small, pale brown 0N 16% 14 4 117 70 1176 01688 (6) 16897(296) 00761(10) 1003 1005 1005
T3 Smﬂl&hﬂlﬂl 06453 1.498 18 5 1862 80 1069 01685 (8) l.675|(2l61 0.07215 (10) 990 1003 1000
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BNS 1 (corealtic Fe-Ti gabbro UTM 5352 57224)
Bl Blocks, not abe 00056 004 246 46 10 41719 00148 01976(22) 21652(234) 007946 (34) 1184 1163 1170
B2 Blocks, not abe 00031 0051 12 U 3 386 00156 0199%0(10) 21655(142) 007894 (38) 1171 1170 1170
Z) Saccharoidal 00147 0338 102 18 38 60 0109 01709 (8) 17424(110) 0073%4 (36) 1040 1017 1028
Vo] Saccharoidal 00133 0298 noon 4 1055  00%6 01719(14) 1.7439(146) 007359 (34) 1030 1025 1023
23 Saccharoidal, not sbe 00173 0243 125 22 97 293 0086 01736 (8) 1L7T0(114) 007424 (30) 1048 1032 1037

BNS 2 (transitional Fo-Ti gabbre UTM £352 57224)
zl Equant, not sbe 00025  0.0% a2 7 17 2 00355 01659(20) 1.6742(638) 0.07319 (208) 1019 990 999
n Angular, not sbe 00029 0443 4 s 4 9 01603 01700(18)  1.7223(932) 0.07346 (364) 1027 1012 1017

BNS 3 (migmetitic grt amphibolite UTM 5326 57233)
Z\ Equant, not sbe 0033 0298 sl 14 S 18Il 0091 01708 (8) 17416 (82) 007393 (20) 1040 1017 1024
22 Ecuant, not sbe 0041 0242 1] 14 7 348 0082 0.1739(10) L7821 (%0) 0.07433 (30) 1050 1034 1039
2 Equint 004% 0245 7] 1S 10 4218 00881 01753(10) 17866 (80) 007393 (20) 1040 1041 104)
2 Elongate fin/matrix 003 0236 62 1 7 9110 00%0 OITIS (8) 17541 (M) 007417 (18) 1045 1020 1029
2s Elongate fim/garnet. 00210 0210 42 7 $ 626 00668 O01736(10) 1796 (94) 007434 (70) 1049 1034 1042
b/ Elongate fin/garnet. 00120 0187 100 17 11 15040 0088 01748 (8) 17904 (9%0) 007428 (28) 1051 1032 1038
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R4 L. prisms fin/matrix 1.4001 0.126 70 11 688 76 00395 0.1604(14) 1.5891 (326) 007184(124) 98l 959 966
RS L. prisms fingamet oam  01A 13 2 m 87 00319 01607 (8) 1.57%0 (192) 00NI3 (T2) 961 960 960
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iy Brown fin/matrix 06802 2002 190 23 616 1131 06296 01667 (6) 16664 (70) 007251 (10) 999 994 99
n L. brown fin/gamet 14336 4554 62 23 1319 743 14068 01696 (6) 1.6984 (116) 00761 (12) 1003 1010 1008
T4 L beown fin/gamet 08387  27$ '] 20 2566 2 08483 0.1690(10) 16938 (114) 0O0MN (22) 1006 1006 1006
TS L brown fin/gamet 04509 2669 76 21 S35 705 08361 0167 (8) 16787 (84) OO (12) 1008 997 1000
T6 L._brown fim/gamet 06926 4549 92 33888 TI6 14308 01666(10) 16682 (S4) 0OM61 (12) 1003 994 997




Baper 2 —BNS Metamorphism

Transformation of Fe-Ti gabbro to coronite, eclogite and amphibolite in
the Baie du Nord segment, Manicouagan Imbricate Zone, eastern

Grenville Province.

Abstract

Fe-Ti gabbros from the Baic du Nord Segment of the Manicouagan Imbricate Zone,
metamorphosed under high-PT conditions during the Grenvillian orogeny, have been the focus of a
detailed micropetrological study. Textures and mineral chemistry suggest that the minecral assemblages
represent progressive stages of metamorphic transformation resulting in the formation of coronas,
pseudomorphs after igneous phases (transitional) and true, granoblastic eclogites. The transitional and
eclogitic samples also have coronas which are developed locally around igneous xenocrysts of plagioclase
and olivine. The deformed margins of coronitic Fe-Ti gabbros are transformed to amphibolite and contain
clinopyroxene-bearing leucosomes with garnet poikiloblasts that are indicative of high-PT, dehydration
melting. Interpretation of garnet zoning and thermobarometry suggest that the highest PT-conditions are
recorded by coronas around xenocrysts (ca. 720-800 °C at 14-17 kbar) and garnet-clinopyroxene cores in
granoblastic assemblages (ca. 740-820 °C at 13-17 kbar) in the eclogitic samples. Reequilibration during
the carly stages of exhumation at high T-conditions (>700 °C) affected all samples, and is evidenced by
the widespread development of pargasite-bearing plagioclase collars in the coronitic and transitional
metagabbros and by widespread reequilibration of the eclogites giving lower PT-estimates at grain
boundaries. However, the difference in calculated P-conditions between coronite and eclogite samples is

consistent with increasing pressure (depth) from the coronites (11-13 kbar) to the eclogites (13-17 kbar).
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The PT-conditions recorded by these rocks define an apparent isothermal PT-path. In fact, this is a steep

metamorphic field gradient indicating that all the samples experienced temperatures in excess of 800 °C
both during and shortly after peak metamorphism over a range of depths (ca. 65-35 km). This is turm

suggests high heat flow through this scgment of the lower crust during the Grenvillian orogeny.

Key words: Grenville Province, coronitic metagabbro, eclogite, amphibolite, anatexis, garnet zoning,

thermobarometry.

2.1. Introduction

The study of the formation of coronitic metagabbros and eclogites has contributed to the
understanding of the metamorphic processes in deep crustal levels during continental collision. This is in
part due to the fact that rocks which have undergone high-PT metamorphism offer the opportunity to
study, model and deduce the metamorphic evolution over a wide range of PT-conditions and on timescales
which can be resolved using modem geochronological methods. The validity of this statement depends on
the effective preservation of high-PT assemblages. High-PT conditions are usually regarded as the high-T
amphibolite (>600 °C) to eclogite facies classifications (¢.g. Mork 198S; 1986; Carswell 1990). At these
temperatures and over “normal” metamorphic timescales, in the tens of millions of years, (e.g. England &
Thompson 1984; Thompson & Riddley 1987; Ruppel & Hodges 1994) undeformed and dry mafic rocks
will tend to preserve best high-PT assemblages (c.g. Mork 1985; 1986; Pognante 1985; Grant 1988;
Zhang & Liou 1997). Deformed mafic rocks will equilibrate faster at high-PT conditions (c.g. Austrheim
& Griffen 1985; Pognante 1985; Koons 1987; Rubie 1990; Austrheim et al. 1998) but will also be more
easily retrogressed during exhumation and cooling due to enhanced rates of diffusion and fluid infiltration
(Heinrich 1982; Koons 1987). Coronitic gabbros from the Moison Lake terrane in the southern part of the
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parautochthoncus belt of the easterm Grenville Province have been shown to record PT-conditions up to

eclogite facies (e.g. Indares 1993; Indares & Rivers 1995). Here we provide new data from west of the
Molson Lake terrane in the Manicouagan Imbricate Zone (MIZ). The MIZ contains a variety of mafic
rocks, metamorphosed at high-P conditions (Indares 1994; Indares et al. 1994) between 1050-1000 Ma
during the Grenvillian orogeny (Cox et al. 1998). The Baie du Nord segment, located in the south-eastern
Manicouagan Imbricate Zone, contains Fe-Ti gabbros that have been variably transformed to coronite and
eclogite. The gabbro margins have been transformed to amphibolite with garnet and clinopyroxene-
bearing leucosomes. The aim of this study is to describe the transition of the Fe-Ti gabbros to eclogite and
amphibolite in the Baie du Nord segment and determine the PT-conditions under which the metamorphic
textures developed. The results are discussed in terms of the implications for the metamorphism of

gabbroic rocks in general, and also the regional tectonic context of the Baie du Nord segment.

2.2, Geological Setting

The Manicouagan Imbricate Zone is a 2000 km? stack of high-P crustal rocks exposed along the
shores of Manicouagan Reservoir in eastern Quebec (Figure 2.1). It occurs at the same structural level as
the Molson Lake terrane to the east, in which high-P rocks were discovered for the first time in the eastern
Grenville Province (Indares & Rivers 1995). To the north, both the Manicouagan Imbricate Zone and
Molson Lake terrane tectonically overlie the Gagnon terrane, a Grenvillian fold-thrust and nappe belt,
along a thrust contact. To the south, the Manicouagan Imbricate Zone is overlain by the allochthonous
Harte Jaune terrane along an extensional shear zone. The Hart Jaune terrane experienced medium-P

metamorphism during the Greavillian orogeny (Hynes & St. Jean 1997).
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The Manicouagan Imbricate Zone consists of two, fault-bounded lithotectonic units. The lower

unit, known as the Lelukuau terrane (Figure 2.2), is a thrust stack, largely composed of Labradorian rocks
that are thought to represent an AMCG suite. The terrane has experienced high-PT metamorphism (up to
16-18 kbar and 850-900 °C, Indares 1997) between 1050 and 1000 Ma (Gale et al. 1994; Indares et al.
1998) which was coeval with emplacement of mafic dykes.

The tectonically overlying Tshenukutish Terrane comprises two lithotectonic segments, the
structurally lower Baie du Nord segment and the overlying Boundary zone. Both units are transected and
bounded by extensional shear zones with evidence for top-to-the-southeast or southwest transport in two
separate stages (Indares et al. 1998). The Boundary zone (Figure 2.2) contains igneous rocks ranging in
age from Labradorian (Lac Espadon suite, 1650-1600 Ma, Cox et al. 1998) to Grenvillian, e.g. the Brien
anorthosite (1169+/-3 Ma, Scott & Hynes 1994) and the Hart Jaune Granite (1017+/-2 Ma, Indares et al.
1998) and subordinate metasedimentary units. The Lac Espadon suite is composed of troctolite, ultramafic
rocks (dunite, hornblendite, nelsonite) and mesocratic olivine-gabbro, that are interpreted to represent
parts of a mafic to ultramafic complex. High-P metamorphism recorded by coronitic troctolite and
ultramafic rocks (hornblendite) indicates peak conditions of 800-920 °C at 17-19 kbar (Cox & Indares, in
press). U-Pb ages of metamorphic zircon and titanite (ca. 1040-1000 Ma) suggest that high-P
metamorphism in the Lac Espadon Suite and the Lelukuau terrane was synchronous (Cox et al. 1998;
Indares et al. 1998).

The Baie du Nord segment (BNS) is mainly composed of megacrystic diorite (ca. 1450 Ma,
Indares et al. 1998) intruded by Fe-Ti gabbro (1170+/-S Ma, Cox et al. 1998). Locally Fe-Ti gabbro grades
into anorthosite. Based on petrography and geochemistry, we suggest that these rocks represent within-

plate tholetites emplaced at a high crustal-level. The Fe-Ti gabbros show a transition from coronite in the
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southwest to eclogite in the northeast. These studies also show that metamorphism in the BNS was

contemporaneous with the rest of the Manicouagan Imbricate Zone, occurring ca. 1050-1000 Ma.

2.3. Petrography

Samples were studied using standard micropetrographic techniques and using
cathodoluminescence (CL) microscopy (a Nuclide Luminoscope CL-unit with accelerating voltages of 10-
15 kV and beam currents of 0.1-2 mA) to reveal plagioclase growth textures and to identify mineral
inclusions. Samples are discussed below in order of increasing metamorphic transformation. Recent
investigations of metagabbros have shown that igneous precursor minerals can preserve their magmatic
compositions even at high PT-conditions (c.g. Hartel & Pattison 1996). However in this study igneous
precursor minerals preserve original crystal shapes but not necessarily their chemical composition and
forthwith we refer to these crystals as relict.

2.3.1. Coronitic metagabbros

The coronitic Fe-Ti gabbros, from the south-western part of the BNS (Figure 2.2) show a limited
range in igneous textures, variably preserved in the form of relict plagioclase laths (Appendix A, Plate
A1.7a), interstitial clinopyroxene and sparse olivine (Appendix A, Plate A1.7b). limenite and apatite are
also common constituents of the original igneous assemblage. Metamorphism of the Fe-Ti gabbros has
resulted in the growth of coromas and partial replacement of original igneous phases. Among the
metamorphic minerals orthopyroxene occurs as aggregates, interpreted as pseudomorphs after olivine

(Appendix A, Plate Al.7¢-d). These are surrounded by clinopyroxene and garnet coronas. Clinopyroxene
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crystals, which preserve igneous shapes, display a strong green color, and are rich in rutile inclusions.

Plagioclase relicts contain abundant spinel and locally, corundum inclusions, and are separated from
ferromagnesian phases by garnet coronas. Thus, the metamorphic textures in these rocks suggest that the
coronas are the result of diffusion of Ca, Na and Al from plagioclase sites and Fe and Mg from olivine
sites (Mongkoltip & Ashworth 1983; Grant 1988). The resulting formation of the orthopyroxene,
clinopyroxene and gamet coronas, inclusions in the plagioclase and the preservation of both olivine and
clinopyroxene relicts, indicates that only partial (domainal) equilibrium was achieved during
metamorphism. Small, inclusion-free, plagioclase collars, in association with pargasite, are commonly
developed between garnet and clinopyroxene. These are interpreted to be the result of decompressional
growth (Indares 1993). In most of the coronitic samples, pargasite, with intergrown biotite/phlogopite
around ilmenite, is present. However, the exact timing of the formation of these coronas is not certain, and

they may be due to the high-PT metamorphic breakdown of ilmenite or to retrogression in the presence of
fluids.

2.3.2 Transitional metagabbros

Farther to the north-cast (Figure 2.2), transitional metagabbros display similar original igneous
features. The metamorphic minerals are the same as in the coronitic metagabbros, however plagioclase is
strongly recrystallized, with cleavage-oriented spinel and occasional corundum inclusions. Locally
plagioclase domains are pseudomorphed by garnet with little relict plagioclase remaining (Appendix A,
Plate A1.8a). Olivine is completely replaced by orthopyroxene aggregates. These textures strongly suggest
that metamorphic recrystallization was more pervasive in these samples. Large plagioclase xenocrysts,
rich in spinel and corundum inclusions, also occur in these rocks and are surrounded by gamet coronas

(Appendix A, Plate A1.8b). The pervasive metamorphic textures in these samples indicate a transition to
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the northeast from coronites to granoblastic rocks. In addition, the transitional rocks display textures

inferred to have developed during decompression. For instance, pargasite-bearing, plagioclase collars are
common and clear plagioclase collars are found between gamnet and remaining inclusion-rich plagioclase
relicts. CL-images reveal twinning in plagioclase with spinel-rich areas and brighter luminescent areas of
granular plagioclase which correspond to regenerated collars (Appendix A, Plate A2.1a). These are
interpreted to form during decompression (e.g. Indares 1993). The abundance of this second type of
plagioclase is indicative of major reequilibration of the assemblages during decompression. Pargasite
coronas around ilmenite are present in these samples and, as in the coronites, their origin is also

uncertain.

2.3.3. Eclogites

The assemblages of the Fe-Ti gabbros on the northeastern margin of the BNS (Figure 2.2)
contrast strongly with the coronitic and transitional rocks in the south. Igneous phases have been almost
completely replaced by metamorphic assemblages, and only sparse relicts of olivine and (inferred
magmatic) clinopyroxene remain. Olivine is replaced by granular orthopyroxene, which in turn is largely
replaced by granoblastic clinopyroxene. Igneous clinopyroxene relicts, which contain numerous rutile
inclusions, are generally surrounded by gamet coronas. However, the main metamorphic texture of the
rock is granoblastic and the assemblage is composed dominantly of pale green clinopyroxene and gamet.
The garnet has clearly grown as pseudomorphs after plagioclase, preserving the original lath shape.
Locally, “ribbons” of relict plagioclase, rich in spinel and corundum inclusions, are preserved inside
garnet pscudomorphs (Appendix A, Plate A1.9a). These rocks represent the most pervasive stage of high-
PT metamorphic recrystallization of the Fe-Ti gabbro protoliths in the BNS. As these rocks are dominated

by granoblastic garnet and omphacitic clinopyroxene and contain less than 5% relict plagioclase, they can
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be termed eclogite sensu-stricto (Carswell 1990). In common with the transitional Fe-Ti gabbros from the

southern/central part of the BNS, these rocks also contain xenocrysts. In one sample xenocrysts of olivine
and plagioclase occur adjacent to each other and they are separated by a triple corona of orthopyroxene,
clinopyroxene and gamet (Appendix A, Plate A1.9b). In addition, the plagioclase xenocryst contains
spinel, corundum and kyanite inclusions. Kyanite inclusions are extremely small, sparsely distributed and
were only identified using the CL-microscope at high magnifications, where they show a bright red
luminescence within the blue luminescent plagioclase (Appendix A, Plate A2.1b). The eclogites do not
display secondary plagioclase collars, however, pargasite is found as coronas around ilmenite. This
suggests that the pargasite coronas around ilmenite may be the result of high-PT growth in the presence of

fluid rather than due to decompression, although this is speculative.

2.3.4. Migmatitic garnet amphibolites

The margins of the Fe-Ti gabbros throughout the BNS are deformed and amphibolitized, with
primary textures completely overprinted by granoblastic, foliated assemblages. In the south-eastern BNS,
the amphibolite margins contain leucosomes with large gamets often reaching several cm in diameter.
The gamnets are poikilitic displaying cores rich in inclusions of quartz, plagioclase, ilmenite and rutile
with inclusion-free rims (Appendix A, Plate 1.11s-b). Inclusions form sigmoidal trails indicating that
garnet poikiloblast cores grew during deformation (c.g. Passchier et al. 1992; Bell et al. 1992). Rutile
increases in abundance outwards at the expense of ilmenite, and often forms aligned inclusion trails at the
rims of the inclusion-rich cores indicating growth against the face of the original poikiloblast. Sparse
clinopyroxene crystals also occur in the leucosomes, but are largely replaced by amphibole. Titanite is a
relatively late phase, occurring around rutile and along cracks in the gammet near the inclusion-free rims
(Appendix A, Plate 1.11¢c-d), and post-dates the growth of the rotational fabric recorded by the inclusion
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trails. Accessory zircon and apatite are common in both the poikiloblasts and the matrix. The matrix

assemblage is granoblastic-foliated and dominated by amphibole (pargasite), plagioclase, quartz, and
lesser amounts of biotite, ilmenite and rutile. Both ilmenite and rutile are partially replaced by titanite.
Titanite in the matrix is less abundant and smaller in grain-size than within the gamet, reflecting the
involvement of rutile and gamet on the titanite-forming reaction. Based on the U-Pb ages of zircon
(1046+/-3 Ma), titanite (1006+/-5 Ma, 997+/-3 Ma) and rutile (960+/-6 Ma, 946+/-2 Ma) from this
sample the garnets and leucosomes are thought to represent partial melting of the amphibolitized Fe-Ti
gabbro margins near the peak of metamorphism, and the growth of the gamet rims and matrix
assemblages the result of retrogression during exhumation (Cox et al. 1998). Thus, in these rocks the

conditions of the prograde, peak and retrograde PT-conditions may be recorded.

2.4. Mineral chemistry

All mineral analyses were carried out on a Cameca SX50 clectron microprobe analyzer in ED
mode at Memorial University with a 20 nA current and a 15 kV accelerating potential, except for
plagioclase which was analyzed with a 10 nA current to reduce the effects of Na volatilization. Count
times varied from 50 secs for garnet, 75 secs for plagioclase, spinel and ilmenite to 100 secs for pyroxene
and amphibole. Representative analyses of minerals are presented in Table 2.1. All mineral abbreviations
are from Kretz (1983) and Spear (1993). Zoning profiles across gamnet were collected with spacing of 10
to 100 um, depending on grain size. Multiple analyses were also performed on plagioclase and pyroxene
to check for chemical zoning. Structural formulae of minerals were calculated using the program THEBA
v.6.0 (J. Martignole and others, personal communication 1995). The Fe*'-content of the ferromagnesian

phases was calculated using the method of Droop (1987). However, the accurate determination of the Fe**-
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content of minerals remains problematic particularly in low-Fe minerals using the EDS analysis method.

As a result the fluctuations in Fe**-content recorded by clinopyroxene in this study may be an artifact of
the analytical uncertainties. However, recent published analysis of metamorphic clinopyroxene in high-P
mafic rocks (e.g. Zhang & Liou 1997; Camacho et al. 1997, Medaris et al. 1998) show similar
fluctuations in the apparent Fe**-content. Thus, for comparison we have reported the clinopyroxene
compositions as calculated. The results however are discussed in terms of total Na, i.e. combined Jd+Ae-

contents.

2.4.1. Garnet

In the eclogite (sample 21) the compositions of the gamet psecudomorphs have the highest Mg-
content (Prpis4oAlmuyg.soGrseg.10), compatible with the exteasive development of high-P minerals in this
rock. In contrast, in the coronitic metagabbro (sample 123) the garnet has much lower Mg and higher Fe-
contents (Prpas.2sAlmss.soGrs;2.14) than those in the eclogite (Figure 2.3) although both rocks have similar
bulk chemical compositions (Cox et al. 1998). This is consistent with the partial replacement (corona
formation) of the igneous phases by metamorphic assemblages. However, the compositions of the gamets
from the transitional metagabbros (sample 85) are seemingly at odds with the textural evidence indicating
more extensive replacement of the igneous assemblages, showing higher Fe and lower Mg-contents (Prpz;.
2AlMeo.62GrS;3.14) than the coronitic samples (Figure 2.3). The transitional metagabbros have higher bulk
Fe and Ca-contents than either the coronites or eclogites, reflecting variations in the plagioclase and
ilmenite contents between the protoliths (Cox et al. 1998). Thus, the anomalous gamnet compositions in
this sample may be due to the differences in bulk chemical composition.

In all samples garnet coronas are variably zoned, whereas garnet pseudomorphs after plagioclase

are homogeneous at the grain scale. The garnet coronas between xenocrysts in the eclogite (sample 21)
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have the best preserved zoning with an increase in Ca towards the plagioclase (Grsi2.40), compensated by

an increase in Mg and Fe (Prpis.asAliyo.e) towards the clinopyroxene corona (Figure 2.48). The XFe-
content decreases towards the clinopyroxene. These patterns are typical of growth zoning in coronitic
garnet (Indares and Rivers 1995; Indares and Dunning 1997). Growth zoning in coronitic garnet differs
from the typical Rayleigh-type growth in granoblastic garnet by virtue of the fact that the corona grows
from the inner to outer rim between reactant phases instead of concentrically outward. Thus, zoning is
controlled by the chemical gradient between the minerals at the growth interfaces. In other words high Ca
and high Mg and Fe are a direct result of growth in contact with plagioclase and clinopyroxene at the
respective margins of the garnet corona. The garnet corona compositions at the clinopyroxene contacts are
similar to those of the pseudomorphs (Figure 2.3).

Garnet coronas around plagioclase xenocrysts in the transitional metagabbros (sample 85)
display the same type of zoning as in the eclogite but to a lesser degree. In addition, there is a steep drop
in Ca at the rims towards the plagioclase and the XFe is almost flat across the corona (Figure 2.4b). This
is most likely indicative of post-growth reequilibration during decompression (Indares and Rivers 1995).
Garnet pseudomorphs in the sample have similar compositions as the parts of the corona with the
maximum Mg-content (Grs,sPrpoAlm,;). The gamet coronas from the coronitic metagabbros (sample
123) are the least strongly zoned with only a very slight variation from the plagioclase to the
clinopyroxene contact (Grszo.i4PrpPi12.14AlMse.55). The lack of zoning (Figure 2.4¢) and homogenous XFe
may be related to diffusion resetting in the presence of fluid during the development of the pargasite-
bearing plagioclase collars. The transition from corona textures to cclogite, together with the general
increase from low to high Mg-content (Xprp) may indicate an increase in the metamorphic grade in the
BNS from the south-west to the north-cast.
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Garnets from the migmatitic gamet-amphibolites (sample 313) have the lowest Mg and highest

Fe (Figure 2.3) and display the highest Mn-concentrations (Spsos.o:). Zoning occurs in the largest (>1cm)
gamet poikiloblasts (Figure 2.5a). The high XFe may correlate with higher Fe-content in the igneous
precursor. The inclusion-rich core which occupies about 90% of the zoning profile (segment (i) on Figure
2.Sa) shows a slight outward decrease in Mn, Fe (Spsos.o Almg.ss) and XFe along with an increase in Mg-
content (XPrpis.1s). For the majority of the core region the Ca-content is homogenous. These trends may
represent relict growth zoning that has been extensively modified at high temperatures, with the XFe
decrease suggesting increasing temperature towards the rim. Growth zoning in granoblastic gamet is
usually homogenized at T-conditions in excess of 600 °C. However, growth zoning has been shown to be
preserved in garnets even at very high temperatures (Loomis 1983; Spear et al. 1990; Indares 1995; Neng-
Song Chen et al. 1998). The inner (rutile-bearing) rim (segment (ii) on Figure 2.5a-b) displays a marked
outward decrease in Fe (Almgs) and XFe along with an increase in Mg-content (Prp;..») and
homogenous Ca-content (Figure 2.5a). Zoning of the inclusion-free rims (segment (iii) on Figure 2.5a-b)
is mainly represented by a drop in Ca (Grsx.15) and continuous increase in Mg content. The Fe-content
over the rim is homogencous and lower than in the rest of the crystal, while XFe decreases (Figure 2.5b).
The increase in Mg and decrease in Ca-content at the garnet rims may be the result of the formation of the
overgrowth (inclusion-free rim) at lower pressures than the core along with exchange between the gamnet

rim and the matrix at high temperatures.

2.4.2. Clinopyroxene
As with the garnet, the clinopyroxene compositions depend upon both the textural setting and the
rock type. In individual samples both coronas and granoblastic clinopyroxene have the same composition,

and are homogeneous at the grain scale. The eclogites (sample 21) contain clinopyroxene which ranges
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from high Na-augite to omphacite (Fig. 8) with the highest Na-content (Jd+Aey ). The coronitic
metagabbros (sample 123), however, contain only Na-augite with much lower total-Na (Jd+Ae,.2s) than
the eclogites. The transitional metagabbros (sample 85) show lower Jd but a similar range in total Na-
contents in the clinopyroxene (Jd+Ae;s.;¢) despite the more intense metamorphic recrystallization
compared with the coronitic samples. Clinopyroxenes in the leucosomes of the migmatitic garnet-
amphibolite (sample 313) have been partially replaced by hornblende. The remaining clinopyroxene
crystals are homogeneous at the grain scale. The range of compositions may be compared with those of
the clinopyroxene in the transitional rocks with lower Jd but similar total-Na (Jd+Ae;¢.2s) than those in

the coronitic metagabbros (Figure 2.6).

2.4.3. Plagioclase and amphibole

In all rock types the plagioclase relicts and collars tend to be unzoned, although where relict
igneous crystals occur adjacent to collars (e.g. sample 85, Figure 2.7) a slight increase in the Na-content
outwards from relict core to collar can be detected. The highest Na-contents (Abgs.gsAn,2.14) occur in the
“ribbon” plagioclase relicts in the eclogite, with transitional (Absy.s2ANuc.35) and coronitic (Abro.2sAnsg.25)
plagioclase relicts being much less sodic (Figure 2.7). The relict plagioclase lath compositions from the
transitional metagabbros, along with the gamnet and clinopyroxene compositions, are consistent with the
fact that the bulk Na+Mg content was lower and the Fe+Ca content higher in the igneous precursor. Thus,
although the textures suggest more pervasive metamorphic recrystallization than in the coronites, the
metamorphic mineral compositions are lower in Na and Mg than may have been expected. The
compositions of the plagiociase xenocrysts from the eclogite and transitional metagabbros are in the same
range (Abess7AN3sys) and are zoned with increasing Ca-content towards the contact with the gamet

corona. The decompressional plagioclase collars in the coronitic and transitional metagabbros are higher
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in Na than the relict laths in the same samples (Abr1.52Ans3.25). This suggests that Na-augite has been

involved in the generation of the collars during decompression. This observation is supported by the
presence of pargasite in many of the plagioclase collars, further suggesting that the retrograde formation
of the collars was aided by fluid.

The compositions of the plagioclase inclusions in the migmatitic garnet-amphibolite (sample
313) show an increase in Na (AbgossAluo.34) from those in the core to those in the rim of the gamet
poikiloblast (Figure 2.7). The Na-content of the matrix crystals (AbsAny;) is higher than inclusions in
the garmnet. Amphibole compositions from the matrix (Table 1) lie in the compositional range between
pargasite and Fe-pargasite (Leake et al. 1997). Neither amphibole or plagioclase in the sample show

significant zoning across individual grains.

2.S. Reaction history

2.5.1. Transition from Fe-Ti gabbro to eclogite

The reaction textures and mineral chemistry of the metagabbros in the BNS indicate the
breakdown of igneous plagioclase and olivine to produce Na-rich metamorphic phases (albite and Na-
augite/omphacite) and Mg-rich garnet. As described above, differences in bulk Ca, Na, Fe and Mg of the
igneous precursors between the transitional metagabbros and the coronites and eclogites have caused a
deviation from this trend. However, textures in the transitional metagabbros, such as the formation of
gamet psecudomorphs after plagioclase, support the hypothesis that they result from more pervasive
breakdown of the original assemblages than the coronitic equivalents. Given the preservation of igneous
crystal shapes and lack of penetrative fabric in these samples in appears that the metamorphic overprint

was a static process. The formation of coronas and the progressive overprinting of the relict igneous

Page 2.14



Laper2 BNS Metamorphism
phases together with the development of granoblastic assemblages can be illustrated by a schematic

evolution in four stages (Figure 2.8) which represent variably developed mineral assemblages. The
reactions for each stage (Figure 2.8) represent global reactions based on domainal reactions in the
samples. The domainal reactions are themselves indicated by both local textural and compositional
features in the individual samples described above.

2.5.1.1. Transformation from Stages I (igneous phases) to Il (grt-opx corona)

The breakdown of the igneous phases olivine and plagioclase (Stage I, Figure 2.8) involves the
diffusion of Fe and Mg towards the plagioclase domain and Ca and Al towards the olivine, resulting first
in the formation of double coronas of garnet and orthopyroxene (Stage II, Figure 2.8). In domains where
there is a higher local concentration of olivine to plagioclase, excess Fe and Mg at the site of the forming
coronas likely diffuses into the plagioclase, forming spinel inclusions with the remaining Al, following Ca
diffusion from the plagioclase. In domains where plagioclase concentrations are locally higher, excess Al

results in the formation of corundum inclusions. These two cases can be summarized by the following

reactions.

(R1la] 3CaAl;shO. + 4[MgFe]3Si0, & 4{MgFe}SiO; + c;.AIgSuO.g + [MgFehAl3Sis0y2 + Mg Fe]ALO,
Fo/Fa Ea/Fs Prp/Alm SplUHe
in Pl ol Opx corona lu Grt corona incl in Pl

[R1b] scw,s.,o. + 3(Mg.Fe|:Si0 & 3(M.|-'qs.o. + c.,u,s..o., + [MgFebALSi,O,2 + AI;O,
Fo/Fa Prp/Alm

in Pl ol Opx corona in Grt corona mcL inPl

The result of the changing local concentrations of diffusing elements may account for the presence of both
spinel and corundum inclusions in most of the samples. For example as the orthopyroxene and garnet

coronas develop, less excess Mg (and Fe) reaches the plagioclase site. This would result in the
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development of corundum instead of spinel inclusions in the plagioclase relicts, i.e. a progression from

[R1a] to {[R1b]. These reactions would also lead to an increase in the Na of the relict plagioclase and the

formation of pseudomorphs of orthopyroxene after olivine.

2.5.1.2. Transformation from Stages Il (opx-grt corona) to lll (cpx-grt corona)

At more advanced stages of recrystallization, orthopyroxene (both relict igneous and
pseudomorphs) will form clinopyroxene coronas, garnet will pscudomorph the plagioclase, consuming
spinel, and both relict igneous clinopyroxene and clinopyroxene coronas will become more Na-rich as the
Na-rich (Xab) component of the plagioclase becomes involved in the reaction (Stage III, Figure 2.8). The

transition from Stage II to Stage II can be characterized by the following reaction.

[R2] 7CaAl;Si;04 + 26{Mg,Fe|SiOy + NaAlISi,Og + 6[Mg.Fe]Al;,Oy =

An En/Fs Ab SpV/He
inPl Opx in Pl-relict incl
pseudomorph inPl
2Ca[Mg.Fe}Si;O¢ + NaAlSi;Og + Ca3ALSi;O13 + 10[MgFe];ALSisOn;
Di/Hd d Grs Prp/Alm
in Cpx corona in Grt corona

The textures resulting from the above reaction occur in both the coronitic and transitional metagabbros
suggesting both types have bypassed the Stage II transformation. However, the preservation of some
olivine relicts along with the presence of clinopyroxene coronas in the coronitic metagabbros suggests that
the reactions defining both Stage II and Stage I1I transformations are continuous. Furthermore, the lack of
olivine in the tramsitional metagabbros and the presence of garnet pseudomorphs afler plagioclase

indicates that the Stage III transformation was more complete in these samples.
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2.5.1.3. Transformation from Stages IlI (cpx-grt corona) to IV (eclogite)

The transformation of the Fe-Ti gabbros to eclogite involves the final breakdown of the
remaining Na-rich plagioclase resulting in replacement of both the orthopyroxene pseudomorphs and
clinopyroxene relicts and coronas by omphacite, whereas the plagioclase sites are completely replaced by

gamet pseudomorphs ( Stage IV, Figure 2.8). This would involve the following reactions.

(R3] 3Ca[Mg.Fe]Si;O¢ + INaAlSi;Og + 3[MgFe]ALOy = Ca3AlSiiOr; + 2[MgFelsAl Si;0y; + 2NaAlSi;O
DiHd Ab SpVHe Grs Prp/Alm d
Cpx inPl incl in Grt pseudomorph in Cpx

inPl

[R4] 3CaALSi; Oy + 3(Mg.Fe]AL Oy > Ca,ALSI;O; + [Mg.FesAlSiyO12 + 4A1,04
An

Spl/He Gns Prp/Alm Cm
in Pl incl in Grt pseudomorph incl
inPl inPl
[RS) 2[Mg Fe|SiO; + NaAlSi,Og+ [Mg.Fe]ALO, < NaAlSi;O¢ + [Mg.FelsALSi;O1;
En/Fs Ab Spi/He M Prp/Alm
opx inPl incl inCpx inGrt
pseudomorph inPl pseudomorph

Some cores of garnet pseudomorphs in the eclogite contain Na-rich “ribbon” plagioclase, which has
abundant spinel and corundum inclusions, and locally, orthopyroxene pseudomorphs are still present.
Thus, the reactions have not gone to completion, even in the most eclogitized samples.

The coronas which form around, and between the plagioclase xenocrysts in the transitional
metagabbros can also be described in terms of the above reactions. The plagioclase xenocryst in the
eclogite, however, contains kyanite inclusions. This suggests an excess of Si as well as Al in the
plagioclase during metamorphism. The reaction pathway may follow the reaction [R1b). The excess of Si

and Al which forms kyanite can be explained by [R2), rewritten as follows.
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[R6] 4[MgFe]SiO; + 4CaAlL,Si:Ox + NaAlSisOy + 2AL0y &
En/Fs An Ab Cm

Opx corona inPl incl inPl
Ca[Mg,FejSi;O¢ + NaAlSi;Og+ Ca3Al;SiyOr; + [Mg.FelsALSi1O13 + SALSIOs
Di/Hd Jd Grs Prp/Alm Ky
in Cpx corona in Grt corona incl in Pl

This would explain the formation of both the garnet and Na-augite/omphacite coronas at the expense of
the orthopyroxene corona, and the presence of kyanite in the plagioclase.

Reactions that may be responsible for the formation of the pargasite-bearing plagioclase (Na-
rich) collars are harder to quantify. The collars themselves do not contain spinel or corundum, and thus,
retrograde back-reactions using those described above would not account for their formation. The presence
of the pargasite also suggests the involvement of fluids. This may be explained by the following general

reaction.

[R7] 5(Mg.Fe]3ALSi;O11 + Ca3Al;8i;On; + 18NaAlSi;O¢ + 9Ca{Mg.Fe]Siz0¢ + 6H,0 &
Alm/Prp Grs ] DiHd Water
in Grt corona/pseudomorph in Cpx corona/matrix

12NaAlSi;Oy + 6NaCa: (Mg FelsALiSicOx(OH)
Ab Prg/Feprg
in collar
However, the localized development of the retrograde collars in the samples suggests that fluid influx was
limited. The lack of a penetrative fabric in the samples probably inhibited the movement of fluids and

thus, the development of retrograde assemblages.

2.5.2. Migmatite formation and amphibolite overprint

The deformed margins of the gabbros are characterized by high amounts of amphibole and by the
presence of garnet-clinopyroxene bearing leucosomes. Fluid infiltration in these rocks is likely to have
occurred early in their metamorphic evolution during dehydration of the surrounding country rocks. It is
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therefore reasonable to assume that they were transformed to amphibolite before the metamorphic peak. In

this context the leucosomes are likely the result of partial dehydration melting (anatexis) of amphibolite.
The evolution of these rocks can be schematically represented by five stages assuming an amphibolite as

the starting compeosition (Stage I, Figure 2.9).

2.5.2.1. Stages I (amphibolite) to Il and Il (cpx and garnet-bearing leucosomes)

The growth of clinopyroxene and garnet during the partial melting of amphibolites has been
investigated, both experimentally (c.g. Wolf & Wyllic 1993 1994; Sen & Dunn 1994; Rapp 1995) and by
examination of natural examples (Williams et al. 1995; Hartel & Pattison 1996). Experimental studies
produce consistent results for the 8-20 kbar range in H;O-saturated systems. The general conclusion
drawn from the above studies is that the “garnet-in" temperature range is 800-850 °C, producing a wide
range in compositions (ca. Prpo.soAlm+Sps20.40Grsis.«0). The appearance of clinopyroxene in the melt (in
experimental charges) can occur both before or in conjunction with garnet, although omnly in small
amounts at temperatures below 900 °C (Wolf & Wyllie 1995; Sen & Dunn 1995). The textures in the
leucosomes from the migmatitic gamet-amphibolites (sample 313) are indicative of partial melting
producing only trace quantities of clinopyroxene. The initial formation of melts with clinopyroxene and
Fe-Ti oxides (Stage II, Figure 2.9) can be characterized by the following (non-balanced) general reaction
(after Rushmer 1991 and Williams et al. 1995).

[R8] HWVKrs + An + Ab + Qiz <> DiVHd + Jd + An + [im + Melt
in amphibolite matrix Na-aug  in leucosome
in leucosome
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The appearance of gamnet and the transition from ilmenite to rutile (Stage III, Figure 2.9), as shown in the

gamet inclusion assemblages, may be described by the subsequent general reaction (after Rapp et al. 1991;
Wolf & Wyllie 1994).

[R9] HbVKrs + An + Iim & Grs + Prp/Alm + DiiHd + M + Rt + Mekt
in amphibolite matrix  Grt Na-aug  in leucosome
poikiloblast i leucosome
PT-determinations on natural samples which display remarkably similar textures to those in this study,
show that large gamets with clinopyroxene-bearing leucosomes have recorded temperatures between 750-
850 °C at 10 kbar (Williams et al. 1995; Hartel & Pattison 1996). These PT-conditions are similar,
although slightly lower than those experimentally derived for the formation of clinopyroxene and gamet
during amphibolite anatexis (e.g. Wolf & Wyllic 1994). The ratio of garnet plus leucosomes to
amphibolite matrix in the best preserved samples suggests about 20% melt production. This would require

temperatures of ca. 850 °C at 10-15 kbar (Wolf & Wyllie 1995; Sen & Dunn 1994).
2.5.2.2. Stages IV and V (amphibolite retrogression)
The formation of the inclusion-free garnet overgrowths and pargasite replacing clinopyroxene in

the leucosomes suggests (Stage IV, Figure 2.9) the following retrograde reaction.

[R10] 11Ca{Mg.Fe]Si:O¢ + §CaALSi;Oy + 2NaAISi;Oy + 2H,0
DVHd An Ab

Water
in leucosome
3Ca,Al:S130;3 + [Mg.FelsALSisOr; + 14Si0; + 2NaCay[MgFeleAhSicOn(OH)
Gn Pr/Alm Q Prg/FePrg
Gre-rim in amphibolite matrix
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Reaction [R10] above would account for the formation of the gamet overgrowths. Final evidence of

retrogression is indicated by the replacement of rutile and garnet by titanite suggesting the following

reaction.

[R11] Ca3Al;Siy0,3 + 2TiO; + Si0; « CaAl;Si;0y + 2CaTiSiO4
Grs Rt Qz An T
in Grt poikiloblast replacing Grt and Rt

Both these reactions are representative of later replacement of melt assemblages by amphibolite
assemblages under lower-P conditions. Although the formation of garnet overgrowths and amphibolite
matrix and the breakdown of the garnet and rutile to form titanite in the garnet rims can be represented as
a two part process, given the lack of major resorption of the garnet poikiloblasts these two stages were
most likely continuous. Late-stage Fe-Mg exchange between in gamet and pargasite likely occurred

during the formation of titanite as indicated by the increase in Mg at the gamet rims (Figure 2.5b).

2.6. Thermobarometry

2.6.1. Point selection and general approach

For each sample, interpretation of textures and of mineral chemistry was followed by selection of
appropriate microdomains for PT-determinations. In granoblastic areas, both the cores and contacts
between the relevant mineral phases were used in order to calculate maximum and retrograde conditions.
Although corona textures signify global disequilibrium, local equilibrium between garnet rims and
adjacent phases is assumed and thermobarometry can be performed with suitable phases. At the rims of
garnet coronas which display well preserved growth zoning, local equilibrium likely corresponds to peak-

PT conditions, whereas homogenized gamet coronas may give minimum conditions for the peak of
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metamorphism. Ideally both P- and T-estimates have to be obtained from a single microtextural domain.

In the case of the coronitic samples T-estimates can only be obtained at the inner rims of the garnet
coronas (in contact with clinopyroxene) whereas P-estimates come from the outer rims (in contact with
plagioclase). However, with the exception of rims affected by retrograde resetting we assume that
equilibrium in both domains was achieved during the thermal peak (c.g. Indares & Rivers 1995; Indares
& Dunning 1997) and therefore the P- and T-estimates can be combined.

Metamorphic temperatures were calculated using Fe-Mg exchange reactions between adjacent
rims of garnet-clinopyroxene in the coronas and cores and rims in the pseudomorphs/granoblastic areas.
For the migmatitic garnet-amphibolites PT-estimates were calculated using inner-rim compositions along
with the adjacent inclusions and clinopyroxene relicts, which are interpreted as representing the
leucosome assemblage. Gammet rims and matrix pargasite contacts along with the titanite-bearing
assemblages were used to determine the PT-conditions for the formation of the garnet overgrowths during
amphibolite retrogression. The garnet-plagioclase-spinel-corundum reaction (Indares & Dunning 1997)
was used for the eclogitic and coronitic samples except for the kyanite-bearing, xemocryst corona
assemblage (sample 21) for which the garnet-plagioclase-kyanite-corundum reaction (Indares & Rivers
1995) was utilized. The garnet-clinopyroxene-plagioclase-quartz barometer (Newton & Perkins 1982) was
used for the pressure estimate in the leucosome assemblage in migmatitic garnet-amphibolite (sample
313). Reaction [R11), which is a variation of the GRAIL barometer (¢.g. Ghent & Stout 1984), was used
for amphibolite P-estimates in this sample.

PT-conditions were calculated using the program TWEEQU v.2.02 (Berman 1991) utilizing the
activity models of Fuhrman & Lindsley (1988) for plagioclase and Berman & Aranovich (1996) for
pyroxene and gamnet in an internally consistent database. Gamnet-amphibole thermometry requires an
older version of the program (v.1.01) using the activity models of Mader & Berman (1992) for amphibole

and Berman (1990) for gamnet (R. Berman, personal communication 1998). For comparison, T-conditions
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were also calculated with the Fe-Mg exchange thermometers of Ellis & Green (1979) and Krogh (1988)

for garnet-clinopyroxene and Graham & Powell (1984) for garnet-amphibole in the migmatitic gamet-
amphibolite as these calibrations are extensively used in many recent publications. Given the errors
associated with the estimation of the Fe**-content all temperatures were calculated assuming the Fe to be
Fe?*. The calculated PT-conditions along with the calibrations used are shown in Table 2.2 and the results
(using TWEEQU) are presented in Figure 2.10.

2.6.2. PT-determinations

The highest PT-conditions are recorded by the eclogite (sample 21). The corona assemblage
between the olivine and plagioclase xenocrysts gives a range of PT-estimates (720-800 °C and 14-17
kbar), overlapping with PT-estimates using the gamet (pscudomorphs), omphacite and relict “ribbon”
plagioclase assemblages (740-825 °C and 13-17 kbar). The grain boundaries of the granoblastic areas and
garnet pseudomorphs give a lower range of PT-conditions (67$-760 °C and 13-16 kbar) and have been
likely affected by thermal reequilibration during cooling. However these estimates do overlap the
estimates from both the cores and coronas (Figure 2.10a). The transitional metagabbros also give a
broadly similar range of PT-conditions for the xenocryst corona assemblages (745-805 °C and 11-13 kbar)
and granoblastic areas using pseudomorph core compositions (750-810 °C and 11-14 kbar). The rims
record a lower PT-range (710-760 °C and 10-14 kbar) but again there is considerable overlap with the
estimates from the cores and coronas (Figure 2.10a). The coronitic metagabbros give P-conditions which
are slightly lower, but have similar T-ranges, to those of the transitional rocks and eclogites (770-810 °C
and 12-14 kbar). PT-conditions were also calculated using several domains with extensive pargasite-
bearing plagioclase collars. PT-conditions recorded in these areas (710-780 °C and 11-13 kbar) are lower

on average than in “collar-free” coronas (Figure 2.10b).
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The PT-estimates from migmatitic garnet-amphibolites (sample 313) have been calculated from

two zones of the garnet. Mg-rich inner garnet-rims and inclusions (segment (ii) on Figure 2.Sa-b) and
matrix clinopyroxene give PT-conditions of 795-825 °C and 11-12 kbar. PT-estimates calculated using the
gamet-rutile-titanite-amphibole-quartz assemblage in the inclusion-free garnet rims are lower, giving a
range of 740-80S °C and 8-10 kbar (Figure 2.10b).

In comparison, the T-ranges calculated using the calibrations of Ellis & Green (1979) and Krogh
(1988) for gamet-clinopyroxene and Graham & Powell (1984) for gamet-hormblende (sample 313) are in

excellent agreement with those calculated using TWEEQU (Table 2.2).

2.6.3. Interpretation of data

The highest P-conditions recorded by the eclogites, transitional and coronitic metagabbros in the
BNS show a clear increase from the coronites in the south-west to the eclogites in the north-east (Figure
2.10a-b). This is entirely consistent with the textural evidence for increasing metamorphic transformation
in the samples. However, the highest recorded temperatures in these samples overlap to a considerable
extent, generally in the 750-800 °C range. PT-estimates from the eclogites and transitional metagabbros
calculated with grain boundaries in granoblastic areas are lower than the coronas or cores in granoblastic
areas (Figure 2.10a) or from coronas with extensive pargasite-bearing plagioclase. Interestingly, the
isopleths (top and bottom of PT-boxes in Figure 2.10a-b) which define the P-estimates are identical in
both grain boundaries and cores. P-estimates, as calculated by the garnet-plagioclase-spinel-corundum
reaction (Indares & Dunning 1997) are largely controlled by the diffusion of Ca in the garnet It is
apparent that the temperatures, controiled by Fe-Mg exchange, are the most affected by later resetting.
This is consistent with the published rates of diffusion for Ca, Fe and Mg in gamnet (Elphick et al. 1981;

Brady & McCallister 1983; Lasaga 1983; Gangully & Tazzoli 1994; Schwandt et al. 1996). Thus, the
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apparent PT-path produced by combining the peak conditions recorded by the granoblastic/pseudomorph

cores along with the coronas, and retrograde conditions using grain boundary determinations, may be
incorrect.

Preservation of the growth zoning in the garnet coronas in the eclogite strongly suggests that the
maximum PT-conditions recorded by this rock reflect near-peak conditions. The transitional metagabbro
(sample 85) records lower PT-conditions in the coronas that those in the cores of the relict plagioclase,
garnet pseudomorph, Na-clinopyroxene assemblages. It is evident from the apparent relaxation of the
zoning in the garnet corona, regeneration of plagioclase (collars) and by the lack of zoning in the garnet
pseudomorphs, that both the coronas and the granoblastic assemblage have undergone partial resetting at
high-T during the early stages of cooling. The general range of T-estimates from the grain boundaries are
lower (Figure 2.10a) and the PT-conditions recorded by the granoblastic cores and coronas are also
interpreted as near peak conditions. The coronitic metagabbros (sample 123) record P-conditions which
are lower than those in the eclogites and transitional metagabbros. However, the same general T-range is
recorded by the coronites as in the eclogites and transitional rocks (Figure 2.10b). The PT-conditions
recorded by the best preserved coronas are higher than those recorded by coronas with pargasite-bearing
plagioclase collars. Furthermore, the near-complete relaxation of zoning in the garnet coronas (Figure
2.4c) suggests that the PT-conditions probably record those experienced by the sample during the initial
stages of exhumation.

The apparent peak PT-conditions recorded by the migmatitic garnet-amphibolite (795-825 °C at
11-12 kbar) are recorded by the Prp-rich inner-rim. On the other hand, based on experimental results (e.g.
Sen and Dunn 1995; Wolf and Wyllic 1993; 1994) and measurements on natural samples (Williams et al.
1995; Hartel and Pattison 1996), it is clear that temperatures >850 °C at 10 kbar are required for gamnet to

grow in an amphibolite undergoing dehydration melting. Only the highest T-estimates from inner-rims
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are close to this minimum. Mg, Fe and Mn diffusion rates in garnet at such high temperatures would be

sufficiently fast as to homogenize growth-zoning unless the duration of the high-T metamorphic event
was extremely short (e.g. Ayres & Vance 1994). However, even Mn-growth zoning is at least partially
preserved in the garnet poikiloblasts (Figure 2.5a). In addition, the presence of melt-generated zircon in
the leucosomes (Cox et al. 1998) is consistent with rapid melt segregation (Watt et al. 1996). The partial
preservation of growth zoning in the garnet and evidence for rapid melt segregation suggests that the
melting phase was short lived. The highest PT-conditions recorded by the both the migmatitic garnet-
amphibolite and the coronitic metagabbros are very similar and in both samples the conditions are likely
close to, but not at, the peak of metamorphism. Thus, PT-conditions from the garnet inner-rims,
inclusions and clinopyroxene-bearing leucosome assemblages (as with the coronitic metagabbros) are
interpreted as recording the conditions attained by the sample shortly after, but not during, the migmatite
event. PT-conditions representative of overprinting of the leucosome assemblage by the amphibolite
assemblage, probably during the growth of the inclusion-free gamet rims give similar T-ranges (740-805
°C) but record lower pressures (8-10 kbar). The Fe-Ti gabbros in the BNS have clearly all recorded
pressures which are consistent with burial to different crustal levels and high T-ranges which are similar.
As all the samples likely achieved these PT-condition: shortly after peak metamorphism, the metamorphic
field gradient (composite PT-path) they define indicates an isothermal regime operating during initial
decompression. The implications of this are discussed below.

2.7. Discussion and conclusioas

The textures, mineral chemistry and gamet zoning in the coronite and eclogite samples from the

BNS characterize the progressive breakdown of plagioclase, olivine and clinopyroxene from the igneous
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assemblage in metagabbros under high PT-conditions. Several studies (e.g. Mork 198S; Indares &

Dunning 1997, Zhang & Liou 1997) have described similar transition textures. A recent study by
Austrheim et al. (1998) suggested that deformation followed by fluid influx and subsequent dehydration
reactions resulted in the transformation of mafic rocks to eclogite in the Western Gneiss region, Norway.
However, the samples described in this study clearly show static gmwth of the eclogite mineral
assemblages. Indeed, the presence of anatectic melts and subsequent amphibolite facies overprinting of the
deformed margins suggests that deformed and hydrated rocks will be unlikely to preserve eclogitic
assemblages at the PT-conditions recorded in these samples. In this study, the PT-conditions from the
eclogites and transitional metagabbros, using coronas around xenocrysts and cores of the granoblastic
assemblages are higher than the granoblastic grain boundaries. This is common in metamorphic mineral
assemblages. In addition, the PT-estimates from the coronitic rocks are higher in “fresh” corona
assemblages than those recorded in coronas with decompressional, pargasite bearing plagioclase collars.
However, the overlap in highest T-conditions suggests pervasive reequilibration at high-T to give the
conditions recorded by these samples. This points to the fact that the eclogites, transitional and coronitic
rocks probably do not record peak PT-conditions. Furthermore they have been reequilibrated at similar T-
conditions which produces an isothermal metamorphic field gradient across the BNS. This is confirmed
by the migmatitic garet-amphibolites which record conditions which are lower than experimentally
derived PT-estimates for dehydration melting. However, it is clear from the pressure differences that the
samples were exhumed from different crustal levels. The coincidence of the highest temperatares in many
of the samples, along with the PT-estimates for the amphibolite overprint in the migmatitic garnet-
amphibolites (710-805 °C and 8-10 kbar) may be used to invoke near-isothermal decompression. This
isothermal decompression and isothermal field gradient suggests an extremely high heat input through a
reasonably thick layer of lower crust at depths from ca. 65-35 lan during exhumation. The highest

absolute T-conditions preserved also suggest that the BNS was metamorphosed under a high thermal
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regime. The highest PT-conditions (ca. 825 °C at 17 kbar) recorded by the eclogites in the BNS overlap

with those recorded by the overlying Lac Espadon suite and the underlying Lelukuau terrane (ca. 800-920
°C at 17-19 kbar °C, Indares 1997; Cox & Indares 1999b). The Lac Espadon suite also has a steep to near-
isothermal field gradient also suggesting high heat flow during decompression (Cox and Indares, in
press). Indeed, isothermal decompression of high-PT terranes is typically interpreted as representing a
tectonic exhumation process with a high heat flow (¢.g. Rubie 1984; Davy & Gillet 1986). The presence of
syn-metamorphic mafic dykes in the adjacent Lelukuau terrane and the Harte Jaune granite, both
emplaced shortly after or during peak metamorphic coaditions (Indares et al. 1998), may explain the
persistence of high temperatures and the apparent reequilibration of the coronites and eclogites at high T-
conditions during the carly stages of exhumation. Although these bodies are relatively small they
represent mantle derived melts and thus heat input from the mantle into the lower crust. This idea has
been recently suggested and is supported by the large volumes of AMCG suites emplaced after the main
phases of metamorphism in the Greaville (Corrigan & Hanmer 1997). The high T-conditions recorded in
the BNS and also in the Lac Espadon suite and Lelukuau terrane, indicate that mantle heat input during

metamorphism and exhumation was probably pervasive throughout the Manicouagan Imbricate Zone.
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Figure 2.1. Map of the eastern Grenville Province showing the location of the Manicouagan Imbricate

Zone and surrounding terranes.
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Figure 2.2. Simplified geological map of the Tshenukutish terrane and adjacent terranes with the locations
sample localities in the Baie du Nord segment (coronites, amphibolites and eclogites) used for

thermobarometry in this study.
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Figure 2.3. Garnet compositions plotted as Grs, Alm+Sps and Prp for the selected samples. Both coronas

and pseudomorphs are shown where applicable, as described in the text.
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Figure 2.4 (a-c). Garnet zoning profiles for a) garnet corona between plagioclase and olivine (eclogite,
sample 21), b) garnet coronas around plagioclase xenocryst in transitional metagabbro (sample
85) and c¢) gammet corona in a coronitic metagabbro (sample 123). Symbols all profiles are
squarc=spessartine, cross=grossular, circle=pyrope, triangle=almandine and single line=XFe (i.c.

Fe/Fe+Mpg).
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Figure 2.5 (a-b). Zoning profile for a large gamet poikiloblast in 2 migmatitic gamet-amphibolite (sample
313) with a) general profile from core to rim. Area (i) is the core of the crystal, occupying more
than 90% of the profile where the crystal is generally unzoned and contains numerous
plagioclase, quartz, rutile and ilmenite inclusions. Area (ii) is the inner rim where an increase in
Prp and decrease in both Xalm and Xsps is apparent, along with a reduction in ilmenite
inclusions. Area (iii) is the inclusion free overgrowth. Figure 9(b) shows a close up of the inner
rim (ii) and overgrowth (iii) where there is a decrease in Xgrs and a slight increase in Xprp at the
grain boundary. Symbols on both profiles are square=spessartine, cross=grossular, circle=pyrope,
triangle=almandine and single line=XFe (i.e. Fe/Fe+Mg).
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Figure 2.6. Clinopyroxene compositions plotted as Di+Hd, Ae and Jd measured in the selected samples as
described in the text. The ficlds for Omp and Na-aug are indicated. Note: in the bottom left figure
analyses for the migmatitic garnet-amphibolite (Sample 313) are represented by filled diamond

symbol.
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Figure 2.7. Plagioclase compositions (relicts and collars) measured in the selected samples.
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Figure 2.8. Summary of reaction stages and pathway for the formation of the main textures during the

transition from Fe-Ti gabbro to eclogite in the samples described in the text.
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Figure 2.9. Summary of reaction stages and pathway for the formation of the main textures during the

anatexis and amphibolite overprinting of the migmatitic garnet amphibolite (sample 313).
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Figure 2.10. PT-conditions recorded by the samples from the BNS. PT-cstimates shown in the diagram
were calculated using the TWEEQU program. Boxes represent PT-ranges defined by between 4

and 20 independent analyses and PT-estimates for each sample.
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Table 2.1. Representative analyses of garnet, plagioclase, clinopyroxene, pargasite (amphibole), spinel and
ilmenite, in the eclogites, transitional metagabbros, coronites and amphibolites from the BNS.




66 a8og

Sample 21 Sample 85 Sample 123 Sample 313
(eclogite) (transitional) (coronite) (migmatitic garnet-amphibolite)
Grt-pscudo  Gri-pseudo  Gricorona  Gri-corona | Gripscudo  Gri-pscudo  Grmicorona  Gricorona | Gricorona  Gri-corona Gn Gnt Gn
w (rim -con }-con core fim| -con| )-con -con 1-con core inner nm! nm
§i0, 3995 3992 40.00 39.75 3853 3825 3887 38.70 3887 872 3781 3765 3793
A0, 212s 257 2224 21.90 27 2143 21.52 2133 2179 21.80 21.04 21.18 2143
T, 0.08 008 0.00 0.08 0.02 0.00 0.00 008 012 0.02 0.00 002 0.00
FeO (total) 241 24.05 23.66 18.55 21 27N 210 2129 2645 27.00 2835 2934 28.56
MgO 1035 10.54 9.42 5.49 567 5.41 sn 50 156 703 328 339 434
MsO 044 037 063 039 039 0.62 0.66 0.63 06! 050 1.64 130 027
Ce0 401 k¥ 7] 548 15.00 672 5.92 576 8.7 582 5.62 901 887 870
Tetal 0122 100.79 10149 101.23 102.03 101.43 101.70 102.0! 101.92 100.75 101.24 101.90 101.34
8l 300 298 301 301 295 298 300 298 299 29 298 295 296
Al 1.97 199 197 1.96 206 1.97 196 194 1.96 198 195 196 1.97
1] 000 0.00 0.00 00} 0.00 0.00 0.00 0.00 000 000 000 0.00 0.00
e 1L.# 1.47 1.46 114 | 5, 1.88 1.84 1.68 1.69 n [ I, 1.84 1.80
| Sl 0.02 003 003 0.04 0.00 0.07 0.04 0.07 005 003 0.07 0.09 0.06
Mg 116 | ] 1.06 062 0.65 063 0.66 059 082 08) 038 040 0.50
Cas 032 03) 044 1.22 0.55 0.4 048 on 048 046 076 07s 0m
Ma 003 0.02 0.04 0.02 0.03 0.04 004 004 003 003 0.11 009 002
Total 80} 802 801 801 802 804 802 804 803 802 805 807 805
XAlm 047 0428 0487 0.385 0.594 0.600 0.609 0.556 0557 0.555 0.589 0.59% 0.590
XPrp 0362 0.403 0352 0.203 0215 0224 0218 0.193 om 0275 0.126 0.129 0.166
XGes 0.094 0.085 0133 0392 1A} 7] 0.136 0.138 0.200 0136 0.138 0214 0.200 0.206
XSps 0.009 0.008 0013 0018 0008 0.014 0.014 0.014 0011 0.014 0.036 0028 0.006

¢ 4303




Table 2.1. (continued).




0#°C 284

Sample 21 Sample 85 Sample 123 Sample 313

(eclogite) (transitional) (coronite)  (migmatitic grti-amphiblite)

Pl-relit  Pl-xeno | Plgelit  Pl-xeno Pl-relict Pl-incl Pl-matix
$i0, 6478 6075 6323  S14) 6268 $9.36 $9.89
ALO, 2245 256 292 2185 2341 25.20 2496
FeO (total) 029 027 060 019 027 034 0.16
C20 2583 684 3m 768 484 732 6.39
Ns,0 10.10 256 849 701 84l 747 783
K;0 ol 016 047 0.33 027 047 029
Total 10026 10093 9950 10047 .88 10018 10005
sl 2846 2680 2809  25%9 27 2654 2673
A 1.163 1319 1200 1463 123 1.328 1313
e 0011 0010 0022 0007 0010 0013 0.006
Ca 0119 034 017 0367 0230 0.35) 0331
Na 0860 0647 0732 0606 (1% 1] 0648 0678
K 0006 0009 0027 0018 0015 0027 0016
Tetal 5006 4988 490 5021 499 5.020 5017
XAn 0121 033 o192 030 0238 0342 0323
XA 0873 0661 070 061 0.747 0632 0661
XOe 0006 0009 0028 0019 0016 0.026 0016




Table 2.1. (continued).




1#+C 3804

Sample 21 Sample 85 Sample 123 Sample 313
(eclogite) (transitional) (coronite) (migmatitic grt-
amphibolite)
(Gricon)  (Opxcon)  (care) (rim) (con Cn; (care) (rim) (Grtcon)  (Opx-con) |(leucosome) (amp-matrix)
e )

§10, 5478 5468 5431 478 5220 5198 5220 37 33.16 5247 an
ALO, 991 1028 780 629 kX 7] 440 389 442 393 312 1239
TIO, 0.56 0.61 (131 ] 028 037 035 037 0.12 0.18 023 228
FeO (lotal) 672 5.58 557 6.97 1099 10.78 10.82 192 823 10.81 1613
MgO 9.80 941 1098 11.54 11.43 11.28 1.1 1222 1249 11.53 10.20
MO 003 0.00 012 0.04 015 0.09 o.o8 0.06 013 0.06 004
Cn 04 0.16 oll 003 007 0.00 0.00 0.00 0.00 004 0.1% 013
N0 000 0.00 0.00 0.00 0.00 003 0.00 0.00 004 0.00 0.00
Ca0 1452 1449 1724 1689 20.18 2008 2039 2018 2064 2027 11.52
Na,O 518 6.08 36t 390 183 131 1.67 1.8 1.24 1.35 1.66
K0 0.00 0.00 0.00 0.00 0.08 0.04 0.00 0.00 000 0.00 1.48
Totad 100.89 10).54 100.35 10091 101.32 100.26 10067 100.4S 100.08 100.05 97.57
8 1.96 1.93 1.96 1.98 1.92 1.94 1.94 1.97 1.96 1.96 6.20
Al 038 043 033 027 017 0.19 017 0.19 017 0.14 22
1] 002 0.02 0.00 0.01 0.01 0.01 0.01 000 000 0.0 0.26
| U 0.18 007 017 0.16 023 032 0.28 024 025 032 1.84
002 009 0.00 008 0lo 001 0.06 0.00 000 002 0.19
Mg 0s2 0.50 059 062 063 0.62 061 067 069 0.64 229
Ma 0.00 0.00 000 000 0.00 000 000 0.00 0.00 000 0.06
Cs 056 05% 069 0.65 0.80 080 081 0 082 0.4l 1.86
Na 036 042 0.25 0.28 013 0.09 012 013 0,089 0.10 048
K 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 027
Tetal 401 403 400 402 404 400 402 400 39 401 1.7
XHd 0.256 0.128 0222 0209 02n 0.340 0.286 0267 0270 0330 -
XM 0.744 0878 0778 071 0728 0.660 0714 073 0.730 067 -
XAcm 002) 0.094 0.000 0.046 0.104 0013 0087 0.000 0.000 002 -
X34 0.336 0322 0.254 0.226 0.027 0.081 0063 0.129 0.090 0076 -

7 42dbg




Table 2.1. (continued).




2T a8od

Sample 2)

Sample 85

(transitional)

Sample 123 Sample 313

(mig, grt-amph)
lim-inc)

s Gnt

SI0, 0.81 0.18 053 037 007
TIO, 007 002 007 0.06 4615
ALO, 61.57 6.3 60.79 60.88 002
0, 007 003 001 0.00 0.00
FeO (total) 2288 3086 3043 2696 227
MaO 009 007 001 002 0.36
MgO n”n 791 3 956 095
) 1.74 1.53 1.47 1.60 018
NIO 027 0.00 012 02 0.00
Total 100.21 100.83 100.56 9967 9997
L} 0022 0.00% 0014 0010 0002
Al 1912 1938 1.946 1938 0,00
0.509 0.700 069 0615 (Y7,
| Ol 0.000 0.000 0.000 0.000 0.267
Ma 0002 0001 0,000 0000 0.006
Mg 0.504 0320 0292 0389 0037
n 0,001 0,000 0.001 0,00 0903
Cr 0.002 0001 0,000 0,000 0.000
I 0034 0.03) 0.030 0032 0,003
N 0.006 0,000 0.000 0.005 0,000
_Total 2992 2996 2982 2990 2.093




Table 2.2. PT-conditions recorded by the eclogites, transitional metagabbros, coronites and amphibolites
from the BNS. Abbreviations for the thermometers are: E&G79=Ellis & Green (1979),
K88=Krogh (1988) for garnetclinopyroxene, G&P84=Graham & Powell (1984) for gamnet-
amphibole. Abbreviations for the barometers are In&D97=Indares & Dunning (1997) for the
gamet-plagioclase-spinel-corundum reaction, In95=Indares & Rivers (1995) for the garnet-
plagioclase-kyanite-corundum reaction, N&P82=Newton & Perkins (1982) for the garnet-
clinopyroxene-plagioclase-quartz reaction and G&S84=Ghent & Stout (1984) for the garnet-

plagioclase-rutile-quartz-titanite reaction (GRAIL variant).




£#°C 38vq

Sample 21 (eclogite) Sample 85b (Transitional) Sampie 123 (Coronite) Sample 313 (Migmatitic gnt-amphibolite)
Corona Granoblastic asscmblages Corona Granoblastic assemblages Corona assemblage Leucosom  Leucosomes Rims &
asscmblage assemblage es&core & innernim matrix
GnCpx-Pl- | GnCpx-Pl-  Gn-CpxPl- | GnCpx-Pl- | GnCpx-  GnCpx- | GnCpx- | GaCpxPl. | OnCpxe | GnCpa-Pl- | Gr-AmpPl-
Spl-Cm Spl-Cm Ky-Cm SpiCm PI-SplCm  PI-Spl-Cm Pl-Spl- Spi-Cm Pl-Quz Quz Qu-Tn-R2
(contacts) (cores) (nms) (contacts) (cores) (rims) Cm (w/Pl- (pt-cores) (grt-inner (amphibolite)
_{contatcs) collar) rims)
Thermometers
(T-range from 0 to 20 kbars)
TWEEQU 655-785 680-825 615-780 Nns-828 705-820 690-800 765-815 695-790 630-760 755-855 710-850
E&GP 680-800 685-840 635-805 740-850 T20-840 680-805 760-825 705-798 670-798 T80-885
Kss 620-775 670-820 593.790 700-805 690-795 635-790 730-785 675-T70 605-745 745-850
GaPs4 T08-755
Basometers (all TWEEQU)
(P-range for the temperstures sbove)
In&D9? 1417 13-16 11-13 11-14 10-14 11-14 113
(Gn-P1-Sp-Cm)
In9S 1417
(Gn-Pl-Ky-Cm)
NaPrs2 911 11-13
(Ont-Cpx-Pl-Qr)
Gass4 810
(GRAIL)




Baper 3

High pressure and temperature metamorphism of the mafic and
ultramafic Lac Espadon suite, Manicouagan Imbricate Zone, eastern

Grenville Province.

Abstract

The Lac Espadon suite (LES) of the Manicouagan Imbricate Zone (eastern Grenville Province,
Quebec) is composed of layered mafic and uitramafic rocks, which are Labradorian in age (ca. 1650-1630
Ma) and were variably deformed and metamorphosed under high pressure and high temperature (high-
PT) conditions during the Grenvillian Orogeny between ca. 1050-1000 Ma. Maximum PT-conditions of
780-930 °C at 16-19 kbar (high-T eclogite facies) are recorded in massive coronitic troctolite and
hornblendite from the western part of the LES. In these rocks, coronas of orthopyroxene, clinopyroxene
and garnet have grown at the expense of olivine and plagioclase. Relict plagioclase contains inclusions of
kyanite and corundum, and gamnet coronas locally preserve growth zoning. Deformed margins of the
mafic rocks have granoblastic hydrous assemblages that are interpreted to have equilibrated during
exhumation at ca. 700 °C at 10-12 kbar and then down to ca. 600 °C at 5 kbar (amphibolite facies
conditions) suggesting a steep retrograde PT-path. Olivine gabbro from the eastern part of the LES
records peak conditions of 775-870 °C at 14-16 kbar. Granoblastic areas in the rock are partially hydrated
and give conditions of 760-820 °C at 12-14 kbar suggesting a near isothermal PT-trajectory. The
suggested PT-paths are compatible with structural evidence suggesting tectonic exhumation of these rocks

by northwest-directed thrusting with coeval extension on top of the pile. The high-PT conditions and steep
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decompression paths recorded by the LES are similar to several adjacent and nearby terranes, suggesting

widespread exhumation of the lower crust in this area of the Grenville Province.

Keywords: Grenville Province, mafic rocks, coronas, eclogite facies, amphibolite facies.

3.1. Introduction

High-grade metamorphic terranes constitute petrological windows through which processes in
the deep crust in orogenic belts can be studied. In such terranes, rocks in which metamorphic reactions
have not gone to completion may allow segments of their pressure and temperature (PT) history to be
recovered. Rocks with corona textures are especially suitable for studies of this type, and may be regarded
as displaying local or domainal equilibrium (Rubic 1990). The best examples of such textures are
commonly found in coarse-grained, dry and relatively undeformed, mafic (meta-igneous) rocks (e.g. Mork
1985, 1986; Pognate 1985; Koons et al. 1987; Rivers and Mengel 1988; Indares 1993; Indares and Rivers
1995). In contrast, their deformed equivalents commonly display granoblastic textures due to enhanced
chemical diffusion and fluid infiltration from country rocks (¢.g. Heinrich 1982; Rubie 1986; Koons et al.
1987). The result is that coronitic rocks at the cores of igneous bodies commonly preserve near-peak
metamorphic conditions better than their recrystallized margins, as the latter are also more readily
retrogressed again due to the presence of fluid that allows the development of hydrous phases at
amphibolite facies conditions. Application of thermobarometry to coronitic rocks is particularly difficult
because the presence of coronas suggests global disequilibrium. However, detailed petrographic study may
allow identification of domains in which local (domainal) equilibrium can be assumed, and which can be

used for PT-determinations.
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Coronitic gabbros in the southern part of the parautochthonous belt of the eastern Grenville

Province have been shown to record PT-conditions up to eclogite facies (e.g. Indares 1993; Indares and
Rivers 1995). It seems likely, therefore, that coronitic textures have resulted from incomplete
transformation at high-pressure and high-temperature (high-PT) conditions. Evidence for high-PT
conditions is only preserved where fluid infiltration is limited or absent during retrogression and
exhumation. The Manicouagan Imbricate Zone, eastern Grenville Province, contains a variety of mafic
units with coronitic textures (e.g. Indares et al. 1994). Among them the ca. 1650-1630 Ma (Labradorian)
Lac Espadon suite (LES) in the Boundary zone consists of lenses of coronitic mafic and ultramafic rocks
along with amphibolites that were metamorphosed under high-PT conditions during the Grenvillian
Orogeny (ca. 1050-1000 Ma, Cox et al. 1998). The aim of this study is to describe the textures of the
mafic and ultramafic rocks of the LES and to determine the PT-conditions and PT-paths under which they

developed.

3.2. Geological Setting

The Manicouagan Imbricate Zone is a 2000 km? stack of high-P crustal rocks exposed along the
shores of the Manicouagan Reservoir in eastern Quebec. It occurs at the same structural level as the
Molson Lake terrane (Figure 3.1a), which has previously been reported to contain eclogitized metagabbro
(Rivers et al. 1989; Indares and Rivers 1995). To the north, both the Manicouagan Imbricate Zone and the
Molson Lake terrane tectonically overlic a Grenvillian fold-thrust and nappe belt (the Gagnon terrane)
along a thrust contact. To the south, the Manicouagan Imbricate Zone is overlain by the Harte Jaune
terrane along an extensional shear zone (Figure 3.1a). The Harte Jaune terrane experienced medium-P

metamorphism during the Grenvillian orogeny.
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The Manicouagan Imbricate Zone consists of two fault-bounded lithotectonic packages. The

lower package, known as the Lelukuau terrane (Figure 3.1b), is a stack of thrust slices largely composed
of Labradorian (ca. 1650 Ma) rocks that are thought to represent an igneous AMCG suite. The terrane has
experienced high-PT metamorphism (16-18 kbar and 850-900 °C, Indares 1997) which was coeval with
the emplacement of mafic dykes between 1050 and 1000 Ma (Gale et al. 1994; Indares et al., 1998). The
tectonically overlying Tshenukutish Terrane (Figure 3.1b) comprises two lithotectonic segments, the
structurally lower Baie du Nord segment and the overlying Boundary zone. Both units are transected and
bounded by extensional shear zones (Figure 3.1b) with evidence for top-to-the-southeast or -southwest
transport (stage 1 extension, Indares et al. 1998).

The Baie du Nord segment is mainly composed of ca. 1450 Ma megacrystic diorite intruded by
ca. 1170 Ma Fe-Ti gabbros. The Fe-Ti gabbros show a transition from coronite (770-810 °C and 11.5-13.5
kbar) in the southwest to eclogite (720-825 °C and 13.5-17.25 kbar) in the northeast (Cox and Indares, in
press). The Boundary zone (Figure 3.2) consists of the Harte Jaune granite (1017+/-2 Ma), the Brien
anorthosite (1169+/-3 Ma, Scott and Hynes 1994) and subordinate metasedimentary rocks. In addition, the
Boundary zone contains Labradorian mafic and ultramafic rocks, referred to as the Lac Espadon suite
(LES). To the south, the Boundary zone is bounded by the Harte Jaune shear zone that separates it from
the Harte Jaune terrane and truncates all structural features in the Tshenukutish terrane. The Harte Jaune
shear zone displays evidence for top-to-the-southeast transport (stage 2 extension, Indares et al., 1998).

The LES can be divided into two parts, exposed along the western and castern shores of the Hart
Jaune Arm (Figure 3.2). The western part comprises ultramafic rocks (troctolite, dunite and hornblendite)
and amphibolite that occur locally as tectonic enclaves in a sheared orthogneiss, and an apatite-rich, Fe-Ti
mafic intrusion (nelsonite) to the north Figure 3.2). The castern part of the LES comprises a massive body

of mesocratic olivine gabbro. U-Pb geochronology and geochemical data suggest that the ultramafic rocks
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and the olivine gabbro represent parts of ca. 1650-1630 Ma (Labradorian) mafic to ultramafic complex

similar to the Labradorian rocks of the Lelukuau terrane. The nelsonite from the northern part of the LES
contains metamorphic zircons which give an upper intercept also suggesting a Labradorian age of
emplacement. U-Pb ages of metamorphic zircon and titanite (ca. 1040-1000 Ma) suggest that
metamorphism in the LES was contemporaneous with the rest of the Manicouagan Imbricate Zone (Cox et

al. 1998).

3.3. Petrography

3.3.1. Sample selection and petrographic study

The samples chosen for detailed petrographic study were collected from the massive parts of the
igneous bodies and lenses and from their deformed margins. The massive parts preserve relics of igneous
phases overprinted by high-P metamorphic minerals which display textures ranging from coronas to
pervasive grancblastic assemblages. The margins comprise foliated granoblastic, amphibole-rich
assemblages (amphibolite), indicating extensive infiltration of fluid at some stage of their metamorphic
evolution. In order to assess possible differences in metamorphic conditions recorded by the dry interiors
and hydrous margins, both were sampled from single outcrops where possible. For simplicity the igneous
names have been used where the protolith rock type is easily recognized. From the western LES, a
troctolite (sample 5a) and its amphibolite margin (sample 6am, olivine garnet amphibolite), a
hornblendite (sample 3b) and a garnet amphibolite (sample 2b) were selected along with a sample of
nelsonite (sample 9¢). From the eastern LES, an olivine gabbro (sample 35b) with granoblastic and

coronitic varieties was studied. Sample localities are shown in Figure 3.2.
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Detailed petrographic study was complemented by cathodoluminescence (CL-) microscopy.

Sections were examined using a Nuclide Luminoscope CL-unit with doubly magnified objectives giving
magnification from 20x to 640x. Operating conditions varied, but in general an accelerating voltage of 10-
15 kV and a beam current of 0.1-2 mA were used. CL-images were used to document fine-grained
inclusions in relict igneous plagioclase and growth textures of secondary plagioclase in both corona and
amphibolite assemblages.

3.3.2. Textures

Troctolite (sample 5a): Troctolite and associated rocks from the western LES preserve relict
igneous assemblages represented by olivine, plagioclase, and minor ilmenite (Appendix A, Plate Al.la).
Olivine and plagioclase are separated by triple coronas of orthopyroxene, clinopyroxene and garnet
(Appendix A, Plate Al.1b). Plagioclase has numerous oriented inclusions of kyanite, which shows a
bright red CL-emission (Appendix A, Plate A2.2a), and non-luminescent corundum which forms small
rounded grains. In addition amphibole and biotite coronas surround ilmenite. Amphibole also occurs
locally in the triple coronas growing at the expense of clinopyroxene and garnet. Where amphibole is
more extensively developed, clinopyroxene is also partially replaced by orthopyroxene (Appendix A, Plate
Al.1¢). Troctolite grades into coarse-grained dunite with minor magnetite and chromite and metamorphic
serpentine (antigorite) and orthoamphibole (Appendix A, Plate Al.1d).

Hornblendite (sample 3b): Small pods of coarse-grained, poikilitic homblendite are found in
close association with dunite and troctolite. In these rocks, amphibole forms oikocrysts up to 10 cm in
diameter. The oikocrysts in association with phlogopite and clinopyroxene megacrysts, enclose
chadacrysts of olivine, plagioclase and minor proportions of opaque minerals and apatite and represent the
relict igneous assemblage. Plagioclase and amphibole are separated by gamnet coronas whereas olivine and
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amphibole are separated by orthopyroxene coronas (Appendix A, Plate Al.2a-b). In contrast to the

troctolite, both the gamet and plagioclase in the homblendite contain numerous inclusions of kyanite,
which are readily distinguished in CL (Appendix A, Plate A2.2b), and corundum, both of which are
oriented parallel to cleavage in the plagioclase.

Olivine garmet amphibolite (sample 6am): Deformed margins of troctolite are transformed to
granoblastic olivine garnet amphibolite that consists of abundant relict olivine, amphibole and
orthopyroxene and is largely plagioclase-free. The igneous protoliths of these rocks probably contained
more olivine and less plagioclase than in the original troctolite. Locally, the olivine amphibolite are
foliated and granoblastic in texture and display large gammet porphyroblasts with inclusions of amphibole
and small quantities of plagioclase (Appendix A, Plate Al.3a-d). The deformed margins of hornblendite
in contrast do not develop obvious retrograde assemblages. This may be in part due to the hydrous
(amphibole-rich) nature of the protolith.

Garnet amphibolite (sample 2b): Granoblastic garnet amphibolite outcrops adjacent to the
hornblendite (Figure 3.2). It is composed of subhedral (Appendix A, Plate Al.4a) to anhedral (Appendix
A, Plate Al1.4b) garnet porphyroblasts with equigranular plagioclase, quartz, amphibole and lesser
amounts of biotite, rutile, titanite, and ilmenite. CL-images reveal two generations of plagioclase growth.
Plagioclase with bright blue CL-emission appears as inclusions in subhedral garnet porphyroblasts in
association with dull, red-luminescent quartz and is also uniformly distributed in the matrix (Appendix A,
Plate A2.2c). The blue CL-emission of the plagioclase is identical to that in the undeformed troctolite and
homblendite (and olivine gabbros, see below). However, anhedral gamnet porphyroblasts are rimmed by
plagioclase with a yellow CL-emission (Appendix A, Plate A2.2d). The luminescence colours in
plagioclase may be caused by small amounts of REE, Mn, Fe** and Ti. In general REE (Eu in particular)

combined with Ti, Mn and Fe give blue to violet CL-colors whereas REE-poor feldspars with traces of
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Mn and Fe* give yellow, give green or red CL-colors (Marshall 1988; Gotze et al. 1999). The intensity of

the colours is strongly dependent on the concentration of each activating trace clement. Mn-diffusion is
faster than REE in gamet (Coglan 1990) and it may be the breakdown of the Mn-bearing garnet that is
responsible for the development of the yellow versus blue luminescent plagioclase around the subhedral
crystals. Titanite is also found in these textural settings growing at the expense of rutile.

Nelsonite (sample 9c): The nelsonite is dominated by large, 1-5 cm apatite and ilmenite crystals.
Original plagioclase has been recrystallized and contains minute spinel inclusions with rare, fine-grained
corundum inclusions. Garnet forms an irregular corona between areas rich in mafic phases (ilmenite,
amphibole, biotite) and plagioclase (Appendix A, Plate Al.Sa). Biotite also occurs as coronas around
ilmenite commonly in association with garnet, and also as inclusions in the latter (Appendix A, Plate
Al1,5b). Secondary plagioclase commonly forms between gamet and amphibole showing up as well-
defined blue collars under the CL-microscope adjacent to bright yellow apatite. These phases contrast with
the non-luminescent garnet, biotite, amphibole and ilmenite (Appendix A, Plate A2.2e). Plagioclase
collars are interpreted to have grown during decompression (Indares 1993).

Olivine gabbro (sample 35b): In the olivine gabbro from the eastern LES the original igneous
assemblage consists of plagioclase, olivine and clinopyroxene, the latter being rich in rutile inclusions.
Large apatite crystals are common, and minor ilmenite is also present. The olivine gabbro shows more
pervasive development of metamorphic textures, ranging from coronitic to granoblastic (Appendix A,
Plate Al1.6a-b). Plagioclase domains preserve an original igneous shape but are extensively recrystallized.
Olivine has been replaced by aggregates of orthopyroxene rimmed by a corona of clinopyroxene. Garnet
occurs as discontinuous coronas between clinopyroxene and plagioclase and locally as granoblastic
porphyroblasts. Amphibole is present throughout the olivine gabbros, around original euhedral biotite and

ilmenite, and also around clinopyroxene where it is commonly associated with granoblastic garnet and
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inclusion-poor plagioclase (Appendix A, Plste A1.6b). In these areas, relict crystals of clinopyroxene also
show a reduction in abundance of rutile inclusions adjacent to the gamet-amphibole-plagioclase contacts.
Commonly both gamet and recrystallized plagioclase cores contain kyanite inclusions which are evident

in CL-images (Appendix A, Plate A2.2f).

3.4. Mineral Chemistry

3.4.1. Mineral analysis

Gamnet, olivine, orthopyroxene, clinopyroxene, amphibole and plagioclase and spinel were
analysed with a CAMECA SX-50 electron microprobe, using a LINK EDS X-ray analyzer. Back-scattered
electron (BSE) images were used to examine fine-scale features prior to analysis. The EDS analyzer was
calibrated using a Co-gain procedure. Several mineral standards were analysed before and after each run.
Conditions for analysis were set at 1S kV accelerating voltage, a beam current of 20 nA and a2 beam
diameter of 1um, except for plagioclase which was analysed using a 10 nA current and a beam diameter
of 3um to avoid Na-loss during analysis. Count times varied from 50 seconds for garnet to 100 seconds for
pyroxene and amphibole. Results were corrected using the ZAF software. Typically 50-100 analyses of
each mineral in each section were performed along with zoning profiles where appropriate. Representative
results of electron-microprobe analyses of mineral compositions are shown in Table 3.1. The structural
formulac for garmet, orthopyroxene, clinopyroxene, amphibole and plagioclase were calculated using
THEBA v.6.0 (J. Martignole and others, personal communication 1995). The Fe*'-content of
ferromagnesian minerals was estimated using the method of Droop (1987). All mineral abbreviations are
from Kretz (1983) and Spear (1993).
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3.4.2. Garnet

Representative garnet compositions are shown in Figure 3.3. Garnet compositions from the most
Mg-rich rocks, i.e. troctolite (in contact with clinopyroxene), homblendite, olivine gabbro and also the
olivine gamet amphibolite all have high Mg-contents (>Prpso). In contrast, the nelsonite and garnet
amphibolite are more Fe-rich and their gamnets have correspondingly lower Mg-contents (ca. Prpzo.30).
Thus, there is a correlation between the Mg-content in garnet and bulk rock composition. On the other
hand, the troctolite, hornblendite and olivine gabbro contain mineral assemblages indicative of high-P
metamorphism, whereas the garnet amphibolite has amphibolite facies assemblages. The olivine gamet
amphibolite contains evidence for both high-P metamorphism, e.g. coexisting gamnet and olivine (Harley
and Carswell 1990) and reequilibration ¢.g. orthopyroxene and amphibole. Thus, there may also be a
correlation between the type of mineral assemblage (high-P versus retrograde) as well as whole-rock
chemical composition.

Garnet zoning profiles are shown in Figure 3.4. The gamet coronas in the troctolite (sample 5a)
are strongly zoned. In amphibole-free coronas, Ca increases towards plagioclase with a maximum Grs,g
adjacent to the contact. This is compensated by decreasing Fe and Mg from clinopyroxene (Pyp;sAlmy,) to
plagioclase (PypisAlms;) contacts (Figure 3.4a). The XFe (i.c. Fe/Fe+Mg) in these gamet coronas
increases in conjunction with Ca-content. The above patterns are typical of growth zoning in coronitic
garnet (Indares and Rivers 1995; Indares and Dunning 1997). Since coronitic gamnet grows from the inner
to outer rim between reactant phases instead of concentrically outward, zoning is controlled by the
chemical gradient between the minerals at the growth interfaces. In other words, the gamet corona has
higher Ca toward the plagioclase and higher Fe and Mg towards the clinopyroxene. In the coronas where
orthopyroxene and amphibole replace clinopyroxene, gamnet zoning displays a similar trend but in

addition there is a reversal at the gamnet rims. In such cases the Ca-content drops from a maximum of
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Grs4 to Grss at the garnet-plagioclase contact. Mg decreases to Prps; and Fe increases to Almys (Figure

3.4b) at the clinopyroxene/orthopyroxene/pargasite (triple-junction) contact. The reversal in zoning is
interpreted to be the result of retrograde resetting. The amphibole-bearing garnet coronas also show less
strong XFe zonation, probably due to the effects of chemical reequilibration.

Gamet coronas in the homblendite (sample 3b) are weakly zoned (Figure 3.4¢) with
compositions ranging from Alm,,Prp.sGrs,3 (amphibole contact) to AlmysPrp.Grsis (plagioclase contact)
probably due to homogenization at elevated temperatures. XFe also increases with Fe-content. Large
garnet porphyroblasts from the gamet-olivine amphibolite (sample 6am) show a weak increase in Fe-
content and decrease in Mg-content (Figure 3.4d) from the core (Alm,sPrps;) to the rim (AlmsPrp.)
along with an increase in XFe. These porphyroblasts are unzoned with respect to Ca and indeed Grs-
contents are low (Grses). The lack of zoning displayed in the core of the garnet porphyroblasts suggests
high-T homogenization. The increase in XFe toward the rim indicates that Fe-Mg exchange continued at
the garmet rims during cooling.

Both subhedral and resorbed garnet porphyroblasts in the garnet amphibolite (sample 2b) are
homogeneous. The subhedral grains (Figure 3.4¢) locally display a slight decrease in Mg (Prp.s-«) and
increase in Fe and Mn towards the rims (Almys.soSpeqgzos) along with an increase in XFe. The increase in
XFe towards the garnet rim suggests retrograde resetting. Garnet coronas from the nelsonite (sample 9¢)
are also weakly zoned (Figure 3.4f) with Ca increasing slightly and Fe decreasing towards the plagioclase
(AlmyGrs o to AlmgsGrs s). XFe increases towards biotite inclusions in the corona. In addition, the garnet
compoasitions are higher in Mn-content (Spsy) than in the other samples. Thus, the garnet zoning profiles
in the nelsonite show clear evidence of homogenization and retrograde Fe-Mg exchange with biotite

inclusions.
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The olivine gabbro from the eastern LES (sample 35b) displays areas with both coronitic and

porphyroblastic gamets. In coronitic examples garnet compositions generally increase in Ca (Grszr.10) and
decrease in Mg (Prp.s.s2) towards the plagioclase contacts (Figure 3.4g). XFe also increases along with
Ca. Garnet porphyroblasts (Figure 3.4h) are also zoned with (kyanite-bearing) cores richer in Ca
(Alm2sPrp,;Grsy;) and rims richer in Fe and Mg (Alms;PrpsoGrs;s). This indicates that despite their
granoblastic texture, these garnets may have replaced original plagioclase domains and zoning is a relict
growth feature. However, the XFe content of the garnet porphyroblasts is homogeneous. This indicates
that the garnet porphyroblasts were partially homogenized during cooling.

3.4.3. Clinopyroxene, plagioclase and amphibole

In contrast to the gamet, clinopyroxene, plagioclase and amphibole display more restricted
compositional ranges. The clinopyroxene compositions from the both the troctolite and olivine gabbro
(Figure 3.5) are all Na-augite (Di+Hdeo.0sJd+Aes ).

Plagioclase compositions for the troctolite and hornblendite lie in the range Anugi0Abso-70
(Figure 3.6). Plagioclase from the garnet amphibolite (sample 2b) and plagioclase inclusions in garnet
poikiloblasts in the from the olivine garnet amphibolite (sample 6am) are slightly more sodic (Ani..;2Abgs.
1s). Plagioclase compositions in the olivine gabbro lie in the range Ans..30Abssso. In the nelsonite
plagioclase with spinel inclusions ranges in composition from AnysAbe; to AnsoAbqe, whereas secondary
collars are more sodic (Anzs.;sAbvsgz).

In all samples, the amphiboles lie in the compositional range pargasite-ferropargasite-edenite-
ferroedenite (Figure 3.7). Samples with the best preserved textural evidence for high-P metamorphism
(troctolite, hornblendite and olivine gabbro) also contain the most magnesian-pargasite amphibole

compositions. This is consistent with the interpretation that the pargasitic amphibole grew as a
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replacement of high-P (Mg-rich) garnet and clinopyroxene in the presence of fluid shortly after peak

conditions. The amphibole-rich rocks, olivine garnet amphibolite, garnet amphibolite and nelsonite
contain the most Fe-rich pargasitic amphiboles. Amphibole compositions in the olivine gamet
amphibolite are the most Na-rich, lying close to pargasite-edenite compositional boundary (Figure 3.7).
The more Fe-rich compositions in these samples may be the result of reequilibration with garnet or other

Fe-rich phases during retrogression.

3.5. Interpretation of textures and thermobarometry

3.5.1. General approach

For each sample, interpretation of textures and of mineral chemistry was followed by selection of
appropriate microdomains for PT-determinations. These are local domains in each sample for which local
equilibrium may be inferred, and pressure and temperature dependent reactions can be written.
Temperatures were calculated using garnet-clinopyroxene, gamet-orthopyroxene, gamet-olivine and
garnet-amphibole Fe-Mg exchange reactions. Pressures were calculated using the gamet-plagioclase-
kyanite-corundum reaction (Indares and Rivers 1995) for the troctolite, hornblendite and olivine gabbro.
The assemblage garnet-plagioclase-quartz-rutile-titanite, a variation of the GRAIL barometer (e.g. Ghent
and Stout 1984), was used in the garnet amphibolite. The gamet-plagioclase-spinel-corundum reaction,
after Indares and Dunning (1997), was used for P-estimates in the nelsonite. Due to the lack of contacts
between granoblastic domains and plagioclase inclusions in the olivine garnet amphibolite independent
pressures could not be calculated for this sample. Given the errors associated with the estimation of the

Fe**-content all temperatures were calculated assuming the Fe to be Fe**.
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Temperatures and pressures were calculated using appropriate reactions with the program

TWEEQU v.2.02 (Berman 1991) that uscs an internally consistent database. Activity models used are
those of Fuhrman and Lindsley (1988) for plagioclase, and Berman et al. (1995) and Berman and
Aranovich (1996) for olivine, pyroxene and garnet. For garnet-amphibole thermometry, v.1.01 of the
program was used (Berman pers. comm.) with the activity model of Miader and Berman (1992) for
amphibole and Berman (1990) for garnet. The results were compared with the Fe-Mg exchange
thermometers of Ellis and Green (1979) and Krogh (1988) for garnet-clinopyroxene, Carswell and Harley
(1990) for garnet-orthopyroxene, O’Neil and Wood (1980) for garnet-olivine and Graham and Powell
(1984) for garnet-amphibole because these have been extensively used in the literature. The PT-conditions
calculated using TWEEQU are shown in Table 3.2 and in Figure 3.8.

3.5.2. Troctolite (sample 5a)

In the troctolite, the development of the orthopyroxene, clinopyroxene and garnet triple corona
between olivine and plagioclase involves Fe and Mg diffusion from the olivine and Ca and Al diffusion
from the plagioclase. In addition, the corona sequence orthopyroxene-clinopyroxene-gamet is consistent
with higher Al-concentration in the plagioclase domains and higher Fe and Mg in the olivine domains.
Thus, high Ca and high Mg and Fe are a direct result of growth in contact with plagioclase and
clinopyroxene at the respective margins of the garnet corona. The presence of corundum and kyanite
inclusions in the plagioclase on the other hand is caused by the gamet acting as an Al-buffer (e.g. Yund
1986) causing an excess of Al in the plagioclase site. Thus, the development of the triple corona
assemblage in a quartz-absent system along with the presence of corundum and kyanite in the plagioclase,
can be represented by the general reactions;
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R 3CaALSi;0p + I(Mg.Fe]:Si0¢ < 3{MgFe]SiO; + Ca;AL1Siy0y; + [Mg.FelsALSi;On; + AL Oy
An Fo/Fa EnFs Gn Prp/Alm Cm
inPl ol Opx corona in Grt corona incl. in Pl

R2} 4[MgFe]SiO; + 4CaALSi;Oy + NsAlSi)Og + 2ALO; &
En/Fs An

Ab Cm
Opx corona in Pl incl in Pl
Ca{Mg.Fe]SiO¢ + NaAlSi:O¢+ CasAl1Siz0n2 + [Mg.Fe]sAl:SiyOn2 + SALSIOs
Di/Hd 8] Grs Prp/Alm Ky
in Cpx corona in Grt corona incl. in Pl

In this textural setting the gamet-plagioclase-kyanite-corundum barometer (Indares and Rivers
1995) can be applied to gamnet-plagioclase contacts. The distribution of Fe and Mg between the garnet and
clinopyroxene rims can be used to constrain the metamorphic temperatures. The absence of retrograde
resetting at both rims of the gamet corona suggests that the equilibrium compositions of the adjacent
phases were achieved during peak T-conditions and are likely preserved (Indares and Rivers 1995).
Therefore, calculating P-conditions with garnet compositions the plagioclase rims and T-conditions at the
gamnet-clinopyroxene contact should give conditions of peak metamorphism.

The breakdown of the corona assemblage locally to give amphibole and orthopyroxene can be

represented by the general reactions;

(R3] S[MgFel1Al;Si;01; + Ca3AL;SizOh; + 19NaAISi;Oy + 9Ca[MgFe]Si;O + 6H,0 =
Alm/Prp Di/Hd Water

Grs M
in Grt corona in Cpx corona
12NaAlSi;Op + 6NaCay[Mg FelsAlSicOn(OH),
Ab Prg/Feprg
refrograde coronas

[R4) 8[Mg.Fe}sALSi;Oy2 + 10Ca[Mg.Fe]SizO¢ + 2NaAISi; 0 + 2H,0 &
AlnvPrp DiHd

Ab Water
in Grt corona in Cpx corona inP?
26{Mg Fe]SiOs + 6CaALSi;Oy + INaCar{Mg FehiAl1SigOr(OH):
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Reactions [R3] and [R4] require plagioclase in both the reactants and products. Plagioclase is not
adjacent to both the garnet and clinopyroxene in the corona assemblage. This suggests that some open
system behavior involving fluid is likely responsible for retrogression in the amphibole-bearing corona
assemblages. In these coronas the partial resetting of Ca, Fe and Mg is shown in the zoning profiles of the
garnet (Figure 3.4b) which is indicative of retrogression. Therefore, the re-equilibration of Fe and Mg
between the garnet-orthopyroxene, gamet-clinopyroxene and gamet-amphibole may be used to constrain
the closure T-conditions during retrogression. During retrogression the exchange of Fe and Mg may
continue at lower T-conditions than reactions involving Ca because of the decoupling of mass transfer and
exchange reactions. However, if the recorded temperatures are high (>700 °C) then partial resetting of the
Ca-zoning at the garnet-plagioclase rims will probably have occurred at the same time as the Fe-Mg
exchange (e.g. Cygan and Lasaga 1985; Loomis et al. 1985; Chakraborty and Ganguly 1992; Schwandt et
al. 1996). In this case P-conditions calculated using the gamet-plagioclase-kyanite-corundum reaction at
the adjacent rims may be combined with the calculated temperatures to give a point on the retrograde PT-
path. However, the results should be viewed with caution. In addition, comparative T-estimates were made
using clinopyroxene inclusions in the garnet in the amphibole-bearing corona assemblages.

Peak PT-conditions obtained in amphibole-free coronas with garnet-clinopyroxene corona
contacts are in the range 780-870 °C at 16-19 kbar (Figure 3.8a). In amphibole-bearing coronas the T-
conditions calculated using gamet-clinopyroxene inclusions give overlapping PT-ranges of 780-880 °C at
14-17 kbar. However, the retrogressed parts of the amphibole-bearing coronas give a lower PT-range of
710-800 °C at 14-16 kbar. This is consistent with the development of amphibole or equilibration of this
assemblage during cooling. The isopleths defining the reaction are almost identical for both assemblages
(Figure 3.8a) despite the Ca-resetting shown by the garnet in the amphibole-bearing corona. This

similarity indicates that the retrograde PT-path was cither parallel to the isopleths of reaction during
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retrogression or that decoupling of mass transfer (P-sensitive) and Fe-Mg exchange (T-sensitive) reactions

has occurred.

The T-ranges calculated using TWEEQU were similar to those calculated using conventional
exchange thermometers (Table 3.2). The garnet-clinopyroxene thermometers of Ellis and Green (1979)
and Krogh (1988) are gave overlapping T-ranges to TWEEQU although the Krogh (1988) calibration
gave slightly lower T-estimates. The temperatures calculated using orthopyroxene-garnet (Carswell and
Harley 1990) and garnet-amphibole (Graham and Powell 1984) were also in general agreement with
TWEEQU.

3.5.3. Hornblendite (sample 3b)

Sample 3b displays well preserved igneous textures such as amphibole oikocrysts and olivine and
plagioclase chadacrysts, with garnet coronas around the plagioclase and orthopyroxene coronas around
olivine. Unfortunately, it is not possible to describe the formation of each type of corona by balanced
reactions. The abundance of hydrous phases together with the lack of zoning in the gamet coronas
(Figure 3.4¢) suggests diffusion with some open system behavior. However, the presence of the garnet-
plagioclase-kyanite-corundum assemblage in the plagioclase domains allows pressures to be calculated.
Given the evidence of large-scale diffusion in the sample, it is reasonable to combine these P-estimates
with the temperatures calculated at the adjacent garmnet-amphibole contacts and assume that both domains
achieved equilibrium during the same T-conditions, i.c. close to the metamorphic peak or at some early
stage of cooling. The PT-conditions recorded by the hornblendite are 800-930 °C at 15-19 kbar (Figure
3.8a). The garnet-amphibole thermometer of Graham and Powell (1984) also gives overlapping T-ranges
to TWEEQU.
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3.5.4. Olivine garnet amphibolite (sample 6am)

Sample 6am is granoblastic and given the extent of metamorphic overprinting it is not possible to
suggest reactions for the development of the main assemblage. The widespread presence of amphibole
with orthopyroxene in the matrix does however suggest pervasive metamorphism, whereas olivine is
clearly a relict igneous phase. On the other hand the presence of abundant amphibole inclusions in the
garnet poikiloblasts suggests that fluid infiltration must have occurred prior to, or during garnet growth.
In this rock, garnet cores and olivine compositions were chosen to estimate minimum peak T-conditions.
In addition, areas with coarse-grained assemblages and straight contacts between the rims of garnet,
olivine and orthopyroxene were chosen to determine the temperatures of retrogression/reequilibration.
However, the absence of plagioclase in textural equilibrium with the gamet and matrix minerals prevents
an independent P-estimate to be calculated for the sample.

T-conditions recorded by garnet cores using gamet-olivine thermometry show a wide range
between 690-800 °C (assuming 10 kbar) to 740-860 °C (assuming 18 kbar). T-ranges recorded by the
garnet rims and adjacent matrix phases are much narrower ranging from 590-670 °C for garnet-olivine,
605-700 °C for garnet-orthopyroxene and 610-720 °C for garnet-amphibole exchange also at 10 and 18
kbar (Table 3.2). The garnet-orthopyroxene thermometer of Carswell and Harley (1990) and gamet-
amphibole thermometer of Graham and Powell (1984) give almost identical T-range to TWEEQU.
However, the T-estimates using the garnet-olivine exchange thermometer of O’Neil and Wood (1980) are
about 60 °C higher. Overall, the temperatures from the cores are similar to those for the retrograde
(amphibole-bearing) coronas in the troctolite, whereas the temperatures recorded by the rims and matrix
phases are lower.
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3.5.5. Garnet amphibolite (sample 2b)

Like the olivine garnet amphibolite (sample 6am), sample 2b displays a granoblastic texture and
it is not possible to suggest reactions for the development of the main metamorphic assemblage. The
texture revealed by CL-images (Appendix A, Plate A2.2¢-d) suggests the breakdown of the garnet and
quartz along with rutile (i.e. high-P assemblage) to form titanite and secondary plagioclase (i.e. low-P
assemblage). Garnet zoning is also indicative of retrogression (Figure 3.4¢). Given these observations,
reactions involving the garmet-amphibole-plagioclase-rutile-titanite-quartz assemblage can be used for
calculation of retrograde PT-conditions using garnet rims and adjacent matrix minerals. Fe-Mg exchange
reaction between garnet-pargasite and a variation of the GRAIL barometer (¢.g. Ghent and Stout 1984)
were used to estimate the retrograde PT-conditions. The PT-conditions using TWEEQU are estimated at
620-795 °C at 10-12 kbar. The T-range given by the Graham and Powell (1984) garnet-amphibole

thermometer is almost identical (630-705 °C).

3.5.6. Nelsonite (sample 9¢)

The nelsonite is markedly higher in Fe and lower in Si (Cox et al. 1998) than the other samples
and displays distinctive textures. Despite the presence of coronitic textures, high-P minerals other than
gamet are absent from the sample. In addition, plagioclase displays spinel inclusions instead of kyanite,
probably due to extensive diffusion of Fe into the plagioclase site. Garnet compositions are extensively
modified by homogenization and retrograde partial resetting. Diffusion rates in plagioclase have been
shown to be greatly increased in the presence of F (Snow and Kidman 1991). Thus, the high amounts of
apatite (up to 10%) and presumably high F-contents in the nelsonite may also have contributed to
enhanced reequilibration during cooling. PT-conditions were calculated using the garnet-plagioclase-

spinel-corundum barometer which has been recently applied in coronitic rocks (Indares and Dunning
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1997) and combined with garnet-amphibole exchange thermometry gives PT-conditions of 550-690 °C

and 4-6 kbar (Figure 3.8a). The Graham and Powell (1984) calibration gives lower T-conditions (485-
560 °C). These PT-estimates are interpreted as representing reequilibration of the textures at some stage
on the retrograde path.

3.5.7. Olivine gabbro (sample 35b)

The olivine gabbro displays both coronitic and granoblastic areas, both of which are locally
amphibole-bearing. The presence of granoblastic garnet with preserved growth zoning in contact with
plagioclase, both of which contain kyanite and corundum inclusions (Appendix A, Plate A2.2f), suggests
that in places the granoblastic domains escaped retrogression. In these areas, and also in the coronitic
domains, reactions [R1] and [R2] can be inferred. In such domains both granoblastic cores and coronas
are likely to preserve high-P conditions. However, only in the coronas where both pressures and
temperatures can be measured can thermobarometry be applied to calculate peak PT-conditions. In the
granoblastic areas the garnet rims will tend to reequilibrate. Retrograde modifications indicated by the
presence of amphibole replacing clinopyroxene may be represented by the same general reactions (R3]
and [R4]. Indeed, the prescnce of both clear plagioclase and pargasite in the granoblastic rims suggests
that these assemblages represent the reactions better than in the troctolite. Thus, the retrograde PT-
conditions in this sample can be estimated assuming that equilibrium was achieved at some point during
retrogression. The compositions of plagioclase, garnet and clinopyroxene were measured where all were
in contact. However, kyanite and corundum in the plagioclase and garnet contacts are sparse and the
effects of secondary reactions involving pargasite and clinopyroxene on the PT-estimates for retrogression
in this sample are not known. Thus, the PT-estimates for the conditions of retrogression must be treated

with caution. PT-estimates are 775-870 at 14-16 kbar for the corona assemblages and 750-850 °C at 12-14
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kbar for retrogressed granoblastic assemblages (Figure 3.8b). T-ranges calculated using TWEEQU and
Ellis and Green (1979) closely overlap and are only marginally higher than the Krogh (1988) estimates
and the Graham and Powell (1984) estimates for garnet-amphibole are identical (765-880 °C, Table 3.2).

3.6. Discussion and conclusions

The highest PT-conditions are recorded by the amphibole-free coronas in the troctolite (780-870
°C at 16-19 kbar) and the kyanite-bearing gamet coronas in the adjacent hornblendite (800-930 °C at 15-
19 kbar) in the western LES (Figure 3.8a). PT-conditions defined by the clinopyroxene inclusions
(temperatures) and plagioclase-gamet contacts (pressures) in the amphibole-bearing coronas overlap those
in the amphibole-free coronas and the hornblendite (780-870 °C at 15-18 kbar). The preservation of
gamnet growth zoning in the amphibole-free coronas of the troctolite suggests that the PT-conditions listed
above are those close to the metamorphic peak. PT-conditions recorded by the gamnet amphibolite (620-
795 °C at 10-12 kbar) and the nelsonite (550-690 °C at 4-6 kbar) along with the type of textures and
garnet zoning suggest that only retrograde conditions are recorded by these samples. The T-range
suggested by the garnet contacts (with amphibole, orthopyroxene and clinopyroxene) in the amphibole-
bearing coronas in the troctolite (710-800 °C) are very similar to those of the garnet amphibolite, whereas
the apparent pressures are clearly higher. This pattern suggests that the net-transfer (P-sensitive) reactions
involving Ca at the gamet-plagioclase contact closed at higher temperatures than the Fe-Mg exchange at
the gamet-clinopyroxene-orthopyroxene-clinopyroxene contacts. Thus, the resultant retrograde PT-point
may be erroneous and cannot be used to constrain the PT-path. The T-ranges recorded by the olivine
garnet amphibolite are more difficult to assess as no independent pressure could be calculated. However,

the highest temperatures, recorded by the garnet cores (740-860 °C assuming 18 kbar) may represent peak
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conditions or cooling during the early stages of exhumation. The gamnet rim-matrix T-range (590-720 °C)

is clearly lower and probably indicates reequilibration at amphibolite facies conditions similar to the
garnet amphibolite or nelsonite samples.

In the eastern LES, textures together with local preservation of growth zoning in garnet suggests
that part of the assemblage should record conditions close to the metamorphic peak. The peak PT-
conditions obtained (750-870 °C at 14-16 kbar) overlap those in the western LES. The retrograde
conditions calculated (750-850 °C at 12-14 kbar) overlap those recorded by the amphibole-rich rocks in
the western LES, albeit that the P-range is slightly higher. Given the evidence from the troctolite that the
Ca and Fe-Mg exchange appear to have closed at different times, the same may be true for the olivine
gabbro. However, the retrograde conditions from this sample are recorded by granoblastic rather than
coronitic domains. In addition, the sample is not as extensively retrogressed as the amphibole-rich
samples (garnet amphibolite and nelsonite) from the western LES. Therefore, it is likely that the
retrogressed domains in the olivine gabbro simply preserve information from a different stage of the PT-
path.

The PT-paths are difficult to compare as there are insufficient data from the eastern LES to fully
constrain the PT-conditions during exhumation. However, the available data suggest that both PT-paths
are steep, compatible with evidence for tectonic exhumation throughout the area (Indares et al. 1998). The
highest recorded conditions in the LES overlap the metamorphic conditions recorded by the highest
structural levels in the underlying Lelukuau terrane (e.g. Indares 1997). U-Pb geochronology constraining
the ages of both protoliths and metamorphism show that both units arc Labradorian in age and that peak
Grenvillian metamorphism occurred in both between ca. 1050-1040 Ma (Gale et al. 1994; Cox ct al. 1998,
Indares et al. 1998). The above data support the hypothesis that the LES is related to the AMCG suite of
rocks which make-up the bulk of the Lelukuau terrane. Similar peak PT-conditions (720-825 °C at 14-17

kbar) are also recorded by eclogite in the adjacent Baie du Nord segment (Cox and Indares 1999a). PT-
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conditions in the same range and steep PT-paths also characterize eclogite, coronites and amphibolites in

the nearby Molson Lake and Gagnon terranes (Rivers and Mengel 1988; Indares 1993; Connelly et al.
1995; Indares and Rivers 1995). These studies, along with the data from the LES, indicate a widespread
exposure of deep crust in this area of the eastern Grenville Province.

An interesting feature of these rocks is that although they record PT-conditions in the eclogite
facies field they have not been transformed into “true” eclogites (Carswell 1990). One reason for this is
that in massive and dry igneous rocks with large grain sizes, such as the interiors of the LES mafic and
ultramafic bodies, reaction rates are slow resulting in the formation of metamorphic coronas and the
preservation of igneous relicts (Rubie 1990). Deformed and hydrated rocks however, allow metamorphic
reactions to go to completion during the metamorphic peak (Austrheim and Griffin 1985; Rubie 1986;
Koons et al. 1987; Austrheim et al. 1997) but are also more prone to retrogression (Heinrich 1982).
However, high pressure coronites metamorphosed at eclogite facies commonly display omphacitic
clinopyroxene (c.g. Mork 1985, 1986; Indares 1993; Zhang and Liou 1997; Cox and Indares, in press)
suggesting “partial” eclogitization. In contrast, the high-P samples in the LES contain clinopyroxene
coronas which, although Na-bearing, are not omphacitic. The most likely reason for this is the nature of

the protoliths, which are parts of a mafic and ultramafic suite and thus, have low bulk Na-contents.
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Figure 3.1 (a-b). Maps showing a) location of the Manicouagan Imbricate Zone in the eastern Greaville
Province, and b) simplified lithotectonic framework of the Manicouagan Imbricate Zone. Note:

the tectonic divisions are from Indares et al. (1998).
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Figure 3.1 (continued).
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Figure 3.2. Map showing the main lithologies structures and sample localities of the Lac Espadon

complex in the Boundary zone.
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Figure 3.3. Garnet compositions plotted as Grs, Alm+Sps and Prp for the selected samples from the LES.
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Figure 3.4 (a-h). Garnet zoning profiles for a) sample Sa (coronitic troctolite) amphibole-free corona and
b) amphibole bearing corona, c) sample 3b (hornblendite) kyanite-bearing garnet corona around
a plagioclase chadacryst, d), sample 6am (olivine amphibolite) zoning traverse across a garmet
porphyroblast, ¢) sample 2b (garnet amphibolite) traverse across a subhedral porphyroblast, f)
sample 9¢ (nelsonite) garnet corona with biotite inclusions, g) sample 35b (olivine gabbro) large
garnet corona around a relict igneous clinopyroxene and h) small kyanite-bearing garmet.

Symbols on all profiles are square=spessartine, cross=grossular, circle=pyrope and

triangle=almandine.
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Figure 3.4. (continued).
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Figure 3.5. Compositional diagrams for clinopyroxene for the troctolite and olivine gabbro in the LES.
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Figure 3.6. Plagioclase compositions for samples in the LES.
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Figure 3.7. Ca-amphibole compositions for samples from the LES diagram parameters are Cag=1.50;

(K-+Na),=0.50 and Ti=<0.50 (after Leake et al 1997).
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Figure 3.8 (a-b). PT-diagrams showing the maximum and minimum metamorphic conditions calculated
partly using the analyses in Table 3.1. The range shown is the based on typically 5-20 analyses.
All calculations were carried out as independent reactions using the program TWEEQU v.2.02
(Berman 1991) except for garnet-amphibole which uses v.1.01. PT-estimates quoted are to the

nearest 5 °C and 1 kbars. The results of all PT-calculations are also shown in Table 3.2.
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Table 3.1. Representative analyses of garnet, plagioclase, clinopyroxene, amphibole, orthopyroxene and

olivine and spinel, in the mafic samples from the LES.




re€ a8od

Sample 5a Samplc 6am Sample 3b
(troctolite) (o) grt amph) (homblendite)
Grtcorons  Gricorona Grt-retro Grteretto Grt-retto Grt-retro Gnt Gnt Grt-corona  Grt-corona
-con |-con -con ~con 1-con rim ‘core’ |-con

Si02 40.02 39.65 4022 39.28 4024 N 39.69 40.75 4116 40.75
ARO3 2276 207 2274 257 2267 2251 2185 243 2338 2719
TiO2 0,00 004 0.09 0.00 003 000 0.00 002 010 000
FeO(Total) 2090 2090 1978 2213 20.98 21.38 2457 2312 1863 19.57
MgO 11.01 716} 1038 1074 11.02 817 107 11.94 1331 1238
MeO 050 050 039 053 0o# 037 090 0.52 043 074
Cas0 587 10.25 792 582 643 957 309 314 57 563
Total 10.09 103.06 101.56 10111 101.87 101.76 100.95 10212 10282 101.92
sl 298 3.00 299 295 298 298 300 301 298 300
A) 200 19 1.96 200 198 199 195 195 2,00 197
] 0.00 001 0.04 0.00 0.00 0.00 000 0.00 0.05 0.00
Fe2’ 129 1.29 1.16 134 .27 1.32 1.50 1.38 (A1) 117
Pe3* 00} 003 005 0.0% 003 003 00S 004 002 003
Mg 2 086 1.09 120 .22 091 1.21 1.32 144 136
Cs 047 083 0.7s 047 051 on 025 0.26 0.50 044
Ma 003 003 003 003 0.03 002 0.06 003 0.03 005
Total 80) 80} 8.03 808 802 802 802 79 802 802
XAlm 0428 0429 0401 0.440 0419 0435 0497 0462 0367 0.388
XPrp 0.406 0.285 0381 0395 0403 0302 0.402 0439 0476 044
XGrs 0.149 0.260 0.197 0.130 0151 0.241 0057 0.065 0.136 0132
XSpe 0.010 0.011 0.008 0.01) 0009 0008 0019 0011 0.009 0018

T 45dbg




Table 3.1. (continued).




Sample 35b Sample 2b Sample 9¢
(olivinc gabbro) (gt amph) (nclsonite)

(Pl-con) {Cpoe-con) (/ |-con
SIo2 40.96 41133 41.03 41.39 3808 3 3175
ARO3 2341 29 2294 23.05 20.62 2117 2111
TiO2 0.00 000 0.00 0.02 0.00 0.05 009
FeO(Tetal) 1594 16.34 16.24 14.96 2657 339 338
MgO 1206 1342 1433 1201 289 352 356
M»nO 037 040 043 026 242 1.79 1.89
Cs0 9.12 125 5™ 10.56 1079 408 423
Tetal 101.88 101.78 100.79 102.30 101.54 10232 102.60
] 298 3.00 3.00 299 299 297 297
Al 201 1.97 1.98 1.96 191 1.96 1.96
by 0.00 0.00 0.00 000 0.00 0.00 000
Ve2' 097 095 097 0ss 1.65 217 7
re3’ 0.01 003 0.02 004 0.10 0.06 0.06
Mg 1.3) 1.53 1.56 1.28 034 04) 042
Ca 0.7 0so0 04S 086 091 034 03
Ma 002 002 003 0.03 0.16 012 on
Tetal 801 8.0) 8.0) 802 805 8.05 8.04
XA 0321 0320 0322 0292 0.530 on2 0.70%
XPrp 0435 0484 0.519 0431 0.128 0.136 0137
XGre 0234 0173 0139 0.257 0.230 0.08) 0078
XSps 0.008 0.008 0.009 0.00% 0051 0039 0.041
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Sample 5a Sample 6am  Sample 3b Sample 35b Sample 2b  Sample %¢

(troctolite) (olgt  (homblenditc) (ol gabbra) (gt amph) (nelsonite)
)
Plrelic  Plrelia | Pl-incl l Plrelict I Plrelict  Pleelict | Pl-matrix | Pl-selict I
(retro) (retro)
8102 58.29 60.05 6439 60.21 5987  $9.98 6027 64.2
AR03 26.65 2463 2318 25.89 2513 2549 2493 324
FeO(total) 024 0.69 031 017 012 0.12 043 019
Ca0 m 616 413 662 683 715 668 424
Na20 738 760 888 703 17 758 17 | % 7]
K20 026 020 0.12 003 oA 019 0.26 012
Tota) 100,51 99.33 101.01 99.95 99.95 100.5 100.32 100.7}
Sl 269 266 281 266 267 266 268 281
Al 1.30 133 119 1.37 132 133 13 1.20
¥e2’ 003 00) 001 00! 0.00 000 002 0.01
Ca 030 033 0.19 032 033 0.34 032 0.20
Ns 066 067 078 06! 067 06 067 0.74
K 00 002 001 0.00 001 001 00} 00)
Tota) 49 502 497 496 501 500 5.0) 4.96
XAn 0.362 0.306 0210 0342 0323 0339 o038 0210
XA 0624 0683 0.790 0656 0.664 0650 0.663 (1% &}
XOr 0015 0.012 0.000 0.002 0014 [ XY 0015 0.007
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Sample Sa Sample 35b
(tractolite) (ol gabbro)
Cpx-corona | Cpx-incl Cpx-corona { Cpx-corona  Cpx
Grt-con retro retro Grt-con

Si02 54.06 5375 5423 5322 5339
ARO3 3N 476 3.00 5.06 518
TIO2 0.18 027 0.09 027 018
FeO(tatal) 513 s 4.66 33 364
MgO 1421 13.69 15.21 1478 14.59
M»O 007 0.02 012 009 0.00
Cr203 0.17 0.00 027 016 034
NIO 012 004 0.00 000 013
CaD 2).3) 21.45 2260 2323 2285
Na20 153 159 097 1.06 132
Total 100.72 100.80 101.20 101.23 101.74
8 1.96 1.95 1.96 191 191
Al 017 020 0.13 021 022
™ 00! 001 0.00 001 001
Fe2+ 015 016 013 008 007
| [ 0.01 0.00 001 002 0.04
Mg on 074 (1 7] 0.7 078
Ma 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.00 0.02 0.0} 00)
N 002 0.0} 0.00 0.00 001
Ca 083 083 () 7 089 088
Na 0.1 on 007 007 0.09
Total 4.00 400 4.00 40) 401
X4 0.161 0175 0.135 0.095 0.087
XD 0839 0.825 0.865 0908 0913
XAs 0.008 0.001 0013 0017 0.035
XJd 0.100 0.111 0.055 0.057 0.057
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Sample 5a Samplc6am  Sample3b  Sample35b  Sample2b  Sample %

(troctolite) (ol gtamph)  (hbldite)  (olgabbro)  (grtamph)  (nelsonite)

retro corona matrix o Fetro corona matrix
Si02 4249 4031 415 4349 43.08 4231
ARO3 15.57 1233 15.46 1578 127 1294
TiO2 093 1.76 on 063 0.50 0.60
FeO (total) 670 18.45 15.95 553 18.46 19.03
MnO 007 016 0.00 003 02) 0.08
MgO 1534 864 11.65 15.90 972 9.52
Nio 009 008 047 01s 0.00 0.00
Ca0 19 1163 336 1234 1084 1048
Na20 288 1.89 6.01 230 1.75 183
K20 110 1.81 001 112 0353 067
Total 9719 97.10 9129 9752 97.89 97.53
L] 6.15 6.22 628 622 646 640
Al 266 224 259 266 263 231
n o.l10 0.20 00) 007 0.06 007
¥ed' 0.69 22 060 0.56 Ln \n
Pes' 0.12 0.14 028 010 060 069
Ma 0.01 002 0.00 000 003 0.0}
Mg 33 1.99 338 339 217 215
N 001 001 0.05 0.02 000 0.00
Ca 185 192 1.7 1.89 1.74 1.70
Ne 081 0.56 093 064 0351 054
K 0.20 0.36 0.00 020 010 013
Total 15.92 1592 15.96 15.79 16.02 15.71
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Sample Sa Sample 6am
{troctolite) (ol grt amphibolitc)
Opx-corona Opx ol
Grt-con ‘matrix matnx
5453 53.29 kY%7
7 259 0.00
0.03 0.09 0.00
15.81 18.14 30.12
2152 25.53 s
on 020 033
023 00?7 007
100.00 9991 10025
1.96 194 1.00
008 01l 0.00
0.00 0.01 0.00
047 0SS 068
0.00 00! 0.00
147 138 1307
0.00 00! 002
0.02 000 0.00
4.00 400 3.00
XPFe 0658
XFa 0.341
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Table 3.2. PT-conditions recorded by the mafic sample of the LES. Abbreviations for the conventional
thermometers are: E&G79=Ellis and Green (1979), K88=Krogh (1988) for gamet-clinopyroxene,
C&H90=Carswell and Harley (1990) for garnet-orthopyroxene, O&W80=0"Neil and Wood
(1980) for garnet-olivine and G&P84=Graham and Powell (1984) for garnet-amphibole.
Barometric reactions are In95=Indares and Rivers (1995) for gamet-plagioclase-kyanite-
corundum, G&S=Ghent and Stout (1984) for gamet-plagioclase-rutile-quartz-titanite
(GRAIL+Ttn variant) and In&D97=Indares and Dunning (1997) for garnet-plagioclase-spinel-

corundum.




17 28od

T 45407

Sample Sa Sample 6am Sample3b  Sample2b  Sample 9¢ Sample 35b
(coronitic troctolite) (olivinc gamet amphibolite) (hbldite)  (grtamph)  (nelsonite) (olivine gabbro)
Amp-free Amp-bearing corona Grt porphyroblast core and nm Caronas Grt rims Coronas Grano Coronas
corona and matnx
GnCpx- | Gn-Cpx- | Gn-Cpx | Gn-Opx | Grt-Amp Gn-Ol Gnt-Ol Grt-Opx Gnt- Gni-Amp- | Gn-Amp- | Gn-Amp- | Gn-Cpx- | Gnt-Cpx-
Pl-Kyn- Pl-Kyn- {incl) (contact) | (contact) (g (con) (con) Amp PlKyn- Pl-Quz- Pl-Spl-Cm | PlKyn- | PlKyn
Cm Cm cores) (con) Cm Twn-Rt Cm Cm
Thermometers
(T-range from O to 20 kbars)
TWEEQU 780-80 700-775  790-890 685790  745-810  650-860 590670  605.700  610-720 800-925 620-795 550-690 750-860  T75-870
E&GP T20-810 650-715 730830 T760-880 790-88%
Kss 670-765 600660  695-790 7N5-828  745-840
CaH9o 750-865 665-815
O&aWs0 70915 685730
Gars4 760-825 640-750 825-950 630-705 485-560 765-380
Barometers (all TWEEQU)
(P-range for the temperatures sbove)
In9$ 1619 14-16 1417 15-19 12-14 14-16
(Gnt-P1-
Ky-Cm)
GaSs4 10-12
(GRAIL)
In&D97 46
(Gn-P)-
Spl-Cm)




Eaperd. _Cooling and exhumaiion rates

Temperature-time paths and exhumation rates in the high-P Manicouagan

Imbricate Zone, eastern Grenville Province.

Abstract

The Manicouagan Imbricate Zone (MIZ) of the north-eastern Grenville Province comprises a series of
lithotectonic units which were deformed and metamorphosed at conditions up to eclogite facies at 1050-1000 Ma
during the Grenvillian orogeny. The maximum P-conditions (ca. 14-20 kbar) recorded by metamorphic
assemblages are consistent with variations in burial depth that suggest the MIZ is an assembly of rocks units from
different crustal levels. However, the maximum T-conditions recorded by metamorphic assemblages from
apparently different structural levels are rather similar (ca. 800-900 °C). In addition, PT-conditions and retrograde
textures show abundant evidence for reequilibration at high T-conditions (700-800 °C) suggesting very steep to
near-isothermal decompression. However, U-Pb ages from across the MIZ infer two separate metamorphic events
separated by about 30 Ma. The first event is not only charecterized by high-PT conditions but also by the presence
of syn-metamorphic mafic dykes. The high temperatures recorded during this event throughout the whole crustal
section represented by the MIZ suggests heat input from the mantle. The second event is recorded by retrograde
assemblages overprinting some of the high-PT rocks and by metamorphism and syn-metamorphic gamite
emplacement in the upper most tectonic slice (Boundary zone) in the southeast MIZ. Published diffusion rates for
Pb in monazite, titanite and rutile suggest that their ages record part of the cooling history of the terranes within
the MIZ. The initial rates of cooling and exhumation were relatively fast (>5 °C/Ma and >1 mm/yr), consistent with
tectonic exhumation by extrusion of the lower and middle levels of the MIZ. The rates of cooling and exhumation
subsequently slowed during thrust emplacement of the higher structural levels (Boundary zone). The high-P

metamorphism and the early high-T stages of exhumation of the MIZ occurred during the Ottawan Pulse (1050-
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Eaper 4 Cooling and exhumation rates
1020 Ma) of the Grenvillian orogeny. The emplacement of the Boundary Zone may correspond to a second pulse

of metamorphism between 1020-1000 Ma. This is indicated by some zircon ages, overgrowths of some garnets,
textural reequilibration of high-P assemblages and may correspond to a late metamorphic event known as the
Rigolet Pulse. Because monazite was not affected by the second event, despite the relatively high-T conditions
(>700 °C), it is likley that this was a rather short lived metamorphc pulse. Different crustal depths across the MIZ
record variations in cooling (rutile ages) over the range 946-920 Ma which suggests that later cooling and
exhumation was rather slow, consistent with geologically young high-P terranes. Evidence for different pulses of
metamorphism corresponding to separate Grenvillian metamorphic events in both the eastern (Ottawan and
Rigolet) and western (Shawinigan and Ottawan) Grenville Province may account for the apparently slow rates of

cooling recorded by terranes in these areas.

Keywords: high-PT metamorphism, PT-paths, metamorphic gradients, U-Pb ages, closure temperatures, Tt-paths,

exhumation.

4.1. Introduction

Temperature-time paths (Tt-paths) are constructed using precise age determinations on single minerals
with different closure temperatures (Dodson 1973). In certain circumstances, the combination of PT-determinations
and age data can be used to calculate both cooling and exhumation rates. This method works best in high-PT
terranes (e.g. Duchéne et al. 1997; Jamieson et al. 1998). Most studies of high-T terranes use U-Pb ages of
accessory phases such as zircon, monazite, titanite and rutile to contruct Tt-paths (e.g. Mezger et al. 1991; Mezger
et al. 1993; van der Pluijm 1994; Spear and Parrish 1996) which in turn are used to help understand the tectonic
processes operating during the exhumation and cooling. For example a tight clustering of ages determined on

minerals with different closure temperatures (T.) indicates rapid cooling. This Tt-path might be used to suggest
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Laper 4 Cooling and exhumation rates
tectonic exhumation rather than erosional denudation of a terrane. Exhumation rates are difficult to measure directly

because the mineral ages are difficult to cormrelate with independent decompression reactions. Therefore,
exhumation rates have to be derived using a combination of PT-paths and cooling ages. PT-paths are best
constrained in areas where both peak and retrograde assemblages are available. In such circumstances, ages
determined on a number of rock types and minerals will give the best estimates of exhumation rates as well as
cooling rates.

In calculating Tt-paths, complications may arise because the growth of “datable” minerals can occur both
above or below their T.. For example, titanite is commonly found as a retrograde replacement product after rutile.
However, in high-PT terranes, the temperatures attained are often above the T for titanite and the most commonly
dated mineral phases. Thus, in many instances, retrograde reactions will form “datable” minerals such as titanite
during exhumation, but well above their T.. Alternatively, phases such as monazite and titanite may form or even
recrystallize well below their T, (e.g Lanzirotti and Hanson 1996; Corfu and Stone 1998) resulting in anomalous
Tt-data. Despite this, the apparent rates of cooling and exhumation may be compared with adjacent areas to suggest
whether the tectono-thermal processes operating were similar or different. In the case of older orogens with
complex tectonic histories the Tt-paths and exhumation rates may be compared with younger metamorphic belts
where the tectonic evolution is better established. Comparisons can also be made using the measured Tt-paths and
calculated exhumation rates, with theoretical PTt-paths (e.g. England and Thompson 1984; Davy and Gillet 1986;
Shi and Wang 1987; Ruppel and Hodges 1994) resulting from different tectono-metamorphic processes.

The Manicouagan Imbricate zone (MIZ) in the eastern Grenville Province (Figure 4.1) has been the
focus of research including U-Pb geochronology on a variety of accessory minerals, and determination of the range
in PT-conditions recorded by the main rocks types. The MIZ represents an assembly of crustal slices that
experienced high-PT conditions during the Grenvillian orogeny (1050-1000 Ma), that were subsequently exhumed
from deep crustal levels. The range of PT-estimates from across the area suggests very high-T conditions during

both peak metamorphism and during the early stages of exhumation (e.g. Cox and Indares 1999a and 1999b). In
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contribution we use the available metamorphic PT-data and U-Pb ages to construct Tt-paths and calculate the

exhumation rates. The tectonic processes which controlled the cooling and exhumation of the MIZ are discussed
by comparing the results with younger metamorphic belts and published tectonic models. The Tt-information from

the MIZ is also compared with available Tt-data from other areas in the Grenville Province.

4.2. Geological Setting

4.2.1. Regional context

The MIZ is located at the southern boundary of the parautochthonous (high-P) belt in the north-east
Grenville Province (Rivers et al. 1989; Indares et al., in press). To the north the MIZ overlies the Gagnon terrane
and to the south it is overlain by the Harte Jaune terrane (Figure 4.1). The Gagnon terrane consists of
Paleoproterozoic continental margin sequences and Archean basement (Rivers et al. 1993). The terrane is a fold-
thrust nappe belt with metamorphic grade increasing from greenschist facies near the Grenville Front to high-P
amphibolite and eclogite facies to the south (Rivers et al. 1993; Indares 1995). The Harte Jaune terrane includes
Pinwarian (ca. 1450 Ma) mafic granulites and coronitic Fe-Ti gabbro that contain Grenvillian metamorphic
assemblages up to amphibolite facies in its northern section (Scott and Hynes 1994). Thus, the regional
metamorphic field gradient (southwards from the Greaville front) ranges from, low-PT (greenschist) to high-PT
(eclogite) in the Gagnon terrane section and is at high-PT (eclogite) across virtually the entire MIZ section. The
gradient is then reversed with PT-conditions ranging from high-PT (upper amphibolite) to much lower grades
across the Harte Jaune terrane. The area has been imaged by seismic profile (Lithoprobe transect N° 51) which
suggests that the MIZ is a shallow-dipping thrust-bounded wedge. The MIZ represents a high-PT segment, and
appears to have been exhumed (extruded) from deep crustal levels between the Gagnon and Harte Jaune terranes.
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4.2.2. Lithotectonic framework of the MIZ

The MIZ has a SE-plunging synformal shape and consists of two lithotectonic packages, the structurally
lower Lelukuau terrane and the overlying Tshenukutish terrane (Figure 4.2). The Lelukuau terrane (LT) consists
mainly of an imbricated anorthosite-mangerite-charnockite-granite (AMCG) suite (Indares et al. 1998; Indares et
al. 1999). The LT is divided into three slices (LT-I, LT-II and LT-III, Figure 4.2) and display evidence of north-
west directed thrusting (Indares et al. 1998). Most information about the Lelukuau terrane comes trom the
structurally highest slice (LT-IIT). Slice LT-III contains anorthosite and olivine gabbro intruded by mangerite,
ranging in age from ca.1650-1630 Ma (Indares et al. 1998). These rocks are intruded by 1300 Ma leucogranite
that is in turn cross-cut by syn-metamorphic mafic dykes and sills, known locally as the Thimes dyke swarm, dated
by U-Pb zircon ages at 1039+/-2 Ma (Indares et al. 1998).

The Tshenukutish terrane (TT) can be divided into two main lithotectonic packages, the Baie du Nord
segment (BNS) and the Boundary zone (BZ). The BNS overlies slice LT- to the east. The BN'S mainly comprises
ca. 1450 Ma megacrystic diorite that grades into an orthogneiss, locally injected by granitic material (Indares et
al. 1998). These rocks also contain rafts of metapelite, calc-silicate and quartzite and are intruded by Fe-Ti gabbro
sills, dated at 1170+/-5 Ma (Cox et al. 1998). Other rock types include a tectonic sliver of anorthosite in the Baie
du Nord area (Figure 4.2). The BNS has the overall configuration of a north-west verging synform and tectonic
fabrics within the BNS are consistent with an early phase of folding and thrusting towards the north-west, and a
later phase of extension towards the south-cast (Indares et al., in press).

The Boundary zone (BZ) which outcrops to the south-east, is a disparate assembly of lithotectonic units
and defines the highest structural level of the MIZ (Figure 4.2). The Boundary zone (BZ) contains a variety of
lithotectonic units (Figure 4.2). To the north the Lac Espadon suite (LES) includes Labradorian (ca 1650) mafic
and ultramafic rocks which locally occur as small-scale tectonic lenses within a sheared orthogneiss. These,
together with nelsonite, are exposed along the western shore of the Harte Jaune arm. On the eastern shore of the

Harte Jaune arm the LES is represented by olivine gabbro (Figure 4.2). The LES is interpreted to represent a
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Labradorian layered mafic-ultramafic suite and may correlate with the AMCG rocks in the LT (Cox et al. 1998).

The southern BZ consists of the Harte Jaune granite (1017+/-2 Ma) which contains rafts of metasediment, tectonic
slices of the Brien anorthosite (1169+/-2 Ma) and the X-suite which consists of gabbro-anorthosite in tectonic
layers alternating with (1007+/-2 Ma) granite sills (Scott and Hynes 1994; Indares et al 1998). The LES is
interpreted to have been emplaced over the BNS by a north-west directed, out of sequence thrust (Indares et al.
1999). However, shear zones both within the BZ and at the northemn boundary display abundant evidence of south-
east directed (normal) transport, consistent with extension. To the south the BZ is truncated by the Harte Jaune
shear zone (Figure 4.2) that separates it from the Harte Jaune terrane. The Harte Jaune shear zone also displays

evidence of south-east directed transport (extension).

4.3. High-PT metamorphism in the MIZ

Evidence of high-PT metamorphism is widespread throughout the MIZ. The localities of samples from
which the estimates of metamorphic conditions and U-Pb ages across the MIZ are shown in Figure 4.3. The PT-
data and U-Pb ages are presented in Table 4.1 and Table 4.2. The samples are arranged in a cross-section from
the north-east to the south-west MIZ which represents the broad tectono-stratigraphy and the major structural
boundaries from the lowest (LT-I) to the highest (south-west BZ) structural slices. However, it should be noted that
the section is does not represent a continous suite of samples, and that many do not have both PT-data and U-Pb
data availible. However, to allow comparison of the MIZ using the complete data set, all samples (with either PT-

determination and/or U-Pb ages) are included in Figure 4.4 and Figure 4.5,

4.3.1. Lelukuau terrane (LT)
PT-conditions in the Lelukuau terrane (LT) have been documented from only one sample (melano-

gabbro) in the north-west of slice LT-I and more completely in the highest tectonic slice LT-III. Metamorphic
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conditions recorded by the melano-gabbro in slice LT-I are 700-750 °C at 12-14 kbar (Indares et al. 1994).

Evidence for high-P metamorphism of the rocks in LT-III includes gamet-kyanite-K-feldspar restites as rafts within
granitic rocks and variable transformation of mafic rocks to plagioclase-free, kyanite-gamet clinopyroxenite
(Indares 1997). Olivine gabbros transformed to garnet-kyanite clinopyroxenites record conditions of 800-900 °C
at 16-18 kbar in the west section of LT-III and 850-920 °C at 18-20 kbars in the east section (Table 4.1 and
Figure 4.4). The high-PT assemblages in rocks throughout the LT are only locally retrogressed and no PT-

estimates of retrograde conditions have been determined.

4.3.2. Baie du Nord segment (BNS)

In the Baie du Nord segment (BNS), high-P metamorphic assemblages are best preserved in the 1170
Ma Fe-Ti gabbros and in the metapelitic rafts (Cox and Indares 1999a; Indares and Dunning, in press). The
gabbros display textural evidence for increasing degree of transformation from coronitic metagabbro (770-810 °C
at 12-14 kbar), to transitional metagabbro (750-820 °C at 11-14 kbar) and to eclogite (740-825 °C at 14-18 kbar).
The deformed and hydrated margins of the coronitic rocks have undergone anatexis with recorded conditions of
795-825 °C at 11-12 kbar. Experimental results suggest that the minimum conditions required for the melting of
amphibolite are between 800-850 °C at 10-15 kbar (e.g. Sen and Dun 1994; Wolf and Wyllie 1994; Williams et
al. 1995; Hartel and Pattison 1996). PT-estimates from partly retrogressed microtextural domains give PT-
estimates (coronites, 710-780 °C at 11-13 kbar; migmatitic garet amphibolite, 795-825 °C at 8-10 kbar) which
overlap those representative of peak-T (Table 4.1 and Figure 4.4). Thus, the apparent peak PT-conditions in these
rocks have probably been partially reset during the early stages of exhumation and cooling. Metapelites from across
the BNS display gamet-kyanite-K-feldspar restites and diplay evidence of dehydration melting of both muscovite
and biotite at PT-conditions of >14 kbar and >850 °C (Indares and Dunning, in press). This further supports the
suggestion that the highest T-conditions recorded by the metagabbros in the BNS may be representative of post-

peak, reequilibration. The diffemnce in recorded P-conditions (12-18 kbars) suggests that the BNS was an
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approximately 26 km thick segment of crust (assuming a crustal density of 2.8 gm/cm®), which experienced similar

high-T conditions (>800 °C) during exhumation.

4.3.3. Boundary Zone (BZ)

The Lac Espadon Suite (LES) comprises two units which are separated by a shear zone (Figure 4.3).
Mafic and ultramafic rocks from the western LES record peak PT-conditions of 780-930 °C and 16-19 kbar and
retrograde conditions from ca. 700 °C at 10-12 kbar down to ca. 600 °C at 5-6 kbar. In the eastern LES,
metamorphosed olivine gabbro records peak PT-conditions of 775-850 °C at 14-16 kbar and retrograde conditions
at 750-850 °C at 12-14 kbar which overlap with those in the western LES (Table 4.1 and Figure 4.4). In the
northern BZ metapelites display similar assembiages (garnet-kyanite-K-feldspar restites) to those in the BNS and
also suggest dehydration melting at PT-conditions of >14 kbar and >850 °C (Indares and Dunning, in press). In
the southem BZ metapelitic rafts within the Harte Jaune granite contain kyanite-bearing leucosomes and are
interpreted to have experienced dehydration melting of muscovite but not biotite. Estimated peak conditions are
750-850 °C at 10-13 kbar (Indares and Dunning, in press). Thus, the LES has experienced rather different (higher-
P) metamorphic conditions to the rest of the BZ. Apart from the LES, the BZ has in general experienced lower peak
P-conditions than the rest of the MIZ. However, in is noteworthy that the peak-PT conditions recorded by rocks
in the BZ are ratehr similar to those representative of retrogression in the BNS and LES (Figure 4.4).

The tectonic evolution of the MIZ can be summerized as follows; a) High-PT metamorphism and
intrusion of syn-metamorphic mafic intrusions in the LT, BZ and LES, b) initial exhumation of the MIZ by north-
west directed extrusion with extension in the higher levels of the tectonic pile and ¢) metamorphism of the BZ and
possibly overprinting in the rest of the MIZ. a final phase of extension to the south-east along the Harte Jaune shear

zone. Tt-paths may provide key information to constrain the timing and characteristics of exhumation in the MIZ.
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4. 4. The behaviour of accessory phases during high-PT metamorphism

4.4.1. Summary of U-Pb data in the MIZ

The behaviour of zircon during high-PT metamorphic events is discussed in detail below. However, it
is likely that the maximum metamorphic temperatures in the MIZ are below the absolute T, for zircon (probably
>1000 °C). High-T Pb-loss ages in these rocks are constrained by lower intercepts fitted through discordant
populations which in fact still lie close to their original protolith age (Cox et al. 1998; Indares et al. 1998). On the
other hand, most of the metamorphic zircon ages from across the MIZ lie between 1060-1030 Ma, with the
majority of (including the most precise) overlapping in the range 1050-1040 Ma (Figure 4.5). It is interesting to
note that in areas which contain rocks which have experienced the highest-PT metamorphism also record zircon
age ranges with the largest spread. In some arcas, e.g. the south-west BNS (Figure 4.5), there are different
generations of metamorphic zircons ranging in age from 1046+/-3 Ma, to 1030+10/-7 Ma and 1012+/-12 Ma. It
may be possible than the large spread in metamorphic ages, particularly in the LES and LT-III, may be due to
mixed populations of multiple generations of zircon which grew during high-T metamorphism between 1060-1030
Ma. However, more detailed work on the zircons from these samples is required to address this. As with the PT-
data, the zircon age data from the BZ (excluding the LES) contrasts with the rest of the MIZ. The zircons from the
Harte Jaune granite and later granite intrusions range in age from 1019-1005 Ma (Figure 4.5). These are younger
than the majority of metamorphic zircons in the remainder of the MIZ.

The ages of the monazites across the MIZ (Figure 4.5) show a similar pattem to the zircon in that the
areas which experienced the highest-PT conditions (LT-III and BNS) have the oldest ages (ca. 1040-1034 Ma)
whereas, ages from the BZ are younger (ca. 1020-1015 Ma). In addition, the ages of the zircons in the Harte Jaune
granite and monazites from metapelites which have undergone anatexsis are identical. This strongly suggests that
the BZ (excluding the LES) experienced a different (younger) pulse of metamorphism to the rest of the MIZ and

at lower PT-conditions.
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Titanite ages across the MIZ are much more consistant than either zircon or monazite, and can be broadly
divided into two groups ranging from ca. 1010-995 Ma and from 995-985 Ma (Figure 4.5). The older group of
ages is commonly represented by samples larger grain sizes. However, it is also apparent that the titanite ages
record different processes from one sample to another. For example, titanite in the BNS and LES occurs in rocks
which have experienced extensive amphibolite facies retrogression and all give ages in the older 1010-995 Ma
range. This are also broadly contemporancous with the emplacement of late granite stocks, dated by both zircon
and large grain sizes of titanite at 1007+/-2 Ma, in the southern BZ (Figure 4.5). It is likely then that these ages
represent the end of retrogression following metamorphism recorded by the monazites in the BZ at ca. 1020 Ma.
Smaller grain sizes of titanite in the country rock (Harte Jaune gneiss) and late granites in the BZ, and in one
sample (leuco-granite) in slice LT-III give ages in the 995-985 Ma range. These may represent cooling or a later,
more localized crystalization events that affected these samples. This is discussed in detail below, however, it is
clear that the titanite (and rutile) ages in the MIZ date the constrain the maximum age for high grade metamorphism

in the MIZ.

4.4.2. Zircon

Zircon has been shown in several studies to survive high-T processes with U-Pb isotopic signatures
preserved and is commonly found as inherited crystals (xenocrysts) in intermediate and felsic igneous rocks.
Metamorphism of zircon can produce discordant age patterns in pre-existing (igneous) populations and new grown
crystals but the effective closure temperature (T., Dodson 1973) for Pb-diffusion is higher than temperatures
recorded by most crustal processes (Mezger and Krogstad 1997). Thus, the complete resetting of the U-Pb system
in zircon by Pb-diffusion is unlikely during metamorphism. However, zircons can show both high and low-T Pb-
loss. The percentage discordance of zircon is often directly related to the absolute concentration of radiogenic
elements (U, Th, etc) which in turn suggests that Pb-loss in zircon is controlled by radiation damage in the crystal

lattice. Studies into the effects of crystal lattice orientation and radiation damage on diffusion rates (e.g. Lee 1995;
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Dahl 1997; Meldrum et al. 1998) confirm this observation. Fission-track damage in zircon anneals in the T-range

ca. 210-320 °C (Yamada et al. 1995) whereas the crystal lattice completely anneals, preventing rapid Pb-loss, at
temperatures around 600 °C (Krogstad and Mezger 1996). It is apparent from these and other studies that Pb-loss
in zircons occurs independently of fission-track and crystal-lsttice annealing. Therefore, metamorphic ages defined
by lower intercepis fitted through discordant zircon populations, must be constrained by other means as discussed
below.

The effects of high-T recrystallization of zircon has been the focus of a number of recent studies. Under
certain conditions, zircon can be recrystallized and/or overgrown leading to young zones on older cores, even in
relatively undeformed rocks (e.g. Pidgeon et al. 1998). Metamorphic conditions causing the resorption and
regeneration of zircon may range from solid-state, fluid assisted reactions, to new crystals formed in leucosomes
created by partial melting (c.g. Jeackel et al. 1997; Schalteger et al. 1999; Vavra et al. 1999). New crystals of
zircon can grow under high-T metamorphic conditions occasionally by the replacement of accessory minerals such
as baddeleyite (Davison and van Breemen 1988; Heaman and LeCheminant 1993; Dudds et al. 1994).
Metamorphic zircon may grow after peak metamorphism, with growth controlled by the breakdown of zirconium-
bearing phases such as garnet and hornblende (Fraser et al. 1997). Only a few reactions for the growth of zircon
in metamorphic rocks have been suggested (c.g. Pan 1997) and none to date have been quantified by
thermodynamic models. On the other hand, reaction textures can occasionally be directly related to sample
petrography (e.g. Davidson 1988; Pehrsson et al. 1996; Creaser 1997, Jeackel et al. 1997; Cox et al. 1998)
indicating high-PT growth of zircon. Thus, the interpretation of U-Pb zircon ages from rocks which have been
subjected to high-T metamorphism can be constrained by metamorphic textures, PT-data on the main phase
assemblages, by detailed studies of zoning, crystal morphology and the measured U-Pb isotopic data.

In the MIZ, metamorphic zircon ages arc defined by a) discordant populations which have lower
intercepts caused by low-T Pb-loss, found in crystals with high U-contents, b) discordant populations which have

lower intercepts defining high-T Pb-loss even after annealing of the crystal lattice, ¢) metamorphic resorption and
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overgrowth of existing zircon producing discordant to concordant populations which have lower intercepts

constraining the age of the high-T event, d) new growth of metamorphic crystals producing concordant populations
(both in solid-state and during partial melting) and ) breakdown of baddeleyite to produce metamorphic zircon.
There are mixtures of these types of ages and more than one process may account for a zircon age pattern, ¢.g. high-
T Pb-loss and reactions to form new zircon. Both high and low-T Pb-loss can affect newly grown, metamorphic
crystals and even existing discordant populations can undergo later Pb-loss to produce additional discordance. As
zircon completely anneals at ca. 600 °C (Mezger and Krogstad 1997) most Pb-loss ages are unreliable unless other
age constraints supporting their validity are available. Zircon ages from the MIZ (Table 4.2 and Figure 4.5) are
interpreted in terms of their relationships to the main-phase textures and PT-data available in each sample. In
general, this means that the ages represent the formation of metamorphic zircon and/or high-T (diffusional) Pb-loss
close to the maximum T-conditions recorded in the MIZ (800-900 °C). However, this can only be justified where

the zircon ages themselves are sufficiently precise to constrain the timing of peak metamorphism.

4.4.3. Monazite

Monazite behaviour in metamorphic rocks has been almost as widely applied to metamorphic rocks as
zircon. U-Pb monazite ages are usually regarded as robust to resetting at high-T. For example monazite is typically
only partially reset by granulite facies metamorphism and can be found as inherited crystals in granitoids (Parrish
1990; Kingsbury et al. 1993). Although monazite contains high concentrations of both U and Th (up to 10% Th)
discordant populations are rare, which suggests that monazite anneals at rather low temperatures and is less
susceptible to Pb-loss than zircon. This is supported by studies on the effects of radiation damage on the monazite
lattice (e.g. Meldrum et al. 1998). Reverse discordance is relatively common, especially in younger rocks, and this
has been attributed to excess **Pb produced by incorporation of 2°Th during crystal growth. However, in older
rocks (>100 Ma), any excess >*Pb will have an almost negligible effect on the age. All the monazite ages from the
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a 2 million year discrepancy between the U/Pb and Pb/Pb ages and is considered to be insignificant in terms of the

duration of tectonic processes operating in the study area.

Metamorphic monazite has been shown to form during granulite facies metamorphism from the
breakdown of other light-REE bearing accessory phases such as allanite and apatite (Pan and Fleet 1995) although
much lower T-growth of monazite has also been noted (e.g. Teufel and Heinrich 1993). Monazite dating by various
mircobeam techniques, high precision dating of single grains, and even small fragments of grains have led to the
realisation that multiple generations of monazite are present in polyphase terranes (e.g. Childe et al. 1993; DeWolf
et al. 1993; Lenzarotti and Hanson 1996; Zhu et al. 1997; Cocherie et al. 1998; Vavra and Schaltegger 1999). This
in turn has led to the conclusion that the closure temperature for monazite is higher than the 700-750 °C first
suggested by Copeland et al. (1988) and Parrish (1990).

Studies modelling the rates of Pb-diffusion in monazite (Suzuki et al. 1994; Smith and Giletti 1997) allow
for a precise calculation of the T.. When compared with measured U-Pb ages and PT-conditions it has been argued
that these two studies give low T, estimates for monazite (e.g. Spear and Parrish 1996). However, when examined
in detail the latter conclusion may be mislesding. For example rocks from the Vathalla Complex, British Columbia
showed ca. 1400 Ma monazite (100-150 ums diameter) to be 79-95% discordant (Parrish 1990). The rocks were
metamorphosed under PT-conditions of 790-850 °C at 7-9 kbar (Spear and Parrish 1996). Using the diffusion data
in Smith and Giletti (1996), the 79-95% Pb-loss observed, requires that the duration of high-T metamorphism (i.e.
>800 °C) lasted between 1-10 million years. Petrologic cooling rates in the Vaihalla Complex, constrained by Fe-
Mg exchange between gamnet and biotite) are between 3-80 °C/Ma (Spear and Parrish 1996) using the diffusion
coeffecients of Chakrabourty and Ganguly (1992). If the Valhalla Complex cooled at the rates suggested by the
authors during the intial stages of exhumation, then the terrane would have cooled to 700-750 °C in just a few
million years. Thus, the monazite age pattern (79-95% discordant) would in fact be consistent with the
experimental diffusion data of Smith and Giletti (1996).
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A second detailed examination of multiple generations of monazite focused on Paleoproterozoic

migmatites from the eastern Grand Canyon in Arizona (Hawkins and Bowring 1999). In this study, the rocks were
metamorphosed up to 700-720 °C at 6 kbar. Monazite crystals and small fragments ranging in diameter from 40-60
um were dated along with slices from larger (50-100 um) crystals. Idioblastic crystals contained no older (igneous)
age component but did record broadly concordant or slightly discordant ages (ca. 10%) in the range 1708-1702
Ma. Xenoblastic grains, interpreted as having grown during the melting event, gave ages from 1702-1696 Ma In
other words the entire melting event in this study lasted about 6-12 Ma. According to the diffusion data of Smith
and Giletti (1996) monazites with diameters of around 50 um woulkd be reset in around 10 Ma. This would explain
why there are no older age components in these grains. Continuos monazite crystalization in the cooling rocks along
with small amounts of Pb-diffusion for 5 million years following meiting would explain the observed age spread.
In summary, data on the rates of diffusion of Pb in monazite (Suzuki and Adachi 1994; Smith and Giletti 1996)
are in fact consistent with published U-Pb and PT-data sets from high-grade terranes and may be applied to help

establish part of the Tt-history of the MIZ.

4.4.4. Titanite and Rutile

Of the accessory minerals commonly dated by the U-Pb method, titanite and rutile are by far the best
understood in terms of mineral reactions. Therefore, these two accessory phases are relatively easy to interpret in
terms of the textures represented by the main-phase assemblages. Indeed several reactions involving rutile and
titanite, along with the other most common Ti-rich phase ilmenite, have been thermodynamically constrained (e.g.
Bohlen et al. 1983; Ghent and Stout 1984; Essenc and Bohlen 198S5). Titanite and ilmenite are common retrograde
or lower-P phases replacing rutile during metamorphism. Recent studies have shown that titanite U-Pb ages show
a similar behaviour to that of monazite. For example most titanite populations are concordant or show minor Pb-
loss suggesting low annealing temperstures and a high T.. The presence of multiple titanite age populations in high-

T terranes (e.g. Verts et al. 1996) and even from within the same rock sample (Ketchum et al. 1998) along with
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evidence for inherited crystals in plutonic rocks (Corfu 1996; Pidgeon et al. 1996) further suggest that titanite may

have a high T.. Altematively, a range of ages from different titanite populations in a single sample may be related
to complex, fluid-assisted reactions and recrystallization events (Corfu and Stone 1998). In samples where
metamorphic PT-data and titanite U-Pb data have been combined, the ages are understood to represent either
growth ages (e.g. Scott and St. Onge 1995; Resor et al. 1996) or cooling ages after high-T growth (e.g. Mezger
etal. 1991; Mezger et al. 1993) with the latter being the more commonly accepted interpretation. Hawkins and
Bowring (1999) showed a clear relationship between the diameter of titanite and its age (larger diameter giving
older ages). This strongly supports the view that following most high-T (>700 °C) metamorphic events titanite will
likely record cooling ages. Titanite can be stable during metamorphism from ca. 500-900 °C (Spear 1993) and
thus, may grow below its T.. Consequently, the interpretation of titanite U-Pb ages has to be considered in light
of both PT-determinations, comparative ages and the calculated T.. Rutile occurs as a high-P phase in many
asscmblages and U-Pb rutile ages are usually defined by concordant or near concordant fractions. However, the
ages are commonly much younger than other accessory phases such as monazite and titanite suggesting a much
lower T.. This is indeed the case with all rutile fractions dated in the MIZ (Table 4.2 and Figure 4.4). The most
commonly quoted T, for rutile is based on the empirical calibration of Mezger et al. (1989) suggesting a range of
ca. 370-430 °C for typical (0.01-0.2 mm) grain sizes. Even though larger grain sized populations have been shown
to give slightly older ages (van der Pluijm et al. 1994; Cox et al. 1998) the maximum T, for rutile is thought to be

ca. 500 °C. Therefore, rutile ages in most, if not all high-PT terranes are significant in terms of cooling history only.

4.5. Tt-paths and exhumation rates

4.5.1. Calculating closure temperatures

Closure temperatures (1) for monazite, titanite and rutile were calculated using the classical Dodson
(1979) method where the Tc is expressed as:
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oo E/IR

- ln[AR(Tc)’Do/a’]

ECr

E = activation energy

R = gas constant

A = geometry factor (55 for a sphere, 27 for a cylinder and 8.7 for a plane sheet)
D, = is the pre-exponential term (usually derived by experimental methods)

a = the diffusion radius and C, = cooling rate.

The diffusion data from Smith and Giletti (1997) for monazite and Cherniak (1993) for allow the application of
Dodson's equation for these minerals. The ranges of T, for rutile were partially derived from the measured diffusion
rates of Ti and Fe in rutile (Freer 1980). Preliminary studies on the rates of Pb-diffusion in rutile (Smith and Gilletti
1995) show that it is ca. 30 times faster than in monazite (i.e. Do = 30x that of monazite). This diffusion data used
for Tc calculation is presented in Table 4.3. Grain sizes for each mineral population were measured using a
Maurzhauser motorised stage attached to a petrographic microscope, which has a reproducibility of <0.1 pms over
20 cm of total movement. Twenty grains of each mineral were measured and the averages and final Tc for locC/My
and 1000C/My are presented in Table 4.4 and Figure 4.6a-c. One point to note is that rutile populations in the
MIZ, when examined in polished section, are euhedral and show a 4:1 Z/X-axis ratio. Thus, although the geometry
of rutile can be regarded as a cylinder (A = 27) the diffusional radius was assumed to be 0.25 times the measured
grain size in these samples. The results of estimating the T, of rutile with the above diffusion parameters must be
regarded with caution. However, the calculated ranges in T, for different grain sizes of rutile and at various cooling
rates (Figure 4.6¢) are very similar to those calculated by Mezger et al. (1989). The similarity of the two estimated

ranges supports the use of this data.
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4.5.2. Cooling rates in Lelukuau terrane (LT-11])

The Tt-path recorded by the rocks in LT-III shows a pattern of fast initial cooling and the apparently
slower rates both during and after titanite growth (Figure 4.7). High-PT metamorphism is constrained by the
emplacement of syn-metamorphic dykes (1039+/-2 Ma, Table 4.2) and a range of less precise metamorphic zircon
ages. Starting from an assumed peak age of around 1050 Ma, initial cooling and exhumation in LT-III lies in the
range 80-6 °C/My (Figure 4.7). The wide range in initial cooling rate are caused by imprecise estimate of peak
metamorphic ages and the very small difference between these and the monazite ages. The fact that the ages of the
syn-metamorphic dykes and monazite ages overlap do suggest relatively fast cooling and/or a short duration for
the high-T event recorded. However, the lower parts of the Tt-path give cooling rates from monazite to titanite ages

at around 5-10 °C/My. The lowest part of the Tt-paths, from titanite to rutile ages gives rates of 1-5 °C/My.

4.5.3. Cooling rates in the Baie du Nord segment (BNS)

Samples in the south-west BNS have the best constrained “peak” metamorphic zircon age in the TT.
Leucosomes in migmatitic garnet amphibolites contain populations of zircon with morphologies suggesting both
solid-state and melt-generated growth. The rapid segregation of melt during anatexis has been documented in other
high-T terranes (Watt et al. 1996) therefore, it is likely that the ages of the melt generated zircons represent the age
of peak conditions attained (850 °C and >12 kbar). In fact, both populations give the same well constrained age
of 1046+/-3 Ma (Table 4.2) suggesting that indeed high-PT metamorphism and melting occurred at the same time.
The oldest monazite age in the MIZ also occurs in the south-west BNS (1040+/-2) from metapelitic rocks adjacent
to the migmaticic gamet amphibolte. If the age reflects cooling through the T. for the grain size of 227 pms then
clearly cooling was rapid (>50 °C/My) and the duration of high-T metamorphism was short. The next part of the
Tt-path is constrained by the differences in age between monazite and large grain sizes of titanite. Titanite displays
textural evidence of growth during amphibolite-granulite facies retrogression in the migmatitic garmet amphibolite
(Cox and Indares 19994, in press) although well sbove it’s T, (Figure 4.6b). The cooling rates indicated is about
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5 °C/My (Figure 4.8) and, similar to slice LT-1II, are apparently slower than for the initial stages. The rates defined

using the ages of small grain sizes of titanite in the same sample are anywhere between S and 30 °C/My and may
actually suggest faster cooling. However, this could be due to the small age difference between the titanite
populations (1-10 Ma, Table 4.2). The age differences between titanite and rutile populations define the lowest-T
part of the Tt-path with cooling rates of between 1 and 10 °C/My. In summary, the south-west BNS shows a
progressive slowing in cooling from ca. >50 °C/My to 10-5 °C/Ma with the most abrupt change occurring between
first stages of exhumation and high-T and cooling following retrogression.

The timing of high-T metamorphism is also constrained by monazite (1033+/-1 Ma) and saccharoidal
zircon (1030+7/-12 Ma) in coronitic metagabbro which lie across the North Bay shear zone. Unfortunately, cooling
rate is not easy to constrain using these ages. The latter age is hard to quantify in terms of growth temperature but
complete replacement of baddeleyite by zircon requires metamorphic conditions above amphibolite facies and is
greatly assisted by the presence of fluid (van Breeman and Davidson 1988; Heaman and LeCheminant 1993). Thus,
saccharoidal zircon may be considered as recording the maximum (growth) age for reequilibration during early
stage cooling in this area. This in turn supports the interpretation that the monazite data represents cooling and that
the duration of high-T metamorphism was probably fairly short, on the order of a few to ten million years.

In the central BNS, the initial cooling and exhumation rates are not well quantified because of the lack
of precise zircon data constraining peak metamorphism. The difference in age between monazite and titanite in the
central BNS give rates of between 5 and 10 °C/My for cooling after the thermal peak (Figure 4.8), rather similar
to the rates in the south-west BNS and LT-IIL The Tt-path from titanite to rutile gives a rate of between 1-5 °C/Ma.
Again, this apparent slowing of cooling is similar to the south-west BNS and LT-III. However, metamorphic
zircons which give ages younger than those of monazite in the central BNS (zircon, 1012+/-12 Ma; monazite,
1033+/-2 Ma, Table 4.2) warrant further discussion. Textures and PT-conditions recorded in the transitional
metagabbros (Table 4.1) suggest pervasive reequilibration. A recent study (Fraser et al. 1997) suggests that the
distribution of zirconium in high-grade rocks may be controlled by garnet breakdown. If this were the case in the
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transitional metagabbros these zircons may have grown during reequilibration. The age of these zircons also

corresponds with a stage of slower cooling and exhumation in the BNS. The reequilibration of these samples, slow
cooling and exhumation and new zircon growth may have tectonic significance. In addition, metamorphic ages
recorded by zircon from the North Bay anorthosite have an extremely large spread (>100 My). This may be
regarded as rather unusual for zircon that was only ca. 130 My old (Indares et al. 1998) when metamorphosed. On
the other hand, the sheared nature of the North Bay anorthosite may have promoted regrowth and/or
recrystallization of the zircons present. However, the fact that this appears to have occurred over much of the

duration of metamorphism in the area may also be significant.

4.5.4. Cooling rates in the Boundary zone (BZ)

The timing of peak conditions in the southern BZ are constrained by the emplacement age of the Harte
Jaune granite (1017+/-2 Ma, Table 4.2) interpreted to represent the timing of peak metamorphism in the southern
BZ. The first stage of cooling and exhumation is constrained by the difference in ages between the emplacement
of the granite (zircon) and cooling down to the T, of monazite (Figure 4.9). This suggests a very fast rate of 50-
100 °C/My. Subsequent rates are given by the difference from monazite to large grain sizes of titanite (5-10
°C/My). The rates recorded in the lower part of the Tt-path down to the T, for small grain sizes of titanite and rutile
(1-5 °C/My) and are similar to those in the BNS and LT-III. In the northern BZ the age of metamorphism is
constrained by monazite in metapelite/snatexite at 1019+/-1 Ma. However, there is no independent estimate of the
cooling rate following peak metamorphism except that the average rate from monazite to rutile in this sample is
about 5 °C/My, similar to the MIZ as a whole.

Precise metamorphic zircon and monazite ages which constrain the timing of early stage, high-T cooling
are not available for the LES. However, saccharoidal zircon ages (1030+/-12 Ma) do give a lower limit for high-T
metamorphism. The rate of cooling from saccharoidal zircon to titanite ages (cooling after amphibolite facies

overprinting) is about 10 °C/My. Subsequent cooling down to rutile ages are apparently slower 1-5 °C/Ma. This
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pattern of slower rates during the latter stages of the PT-evolution is the same in the LES as throughout the MIZ.

Interestingly, igneous zircons with metamorphic overgrowths in the nelsonite sample from the northern part of the
LES, give a large spread in ages (50 My). This rock has been extensively retrogressed and indeed gives the lowest
PT-estimates in the entire MIZ (695-550 °C at 6-4 kbar, Figure 4.4). In addition, the LES is essentially a series
of variably deformed tectonic lenses (Cox et al. 1998). Therefore, in is possible that more than one episode of
metamorphic zircon growth occurred in this sample giving the spread in ages across the high-T part of the

metamorphic history of the area.

4.6. Discussion

4.6.1. Models for the tectonic evolution of the MIZ

Peak metamorphism (ca. 800-920 °C and up to 20 kbar) affected the majority of the units in the MIZ
between 1050-1040 Ma (Figure 4.5). Despite the large possible range in cooling rates during the early stages of
the Tt-paths, minimum rates of >50 °C/My are consistent with a high closure temperature for monazite. The small
age differences between zircon (peak) and monazite (high-T cooling) ages support this interpretation that initial
cooling was relatively fast across the MIZ. This in turn suggests a process of tectonic exhumation as indicated by
similar rates in modem high-P terranes (Duchéne et al. 1997). Initial exhumation of the MIZ was likely driven by
north-west directed extrusion (Figure 4.10). The high overall T-range recorded during decompressive
reequilibration of the assemblages further suggests that high heat flow was prevalent during exhumation (Figure
4.10). The hypothesis that mantle heat input due to asthenospheric upwelling occurred in the MIZ (Indares et al.,
in press) is supported by the presence of the syn-metamorphic gabbro swarm in slice LT-II If tectonic exhumation
rapidly removed the MIZ from this heat source the cooling would explain the apparently rapid cooling rates

following peak metamorphism.
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Following the early stages of exhumation, cooling rates clearly slowed down (between ca. 1030-1000

Ma) as indicated by the relatively large age differences between monazite and titanite. The general rates of cooling
during this time period are virtually identical across the MIZ (ca. 5-10 °C/My). Although these are slower than the
initial rates these values are still indicative of tectonic exhumnation (e.g Dushéne et al. 1997; Jamieson et al. 1998).
The rates recorded by the southemn BZ however are considerably faster and indeed are similar to the rates recorded
during early-stage exhumation in the rest of the MIZ with an average of 50-100 °C/My. This strongly suggests that
the southern BZ was tectonically emplaced (thrust) over the rest of the MIZ at this time (Figure 4.10). The
underlying LES was also probably emplaced over the BNS during this thrusting event as indicated by structural
constraints (Indares et al., in press). Unfortunately, the rates of cooling and exhumation are not as well constrained
in the LES due to the lack of monazite data. Thus, this interpretation is somewhat speculative. Evidence for textural
reequilibration and the age of metamorphic zircons (1012+/-12 Ma) in the transitional metagabbros from the
central BNS lend support for this interpretation. The high-T conditions and in some cases strong deformation
experienced (e.g. North Bay anorthosite) during this thrusting event may also have led to the complex discordant
zircon populations with large errors on lower intercept ages. This in turn may indicate multiple zircon growth
and/or high-T Pb-loss events in the MIZ. In addition, migmatitic gamet amphibolites show evidence for two phases
of gamnet growth. Gamect porphyroblasts display inclusion rich cores of a migmatitic origin and inclusions-free
overgrowths (Cox et al. 1998; Cox and Indares 1999a, in press). The overgrowths may have been produced when
the BZ was emplaced over the rest of the MIZ. The duration of this event must have been extremely short lived as
suggested by the rapid cooling rates in the southern BZ and the lack of any effect on the monazites in the underlying
LT-III and BNS. These samples may be further investigated to test this hypothesis.

In comparison, the cooling and rates for the later stages of the metamorphic evolution are much slower
(ca. 1-5 °C/Ma) and occurred unitl ca. 935-920 Ma. These rates are similar to those recorded in terranes where
exhumation was controlled by tectonically assisted erosion and/or gravitational collapse (e.g. Jamieson 1991;

Duschéne et al. 1997; Jamieson et al. 1998, Figure 4.10). Small variations such as the slightly younger rutile
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(cooling) ages in LT-II (ca. 920 Ma) and older ages in the south-west BNS (ca. 946 Ma) are probably due to the

different crustal levels of these units. As all the units are now at the same structural level, exhumation must have
been differential and continued until afier the cooling ages indicated by rutile. The later stages of exhumation may
be investigated by examining ages of minerals generated in the shear zones themselves, precise dating of late,
cross-cutting pegmatite and by dating phases which record lower-T cooling ages e.g. Ar-Ar geochronology of
hornblende, mica and K-feldspar.

An estimate of the exhumation rate is possible only in the south-west BNS where peak-P conditions
recorded by migmatitc gamet amphibolite and metapelite are in the range 14-18 kbars and retrograde overprinting
recorded pressures of 8-10 kbar. Assuming an average crustal density of 2.8 gm/cm? this represent a change in
depth of between 40-50 km and 22-28 km. This occurred between peak metamorphism at 1046+/-3 Ma and the
emplacement of the BZ after 1020 Ma. This gives an exhumation rate of beween 0.41 and 1.22 mm/yr which are

indicative of tectonic exhumation (Dushéne et al. 1997).

4.6.2. Comparisons with other Grenvillian terranes

Although there are a large number of published sges in the Grenville Province (see Easton 1986 and
Rivers 1997), Tt-paths have only been established in the Adirondacks (New York) and along north-west transects
in Ontario and western Quebec. In the Adirondacks, two major units have been identified, the lowlands which lie
to the north-west and the highlands which occupy most of the Adirondack region (McLelland and Isachsen 1986).
Geochronology and Tt-paths show that the lowlands achieved peak metamorphism (ca. 600-700 °C and 7 kbar)
at ca. 1150 Ma and cooled down to 300 °C by 950 Ma (Bohlen et al. 1985; Mezger et al. 1989). The highlands
were metamorphosed at >800 °C and up to 11 kbar at ca. 1050 and cooled down to 300 °C between 850-800 Ma
(Anovitz and Essene 1990; van der Pluijm et al. 1994). A similar pattern of ages is observed in the Grenville in
Ontario (e.g. van Breemen et al. 1986; Culshaw et al. 1991; Mezger et al. 1993; Wodika et al. 1996; Ketchum et

al. 1998; Cosca et al. 1991 and 1992). Several terranes which can be regarded as part of the allochthonous belt
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record older peak metamorphic ages, whereas ages in the parsutochthonous belt are more typical of those in the

MIZ. Moreover, high-P rocks recently discovered in the south-west Grenville give peak ages (metamorphic zircon)
of ca. 1090-1050 Ma (Indares and Dunning 1997; Ketchum and Krogh 1998). Modelled Tt-paths for the south-
west Grenville show rather slow average cooling rates (¢.g. van der Pluijm et al 1994) however, it is apparent that
this interpretation is complicated by the presence of both old and young metamorphic ages. In the Grenville of
western Quebec an age transect also records the same pattern where the southern (allochthonous) terranes record
peak metamorphism at ca. 1150 and older cooling ages (ca. 1050-950 Ma). The northern (parautochthonous)
terranes give metamorphic ages 1050-950 and cooling ages down to 800 Ma (Friedman and Martignole 1995;
Martignole and Reynolds 1997). These older metamorphic ages are thought to represent a phase of metamorphism
which in general reached mid-amphibolite to granulite facies (Davidson et al. 1982; Bohlen et al. 1985; Rivers et
al. 1989). The term Shawinigan Pulse has been proposed for this event (Rivers 1997). Peak metamorphic ages
between 1100-1000 Ma (termed Ottawan Pulse) are found throughout the Grenville and represent the main
orogenic event which includes high-P metamorphism. Despite the complication of separate pulses of
metamorphism in New York, Ontario and western Quebec, the pattern of cooling ages younging to the south-west
is consistent with data throughout the Grenville (Easton 1986; Rivers 1997). This in turn supports current models
of initial exhumation with thrusting to the north-west and extension on top of the pile to the south-east.
Evidence of more than one pulse of metamorphism is also present in the eastern Grenville. Most peak
metamorphic ages are between 1100-1030 Ma (e.g. Phillipe et al 1993; Tucker and Gower 1994; Wasteneys et
al. 1996). These ages are associated with the pervasive high-grade metamorphism. However, zircon and monazite
ages from 1020-950 Ma are also present along with pegmatites which have been deformed by late shear zone
movement (Scharer et al. 1986; Bussy et al. 1995). This indicates a later phase of metamorphism which has been
termed the Rigolet Pulse (Rivers 1997). The timing of the Rigolet Pulse is broadly coeval with both the tectonic

emplacement of the BZ in the MIZ and the high-T/Aow-P metamorphism of the Harte Jaune terrane immediately
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to the south of the MIZ (Hynes et al. 1997). Thus, the Rigolet Pulse may be responsible for the emplacement of

the BZ in the MIZ which corresponds to the apparent slowing of the cooling and exhumation rates.

4.7. Conclusions

In the north-east Grenville Province, the MIZ records evidence of high-PT metamorphism and initial near
ITD-paths with steep metamorphic gradients. The initial rates of cooling and exhumation are consistent with
tectonic uplift, probably via thrusting to the north-west and extension on the top of the pile to the south-east.
However, a second pulse of thrusting in the highest structural levels (BZ) appears to correspond to a phase of slow
cooling and exhumation in the MIZ. The timing of this phase overlaps with the Rigolet Pulse recorded in the
eastern Grenville. Subsequent cooling and exhumation as indicated by the ages of rutile in the MIZ was relatively
slow and clearly continued for some time until at least 925 Ma (i.e. the youngest rutile ages). Thus, two stages of
burial and exhumation are recorded by the MIZ namely the high-P Ottawan Pulse and a less pervasive event which
is likely related to the Rigolet Pulse. The exhumation history of the MIZ is therefore controlled by two stages of
thrusting and extension. The average cooling and exhumation rates are apparently rather slow compared with
modemn high-P belts and a similar pattern is documented across the Grenville. As both the western Grenville
(Shawinigan and Ottawan) and eastern Grenville (Ottawan and Rigolet) apparently record two pulses of crustal
shortening and metamorphism, these slow rates of cooling are the net result of a complex tectonic evolution. The
rates of cooling and exhumation will therefore be best constrained in terranes where the individual pulses can be
distinguished.
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Figure 4.1. Map of the eastern Grenville Province showing the location of the Manicouagan Imbricate

Zone and surrounding terrancs.
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Figure 4.2. Simplified geological map of the MIZ with the locations of Figures 4.3a-b shown.
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Figure 4.3. Map of slice LT-III (south east LT) and TT with localities of samples used for PT-

determinations (data in Table 4.1) and U-Pb ages (Table 4.2).
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Figure 4.4. Diagram showing a) temperatures and b) pressures recorded by rocks across the MIZ. Dark
boxes indicate peak conditions and light boxes indicate retrograde conditions. Note that some
rocks contain no PT-data but are included where U-Pb data was collected from the sample. This

allows a direct comparison of the data coverage in each area
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Figure 4.5. Diagram showing the U-Pb ages from across the MIZ. The locations are identical to those in

Figure 4.4.
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Figure 4.6 (a<c). Graphs showing closure temperature versus cooling rates for different grain sizes of a)
monazite, b) titanite and ¢) rutile. Diffusion data from Smith and Giletti (1996) for monazite, Cherniak
(1993) for titanite and Freer (1980), Mezger et al. (1989) and Smith and Giletti (1995) for rutile, were

used to calculate the curves shown.
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Figure 4.7. Tt-path for slice LT-HI. The top of each box represents the maximum and minimum growth
temperature for zircon and the calculated T, at 1 °C/My and 100 °C/My for monazite, titanite and
rutile. The broken lines around the zircon data represent fractions which have poorly constrained

lower intercepts, the significance of which is discussed in the text.
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Figure 4.8. Tt-path for the central and south-west BNS. The top of each box represents the maximum and
minimum growth temperatuse for zircon and the calculated T. at 1 °C/My and 100 °C/My for
monazite, titanite and rutile. The broken lines around the zircon data represent fractions which

have poorly constrained lower intercepts, the significance of which is discussed in the text.
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Figure 4.9. Tt-path for the northern and southern BZ and the LES. The top of cach box represents the
maximum and minimum growth temperature for zircon and the calculated T. at 1 °C/My and 100
°C/My for monazite, titanite and rutile. The broken lines around the zircon data represent
fractions which have poorly constrained lower intercepts, the significance of which is discussed

in the text.
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Figure 4.10. Summary of the metamorphism and tectonic exhumation of the MIZ. Dark colored boxes
represent high-T conditions constrained by zircon and monazite ages. Light grey and white boxes

represent titanite and rutile cooling ages respectively.
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Table 4.1. Summary of PT-data from the MIZ. References are given in the text.
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Sample and location

PT-conditions

Lelulmau tervane
LTI

Melano-gabbro

East LT-I

Grt-Ky clinopyroxenite
West LT-III

Grt-Ky clinopyraxenite
Grt-Ky clinopyroxenite
Gabbro stocks

Tshenukutish terrans

Northern BNS
Granoblastic eclogite

Caoronitic eclogite
Ceatral BNS
Transitional metagabbro

Metapelite

South-west BNS (North Bay
sres)

Mctapelite

Coronitic metagabbro
South-west BNS

Migmatitc gamet amphibolite

Meupelite

700-750 °C at 12-14 kbar

$50-920 °C at 18-20 kbar

850-900 °C at 16-18 kbas
850-920 °C at 18-20 kbar
>800 °C and >14 kbar
>800 °C and >14 kbar

740-825 °C a2 13-17 kbar
675-760°C at 13-16 kbar
720-800 °C at 14-17 kber

750-820°C at 11-14 kber
655-800 °C ot 10-13 kber
740-820°C at 11-13 kbar
300-950 °C at >14 kbar

800-950 °C and >14 Kbers

770-310°C &t 12-14 kbay
710-780°C a2 11-13 kber

>850 °C and >10 kbar

795-825°C at 11-12 kbar
740-80S °C at 8-10 kbar
800-950 °C and >14 kbar

Recorded conditions of metamorphism in mafic
samples and lack of granitoid melting

Near-peak conditions recorded by assemblages

Near-peak conditions recorded by sssemblages
Near-peak conditions recorded by assemnblages
Putial metting of granitiod
Syn-metamorphic emplacement of plagioclase-
free assemblages

Near-peak assemblage
Reequilibration of granoblastic eclogite assemblages (rims)
Near-peak coronitic amemblage

Peak conditions recorded by granoblastic assemblages (cores)
Reequilibration of granoblastic assemblages (rims)

Maximum conditions recorded by high-P coronas

Minirun conditions for meiting of muscovite and maximum stability
for biotite during meiting of metapelite (muscovite sbeent)

Minimum conditions for melting of muscovite and maximum stability
for biotite during melting of metapelite (muscovite abeent)
Maximum conditions recorded by high-P coronas
Reequilibration of coronas (pargasite-plagiociase collars)

Conditions for amphibolite partial meiting and gamet growth i
leucosome

Conditions recorded by garnet-leucosome asscrnblage
Post-migmatite gamet rims overgrowth and amphibolite matrix
mhnmt_'amlﬁgdww and maximum stability
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Table 4.1 (continued).
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Sample and location PT-conditions Interpretation
and comments
—— P
Southermn BZ
Harte Jaune Granite 750-850 °C Crystallization of intrusion (post -peak emplacement)
Granite sheet 750-850 °C Crystallization of intrusion (post -peak emplacement)
Late granite sheet >650 °C and >6 kber Syn-amphibolite facies emplacement
Metapelite >750 °C and 10 kber Minirmam conditions for meiting of muscavite (muscovite present)
West LES
Troctolite 780-870°C &t 16-19 kbar Neag-peak (amphibole-free) coronitic assemblages
780-880 °C at 14-17 kbar Conditions recorded by cpx-inclusions and gmmnet in pargasite-bearing
corona assemblage
710-800 °C at 14-16 kbar Retrograde conditions recorded by pargasite-bearing coronas (rims)
Homblendite 800-930 “C at 15-19 kbar Near-peak coronitic sssemblages
Gamet amphibolite 620-795 °C & 10-12 kbar Amphibolite retrogression
Nelsonite 550-650 °C at 4-6 kbar Reequilibration of coronitic assemblages during amphibolite
retrogression
East LES
Olivine gabbro 775-870 °C &t 14-16 kbar Conditions recorded by high-P coronas
750-850 °C a8 12-14 kbar Roequilibration of granoblastic assemblages
Nosthern BZ
Metapelite >800-950 °C and >14 kber

Minirmum conditions for melting of muscovite and maximum stability
foe biotite duri ing of | lite (muscovite sbeent
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Table 4.2. Summary of U-Pb age determinations from the MIZ. References are 'Cox et al. (1998), *Indares

et al. (1998), ’Indares and Dunning (in press) and ‘Gale et al. (1994).
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Cooli | exhumati

Sumple wd location TOr

Zircon ages Monazite ages

Lelukusu terrane
LTl

Scignelay anorthosite’
West LT-II
Mangerite®
Anorthsite?

Olivine Gabbro?
Leucogranite®

Diorite gneiss®
Gabbro stock?

Tshenukutish terrane
Central BNS

Transitional metagabbro |
Metapelite *

North Bay anorthosite?

Diorite (country rock) ?
South-west BNS

Migmatitc gamet-amphibolite *
Metapelite

South-west BNS (Nerth Bsy ares)
Coronitic metagabbro *
Metapelite*

Southern BZ

Harte Jaune Granite®

Granite sheet?

Late granite sheet?
Metspelite®

Harte Jaune gneiss (country rock)
West LES

Homblendite '

Gamet amphibolite '
Nelsonite !

East LES

Olivine gabbro *

Northern BZ

Metapelite

1007+/-6

1047+/-28
1009+/-22
1052+/-19
1034+/.3

1039+/:2

1012+/-12
1033+/:2
1021 +54/-69

1046+/-3

1040+/-2

1030+10/-7
1033+/:2

101772

1015+/:2
1007442

1015+/-2

1030+/-12

1042+22/-28

10194/t

Titanite ages

991+/-§

1006+/-2

(Large) 1006+/-5
(Small) 997+/4

(Large) 1007+/-2
(Small) 989+/-2

989+/-2

1004+/4

920+/-4

929+/-3

(Large) 960+/-6
(Small) 946+/-2

934+/4

929+/4

929+/4

929+/-3
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Table 4.3. Diffusion data used to calculate the respective closure temperatures in Table 4.4. Data taken
from ' Smith and Giletti (1996), 2*Cherniak (1993) and *Freer (1980), Mezger et al. (1989) and

Smith and Giletti (1994).
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Table 4.4. Interpretation of zircon ages along-with grain sizes and closure temperatures (T.) at cooling
rates of 1 °C/My and 100 °C/My for monazite, titanite and rutile using the method described in

the text.




66 38oqd

Sample and location Zircon intexpretation Monazite maximum diffusion di Titanite maximum diffusion dismeter  Rutile maximum diffusion dismeter
and Tc (1°C/Ma and 100°C/Ma) and Te (1°C/Ma and 100°C/Ma) and Te (1°C/Ma and 100°C/Ma)
Lelukuau terrane
West LT-IN
Mangerite High-T Pb-loss from igneous arystals
(800-920 °C)
Anorthsite High-T Pb-loss from igneous arystals
(800-920 °C)
Olivine Gabbro High-T Pb-loss from igneous aystals
(800-920°C)
Leucogranite 226pm (617 - B24) 176 pum (564 - 654)
Dicsite gnei 128 jum (324 - 421)
Gabbro stock S ic emplacement
(>850°C)
Tohonukutish terrans
Centrel BNS
Transitional metagabbro Post- peak (reequilibration)
metamorphic growth (600-800 °C)
Metapelite 120 pm (573 - 758) 177 um (336 - 437)
North Bay anorthosite High-T Pb-loss from igneous aystals
(800-900 °C)
Diorite gneiss (country rock) 227 pum (574 - 668)
Sowth-west BNS
Migmatitc gamet-amphibolite Nu-p&.wndm Lasge 219 um (572 - 663) Lacge 358 um (363 - 476)
:;)cmﬁucﬂyﬂll(mm Snall 122 um (541 - 638) Seall 108 um (318 - 412)
Metapelite 227 um (616-823)
Seuth-west BNS (Nerth Bay
aren)
Coronitic metagabbro Post-peak zircon pseudomarphs afler
baddeleyite (710-780 °C)
Metapelite 161 jam (593.788)

(L]




Table 4.4 (continued).
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Sample and location Zircon interpretation Monazite maximum diffusion diameter  Titanite maximum diffusion diameter ~ Rutile maximum diffusion diameter
and Te (1°C/Ma snd 100°C/Ma) and Te (1°C/Ma and 100°C/Ma) and Te (1°C/Ma and 100°C/Ma)

Southern BZ
Harte Jaune Granite Syn-metamorphic Hart Jaune granite

emplacement (850-750 °C)
Granite sheet Syn-metamorphic granite sheet

emplacement (850-750 °C)
Late granite shect Late granitc dyke (750-650 °C) 115 pm (539 - 634)
Metapelite 229 um (619 - 828) 259 um (351 - 457)
Hatte Jaune gneiss Assumed 1o recard identical conditions

to small titanites from late granite
shect.

West LES
Homblendite Post-peak ziroon after 241 jum (348 - 458)

baddeleyite (780-920 °C)
Nelsonite Nesy-peak metamorphic

on igneous cares (780920 °C)
Gamet amphibolite 213 pum (571 - 662)
Eest LES 241 um (348 - 458)
Olivine gabbro
Northern BNS
Metapelite 8] pan (S48-721) 232 um (346 - 451)
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Summary and conclusions The MIZ end orogenic belts

The Manicouagan Imbricate Zone within the context of the Grenville

Province and orogenic belts.

C.1. Terrane correlation

The metamorphic and U-Pb geochronological studies of the mafic and ultramafic rocks in the
Manicouagan Imbricate Zone (MIZ) examined in this thesis can be combined with available data from
other rocks in the same area (e.g. Gale et al. 1994; Indares 1996; Indares et al. 1998; Indares and Dunning,
in press). The lithological units in the MIZ are separated by shear zones into a number of terranes and
segments (Indares et al. 1999) all of which have experienced high-PT metamorphism during the Grenvillian
orogeny. The combination of both protolith ages and metamorphic characterisation of these areas allows
correlations to be made both within the MIZ and with other areas in the Grenville Province.

C.1.1. Protolith ages

The Lelukuau terrane (LT), which is structurally the lowest, is characterized by large tectonic
slices containing mafic and granitoid rocks which comprisc a Labradorian anorthosite-mangerite-
charnockite-granite (AMCG) suite (Indares et al. 1998). The slice LT-TI also contains ca. 1300 Ma granite
and a swarm of syn-tectonic mafic dykes (1039+/-2 Ma). The Tshenukutish terrane (TT) overlies the LT
and is structurally more complex. The lowest tectonic unit within the TT, the Bai¢ du Nord segment (BNS),
comprises Pinwarian (1458+/-5 Ma) granitic-dioritic country rocks with metapelitic rafts (Indares et al.
1998). These are intruded by Fe-Ti gabbros and associated anorthosites, which are mid-Proterozoic (ca.
1220-1170 Ma) in age. The highest unit within the TT, the Boundary Zone (BZ), contains ultramafic
cumulate rocks, gabbro and nelsonite, known as the Lac Espadon suite (LES), formed during Labradorian
magmatic activity (Cox et al. 1998). The southern BZ is the highest tectonic unit and also contains the
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Summary and concluysions The MIZ and orogenic belts
youngest rocks. The southen BZ comprises the Brien anorthosite (1169+/-3 Ma, Scott and Hynes 1994),

the syn-tectonic Harte Jaune granite (1017+/~2 Ma, Indares et al. 1998) metapelitic rafts and late granite

sheets.

C.1.2. Labradorian units: the Lelukuau terrane (LT) and Lac Espadon suite (LES)

The terranes and litho-tectonic units within the MIZ can be correlated in a number of ways. The
LT and the LES are lithologically similar (both comprise AMCG type rocks) and have contemporancous
(Labradorian) protolith ages (Cox et al. 1998; Indares et al. 1998). Thus, it is possible these units were in
close association during emplacement Geochemical analysis of olivine gabbro and REE-fractionation
models suggest that the LES represents within-plate tholeiitic melts emplaced at a high crustal level (see
Paper 1). Outside the MIZ, rocks of a similar age are found predominantly in the eastern Grenville and are
located mainly in the parautochthonous (high-P) belt, although terranes in the allochthonous (low-P) belt
and even north of the Grenville front contain rocks of a similar age (e.g. Schirer et al. 1986; Corrigan et al.
1994; Culshaw et al. 1994). These intrusions represent a major magmatic event following the Labradorian

orogeny (Rivers 1997).

C.1.3. Pinwarian and other Mid-proterozoic rocks

The LT contains 1300 Ma granite intrusions and sparsely distributed calc-alkaline, alkaline and
tholeiitic (AMCG) rocks in the range 1350-1250 Ma occur throughout the Grenville (Rivers 1997). The
largest group of igneous rocks in this age range is the Nain Plutonic AMCG suite which is located to the
north of the Grenville in central Labrador. The lithologies and interpreted tectonic setting of rocks of this
age are diverse and the nature of the 1300 Ma granite within the Lelukuau terrane remains uncertain.

The BNS segment is dominated by the Pinwarian country rocks (1458+/-5 Ma) intruded by 1220-

1170 Ma gabbro and anorthosite (Indares et al. 1998). The Harte Jaune terrane which overlies the MiZ to
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the south contains granulites with protolith ages similar to the BNS (Scott and Hynes 1998). Interestingly,

the Pinwarian rocks in the BNS show evidence for metamorphism prior to the emplacement of the mid-
Proterozoic gabbro and anorthosite. Although the exact timing and nature of this event is as yet undefined
in the BNS, it may be postulated that these two areas may have been in close association prior to the
Grenvillian orogeny. Rocks of this age are also found in the western Grenville (e.g van Breemen et al.
1986; Ketchum et al. 1994) and in the eastern Grenville including the Pinware terrane, the type locality
(e.g. Krogh et al. 1996; Wasteneys et al. 1997). Pinwarian rocks in the western Grenville are thought to
represent a back-arc setting whereas those in the eastern Greaville were emplaced during and shortly after
the Pinwarian orogeny and may also be related to back-arc spreading (Rivers 1997).

The Fe-Ti gabbros and anorthosites in the BNS represent within-plate tholeiites which were
emplaced at a high crustal level (Cox et al. 1998). The age of these rocks is identical to the Brien
anorthosite in the Boundary zone. Similar lithologies in this age range are found across the Grenville and
are chiefly located in the southem allochthonous terranes (e.g Martignole et al. 1994; Wodicka et al. 1996)
and are thought to represent emplacement following peak metamorphism. In this case most of these
intrusions were intruded shortly after the 1250-1190 Ma Elzevirian orogeny (Moore and Thompson 1980)
probably during a phase of crustal thinning.

C.1.4. Syn-metamorphic intrusions

The occurrence of syn-metamorphic mafic dykes (1039+/-2 Ma, Indares et al. 1998) is significant
in terms of the style of metamorphism experienced by the MIZ. These rocks have within-plate tholeiite
geochemical signatures and are thought to represent magmas formed during asthenospheric upwelling
(Indares et al. 1998). These magmas were intruded into the MIZ shortly after peak metamorphism. AMCG
suites of this age are numerous throughout the Grenville with the timing of emplacement commonly shortly
after the highest grades of metamorphism (e.g. Gower et al. 1991; Tucker and Gower 1994; Corrigan and

van Breeman 1997). The Harte Jaune granite and related intrusions in the southem BZ are similar in age to
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AMCG suite granites in the allochthonous units of the Grenville (e.g. Owens et al. 1994). Thus, the

southern BZ can be correlated with the allochthonous (low-P) belt. The presence of the LES in the western
BZ suggests that the MIZ is highly composite in nature.

C.2. Greavillian metamorphism

C.2.1. Timing of high-PT metamorphism

The rocks of the MIZ show abundant evidence for high-PT metamorphism at ca. 1050-1020 Ma as
indicated by zircon and monazite ages. Peak metamorphic conditions are consistent with burial to depths of
50-65 km under a high thermal regime. The temperatures recorded during peak metamorphism (800-900
°C) and initial exhumation (700-800 °C) suggest high heat flow through the base of the crust. This is
supported by the presence of syn-metamorphic dykes emplaced into the Lelukuau terrane (the base of the
MIZ) shortly after peak metamorphism. High temperatures have also promoted reequilibration of the high-
PT assemblages during exhumation. This in tum led to textures such as gamnet overgrowths on large
poikiloblasts, pargasite-bearing plagioclase collars and locally new zircon growth and zircon replacing
baddeleyite (1030+10/-7 Ma, 1030+/-12 Ma and 1012+/-2 Ma). Several metamorphic zircon morphologies
give lower intercept ages which overlap this range and may indicate several stages of resorption and
regrowth during this period and this requires further investigation. Ages of high-PT metamorphism in the
Boundary zone however, are substantially younger, constrained by the age of the Harte Jaune granite and
monazite within anatectic pelites (1019-1013 Ma). Evidence for earlier metamorphic events is restricted to
the BNS segment where partial melting and/or granite injection of the dioritic country rocks predated the
empacement of the 1250-1170 Ma anosthosite and gabbro bodies.
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C.2.2. Conditions of metamorphism

PT-conditions in the LT (Indares 1997) and the LES (Cox and Indares 1999b, see Paper 3) are
similar. The highest PT-conditions are recorded by the gamet-kyanite clinopyroxenites (850-920 °C at 18-
20 kbar) in the LT and in high-P coronas in troctolite (780-870 °C at 16-19 kbar) and homblendite (800-
930 °C at 15-19 kbar) in the LES. These PT-conditions and the timing of metamorphism suggest that the
AMCG rocks in the LT and LES were likely in close association until after the main Grenvillian event.
Amphibolite facies overprinting down to ca. 550 °C and S kbar in the LES defines a very steep to near-
isothermal decompression path.

In the BNS the Fe-Ti gabbros document the textural transformation of these rocks to coronite,
transitional metagabbro and eclogite. Anatectic melts in adjacent amphibolite and metapelite indicate a
minimum peak of >850 °C and >12 kbar. The highest T-conditions recorded (ca. 750-825 °C) suggest that
reequilibration took place shortly after peak metamorphism and confirms the interpretation that high heat
flow was pervasive during initial exhumation. Subsequent amphibolite facies overprinting (710-805 °C and
8-10 kbar) further points to near-isothermal decompression. The southern BZ has only limited constraints
for metamorphic conditions. However, the metapelitic rocks display evidence for melting reactions which
give a range of PT-conditions of 10-13 kbar and >750 °C (Indares and Dunning, in press).

In general, the MIZ records steep metamorphic gradients and Tt-paths which indicate that tectonic
exhumation was the dominant process during the early stages of uplift. Structures within the MIZ indicate
that the initial exhumation occurred by thrusting to the northwest with southwest directed extension on the
top of the pile. This pattem is apparently similar across much of the Grenville. The tectonic emplacement
of the BZ corresponds to a phase of slow cooling and exhumation in the rest of the MIZ. The timing of this
phase is similar to the Rigolet Pulse recorded in the castern Grenville (Rivers 1997). Subsequent cooling
and exhumation, as indicated by the ages of rutile in the MIZ, was relatively slow and clearly continued
until after ca. 920 Ma (i.c. the youngest rutile ages).
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C.3. Conclusions

The pattern of protolith ages suggests that most of the lithological units of the MIZ formed during
the main stages of accretion at the Laurentian margin. This occurred before the onset of the Grenvillian
orogeny during the Labradorian, Pinwarian and Elzeverian events. Indeed, the pattern of protolith ages
across the Grenville Province as a whole suggests that the orogen was accumulated largely as a result of
igneous activity which closely followed major metamorphic events (Rivers 1997).

The PT-conditions recorded by the rocks in the TT and in the LT indicate metamorphism under a
high thermal regime. This along with very steep to near-isothermal metamorphic gradients suggests high
heat flow through the lower crust both during the high-PT Greavillian (Ottawan) cvent and through the
initial stages of exhumation High heat flow during exhumation was also contemporaneous with the
emplacement of both mafic dykes and granites and thus, a pattern of post-peak igneous activity is
documented by the MIZ. Current models for the evolution of collisional orogens (e.g. Jamieson 1991;
Hodges 1998; Jamieson et al. 1998) indicate the importance of mantle derived heat input following
extensional collapse of thickened crust. In the Grenville, Corrigan and Hanmer (1996) suggest that high-PT
metamorphism, high heat flow and associated emplacement of mantle derived melts is a result of
asthenospheric upwelling during extension. Other orogens, such as the Caledonian and Variscan, also
display evidence for the emplacement of mafic and granitoid intrusions shortly after peak metamorphism
(c.g. Rogers and Dunning 1991; von Quadt and Gebauer 1993; Rogers et al. 1994; Wendt et al. 1994;
Sergeev et al. 1995). Thus, the involvement of asthenospheric mantle in producing high thermal regimes
following extensional collapse appears to be a relatively common feature of many orogens. Metamorphism
recorded by the rocks within the MIZ documents this process in the lower crust. The data from the MIZ
adds to the growing body of evidence which links high-PT metamorphism to heat input from the
asthenosphere during extension in the lower parts of orogenic belts.
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dppendixd Letrographic methods and photomicrographs

Appendix A: Polarizing microscopy, cathodoluminescence, scanning

electron microscope techniques and photomicrographs.

A.1. Polarized transmitted and reflected light microscopy

A.1.1. Sample preparation

Samples were carefully selected for sectioning from previously sliced rock specimens. The area under
investigation was trimmed to the required section size before mounting on section glass. Samples were then
polished to 35 pm with progressively finer diamond paste (15-0.3 um) to a fine polish. Some samples were

repolished to 30 um thick to assist in mineral identification using true pleochroism and birefringence.

A. 1.2. Microscopy and photomicrography

Polished sections were examined using transmitted and reflected light on a Canon BHSP polarizing
microscope. Textures were documented best with the 10 times ocular and 1.5-20 times objectives giving 15
to 200 times combined magnifications. Photomicrographs were taken using a Cannon AD35S camera and
automatic exposure system with 35 mm 100 ASA colour film. Grain boundaries have been enhanced in
some images. The dimensions of the photomicrographs are indicated in the figure captions (in brackets).
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Plate Al.1 (a-d). Textures in mafic and ultramafic rocks (LES). Troctolite and dunite (samples 5a and 6):
a) troctolite with olivine and plagioclase igneous assemblage and metamorphic coronas of
pyroxene, pargasitic amphibolite and gamet. The plagioclase is rich in kyanite and conundum
inclusions (5 x 3.4 mm), b) amphibole-free corona assemblage and c) amphibole-bearing corona

assemblage (0.75 x 0.5 mm), d) dunite with orthoamphibole, and antigorite (5 x 3.4 mm).







Plate Al.1 (cont.)







Plate Al.2 (a-b). Hornblendite (sample 3b): a) general texture with a large oikocryst of amphibole and
relict phlogopite. Chadacrysts of plagioclase (with corundum and kyanite inclusions) with coronas
of garnct are also apparent, d) Olivine chadcrysts in a large amphibole oikocryst. Orthopyroxene

corona around relict olivine chadacryst (5 x 3.4 mm).
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Plate Al.3 (a-d). Olivine garnet amphibolite (sample 6am): a) gamet porphyroblast and slightly foliated,
granoblastic matrix assemblage of amphibole, orthopyroxene and relict olivine. Note the
amphibole and plagioclase inclusions in the garnet which are especially visible in b) same view in
crossed-polars, ¢) granoblastic foliated texture in the olivine garmet amphibolite and d) crossed-
polars where garnet (isotropic), olivine (3° birefringence) and orthopyroxene (1-2° birefringence)

are clearly visible (1.5 x 1 mm).
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Plate Al.3 (cont.)




*a

=

= v =
'_' i r‘.\"‘".;:.ﬁ'-'—'f
w - -_.D -

'I

=
§

T W

— "




Plate Al.4 (a-b). Garnet amphibolite (sample 2b): a) general texture with granoblastic foliated matrix of
plagioclase, amphibole and quartz, with minor ilmenite and biotite, and a subhedral garnet
porphyroblast, b) similar garnoblastic foliated matrix assemblage with an anhedral gamet
porphyroblast, note the apparent rotation of the (colourless) plagioclase replacing the gamet (1.5 x

1 mm).
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Plate Al.5 (a-b). Velsonite (sample 9c): a) general texture showing partially preserved corona of garnet
adjacent to amphibole, apatite, ilmenite and plagioclase which contains fine-grained spinel and
corundum inclusions (1.5 mm x 1 mm), b) corona of gamet around ilmenite and apatite with

abundant biotite inclusions and spinel in plagioclase (0.73 x 0.5 mum).
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Plate A1.6 (a-b). Olivine gabbro (sample 35b): a) gamet corona between ferromagnesian minerals and
plagioclase which contains numerous kyanite and corundum inclusions, b) granoblastic area with
gamet, amphibole. plagioclase (relict and recrystallized) and relict clinopyroxene which contains

rutile inclusions (1.5 x I mm).
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Plate A1.7 (ad). Coronitic metagabbro (sample 123): a) coronitic metagabbro showing relict plagioclase
rich in spinel inclusions and orthopyroxene pseudomorphs after olivine with coronas of
clinopyroxene and small plagioclase (decompressional) collars. Coronas of pargasite are present
around ilmenite (5 x 3.4 mm), b) close-up of a corona assemblage with an relict olivine partially
pseudomorphed by orthopyroxene c), gamet-bearing corona where areas in the assemblage locally
preserve gamet-clinopyroxene contacts and others display pargasite bearing plagioclase collars
(1.5 x 1 mm), d) extensively reequilibrated corona assemblage with resorbed gamet corona and
wide pargasite bearing plagioclase collar (0.75 x 0.5 mm). Note the complete replacement of

olivine by orthopyroxene in the last two photomicrographs.
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Plate A1.7 (cont.)
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Plate A1.8 (a-b). Transitional metagabbro (sample 85b): a) general texture showing gamet pscudomorphs
after original plagioclase laths and major (decompressional) regeneration of plagioclase, b) gamet
corona around a large plagioclase xenocryst which contains spinel and corundum inclusions (1.5 x

1 mm).
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Plate Al.9 (a-b). Eclogite (sample 21): Gamet pseudomorphs after plagioclase and an omphacite-rich
granoblastic matrix. Note the relict “ribbon” plagioclase with abundant spinel and corundum
inclusions inside the large garnet pseudomorph near the center of the image (1.5 x 1 mm), b)
coronas of orthopyroxene (small), clinopyroxene and gamet between olivine and plagioclase
xenocrysts in an eclogite. The plagioclase contains kyanite and corundum inclusions. (2.5 x 1.7

mm),
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Plate Al.10 (a-b). North Bay anorthosite (sample 316) and marginal gabbro (sample 268a):
Photomicrographs showing the genral texture of a) the North Bag anorthosite (with a garnet-
pargasite-rutile metamorphic assemblage) and b) marginal gabbro showing oikophitic texture

(clinopyroxene oikocryst) with spinel-rich plagioclase and pargasitic amphibole (2.5 x 1.7 mm).
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Plate A1.11 (a-d). Migmatitic garnet amphibolite (sample 313): Ouicrop of migmatitic-gamet amphibolite
showing large poikiloblasts of gamet in close association with plagioclase-rich leucosomes. Scale
card is in cm, b) garnet poikiloblast with inclusion-rich core and inclusion-free rim. The sigmoidal
inclusion assemblage in the core consists of plagioclase. quartz, and ilmenite, which gives way to
rutile near the inclusion-free inner rim. Note how the rutile inclusions are aligned along their long
axis, suggesting entrapment against the growing face of the gamet. ¢) titanite-bearing gamet rnim
(overgrowth) around a large poikiloblast showing the transition from migmatitc assemblages in
the corc to amphibolite assemblages associated with the matrix (2.5 x 1.7 mm), d) close-up of
titanite and plagioclase replacing garnet. rutile and quartz near the rim of a poikiloblast. Titanite

does not show any sygmoidal pattern (0.75 x 0.5 mm).
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Plate Al1.11 (cont)
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dppendix d
A.2, Cathodoluminescence (CL) microscopy

A.2.1. CL procedure

Selected polished sections were examined by cathodoluminescence (CL). The CL-properties were
examined using a Nuclide Luminoscope CL-unit mounted on a Wild-Heerburg continuous zoom binocular
microscope at 10-32 times magnification. 10 times oculars and a double magnifier placed between the
sample chamber and the objective give 200-640 times combined magnifications. However, working
distances of more than 40 mm give an minimum field of view of 1.7 mm. The sample chamber was kept
under vacuum conditions of 50-70 millitorr. Accelerating voitages varied between 10-16 kV with beam
currents of 0.1-2 mA. Images were collected with an automated 35 mm camera system (although some
shots were manually controlled) on 35 mm 1000 or 1600 ASA colour film. Exposure times varied from a

few seconds to over 30 minutes.

A.2.2. CL activators

The emission of visible light via electron bombardment of a materials surface is known as
Cathodoluminescence (CL) is caused principally by excitation of activator elements which are present in
trace quantities (<0.1 wt%), although lattice defects also play an important role particularly in quartz.
Typical activator elements in refractory minerals are Mn, Fe, Ti, Cr, Ga, Y, and REE’s, which are
incorporated during growth. Other clements, ¢.g. Hf and Y may enhance luminescence in certain cases.
Several geologically important minerals show CL such as quartz, feldspar, zircon, apatite, and carbonates,
Al;SiOs silicates and even ore minerals such as sphalerite. Most studies focus on growth structures in
carbonates and diagenetic from detrital minerals. In igneous and metamorphic rocks CL-studies have
centred on unravelling the complex growth history of zircon and zoning of quartz and feldspar to elucidate
the crystallization history of granites (¢.g. Vavra 1990; Watt et al. 1997). However, CL has rarely been
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dppendix A

LPetrographic methods and photomicrographs

applied to metamorphic rocks. Table A.1 gives a list of the minerals examined in this study, their CL

properties and possible activators.
Mineral CL celours Testures Activaters (reference)
“ ___
Plagioclase Blue Relict igneous crysals sand recrystallized wess ie Ti Al (Mariano et al. 1973; Gotze et al

Green.yellow
Quart2 Red

Dull brown
Kyanite Bnght red
Apatite Bright yellow

Violet-blue
Zircon Golden yellow

Lavender blue

collars. High-P growth in granoblastic rocks.
Secondary growth after garnet in amphibolite.

High-P growth in granoblastic rock (fast cooling).
Migmatitic gromh and matrix amphibolite (slow
cooling).

Inclusions in garnet and plagioclase indicative of high-P
assemblages.

Relict igneous crystals.

Probable high-grade growth.

Zooed i i

w' ic crystals and saccharcidal growth after

1999).

Mn, Fe!*(Mariano et al. 1973; Goze &t al
1999).
Lattice defects and Fe™” (Zinkemage! 1978).

Lattice defects and Fe”* (Zinkernagel 1978).
™ (Gaal 1976).

Ma (Marshall 1988, Mitchell et al. 1957)

REE, (Mitchell ot o 1997, Muray and
Oreskes 1997)
Dy (Masiano 1978; Marshall 1938)

Dy with Hf, and Y (Ono 1976).

Table A.1. CL colours, textures revealed and possible activators in minerals examined in this study.

The following CL images (six from rocks in the Lac Espadon suite and two from the Fe-Ti

gabbros in the Baie du Nord segment) show a range of textures as described in Table A.1. These exclude

high magnification CL images of zircon (collected on a scanning electron microscope) which are presented

in section A.3.2. The dimensions of the images are indicated in the figure captions (in brackets).
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Plate A2.1 (a-b). CL images of a) plagioclase relicts and regenerated (decompressional) plagioclase from a
transitional metagabbro (sample 85b). Note the brighter blue CL-colors of the regenerated
plagioclase and the twinning preserved by the relicts. Purple CL-colors denote small apatite
crystals (1.75 x 0.5 mm), b) xenocrystic eclogite (sample 21) showing bright red kyanite
inclusions in a (biue) plagioclase xenocryst (1.5 x 0.3mm).
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Plate A2.2 (a-f). CL images showing, a) kyanite inclusions (red) in relict plagioclase (blue) in the troctolite
(sample 5a). b) kyanite inclusion (red) in relict plagioclase (blue) in homblendite (sample 3b).
Note the presence of kyanite in the throughout the non-luminescent gamet corona. CL-images
showing c) blue luminescent plagioclase and dull red luminescent quartz both in the matrix and in
the gamet, and d) the development of secondary (yellow-green) luminescent plagioclase which
appears to be overgrowing the gamet. Both c) and d) are from garnet amphibolite (sample 2b).
Compare the apparent lack of quartz inclusions in the subhedl"al. resorbed gamet crystal, e) CL-
image showing the extensive plagioclase collar as well as the relict plagioclase crystal (both blue)
and large apatite megacrysts (bright yellow) in sample 9c (nelsonite) and f) CL-image showing
kyanite inclusions (red) in relict plagioclase (blue) form sample 35b (olivine gabbro). Note the

presence of kyanite in the non-luminescent granoblastic gm"net (all images 1.5 x 1 mm).







Plate A2.2 (cont.)
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Plate A2.2 (cont.)







dppendix4 Petrographic methods and photomicrographs
A.3. Accessory mineral morphology

A.3.1. Sample preparation

Accessory mineral fractions were picked under alcohol following mineral separation procedures
(see Appendix B). Populations were photographed under plane light and selected grains were mounted on
scanning electron microscope (SEM) stubs using fine double-sided tape. The grain mounts were gold
coated and examined using a Hitachi S-570 SEM housed in the Biology Department at Memorial
University using an accelerating voltage of 20 kV and a beam current of 100 pmA. Other grains were
mounted on glass slides using a quick drying epoxy resin and polished. These were examine in back-
scattering mode on the same instrument using similar conditions. High magnification CL images were
obtained using the SEM facility run by the Physical Studies Unit at the University of Glasgow. An
accelerating voltage of 20 kV was used along with variable beam currents of 0.1-0.01 mA.

A.3.2. Accessory mineral images.

The following images are cither plane light, secondary-electron (grain mounts) and back-scattering
(polished grains) SEM or CL as stated in the captions. The scale bars are in pm.
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Plate A3.1 (a-g). SEM images showing a), SE-SEM b) BS-SEM and ¢) CL images showing an example of
typical, irregular (fragmented) zircon morphology with prismatic faces and oscillatory (igneous)
zoning from sample LES 1 (hornblendite). SE-SEM images of baddeleyite morphology found in
samples LES 1, showing d) blocky shape and cleavage parallel to the crystal faces, and e)
elongated prisms with prismatic faces. Note baddeleyite blocks were also recovered from sample
BNS 1 (coronitic metagabbro), f) and g) saccharoidal zircon pseudomorphs after baddeleyite
blocks and prisms. Note how the growth faces in the zircon also pscudomorph the the cleavage

planes in baddeleyite.
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Plate A3.2 (a-h). SEM images showing a) SE-SEM and b) BS-SEM, large irregular zircon from LES 2
(olivine gabbro) with oscillatory (igneous) zoning, c) rounded overgrowths on a zircon prism from
sample LES 3 (nclsonitc). Note the exposed prism faces, d) CL image showing a bright, irregular
(metamorphic) overgrowth on an oscillaotry zoned zircon core from sample LES 3. SEM images
of angular zircon fragments from sample BNS 2 (transitional metagabbro). Although the grain
shows cuhedral prism faces in ¢) SE-SEM it is clear from the CL image f) thesc crystals have
irrcgularly zoned corc which are charecteristic of metamorphic growth. g) SE-SEM image
showing multi-faceted, equant metamorphic zircon found in samples BNS 2 and in the matrix
separales of sample BNS 3 (migmatitc gammet amphibolite) and h) SE-SEM image of an elongated,
zircon prism with prismatic faccs and slightly rounded tcrminations from BNS 3. These zircon
morphologies arc found in both the gamet and matrix scparates and are likely formed during

dechydration melting.
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Plate A3.3 (a-c). Plane-light photomicrographs of rutile and titanite fractions from BNS 3 (migmatitc
gamnet amphibolite). Note the large grainsize difference between the rutile fractions (which give ages of ca.
960 and 946 respectively) and the small rutile inclusions in some titapite crystals which were removed
before and after abrasion. Samples LES 1 and LES 2 (homblendite and olivine gabbro) had similar

fractions of small rutile and sample LES 4 (gamet amphibolite) contained similar populations of titanite.
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dppendix B Analvtical metheds
Appendix B: Analytical methods

B.1. X-Ray fluorescence (XRF) analysis of major and trace element concentrations

B.1.1. Sample preparation.

The rock samples weighed between 5-10 kg depending on grain size. Where small samples of
coarse grain sized samples were used (¢.g. migmatitic gamet amphibolite, sample 313) slices of the rock
were made using a lbw-speed saw and representative samples were chosen from a variety of the slices.
Weathered surfaces were removed prior to rock crushing. Crushing was carried out using a jaw crusher to
reduce the rock to small fragments and a puck-mill to powder the sample. A small portion (ca. 200 g) of
each sample was crushed and discarded to “spike” the puck-mill before crushing the whole rock to avoid
cross-contamination. Rock crushers were cleaned with water, air and alcohol between samples. The final

powder was stored in a clean plastic sample vial.

B.1.2. Loss on ignition (LOI)

The loss on ignition (LOI) values were calculated by placing 2 g of fresh rock powder in a ceramic
crucible. The powder and the crucible were weighed and then placed in an oven at 450 °C for 12 hours and
the weight-loss measured afterwards. Some samples with high Fe-contents showed small weight increases
due to oxidization and were not analyzed further.

B.1.3. Disc and pellet preparation
The trace elements were analyzed on pressed powder pellets made of 5.00 g of fresh rock powder
and 0.70 g of BRP-5933 Bakelite phenolic resin. The rock powder and the resin were homogenized for 10
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dppendix B Analvtical metheds
minutes in a roller mixer and the resulting mixed powder was pressed in a Herzog pellet-press for §

seconds. The resulting pressed pellets were placed in an oven at 200 °C for 15 minutes.

The major elements were analyzed using fused glass pellets, except for samples where high Fe-
contents would have caused melding of the sample to the platinum crucible (these samples are indicated in
Table 1.1). The glass beads were made by mixing 1.5 g of dried rock powder with a flux of 6.0 g of
Lithium metaborate and 1.5 g of Lithium tetraborate. The powder was then mixed and placed in a clean,
dry platinum crucible with 0.02 g of Lithium Bromide solution. The glass beads were made automatically
with a LECO FX 200 bumer in sets of six. The bumner was programmed to progressively reach

temperatures of 1500 °C over 12 minutes.

B. l.4. XRF analysis

The XRF major and trace clement analyses were performed using Fisons/ARL 8420+ sequential
wavelength-dispersive X-ray spectrometer. This spectrometer has one goniometer, capable of holding six
analyzing crystals. For trace element analysis five crystals were used, including a LiF200H crystal specially
treated for heavy clement seamsitivity. Also, cither an argon flow-proportional detector (FPC) or a
scintillation (SC) detector was used with the rhodium anode end-window X-ray tube operated at 3 kw. The
analytical procedure, including the calibration and matrix correction procedures, and the precision accuracy
have been described in detail by Longerich (1995). The limits of detection for the major elements are
0.02% for SiO;, 0.01% for TiO,, 0.06% for AlyO,, 0.01% for total Fe and Fe,0,, 0.00% for MnO, 0.01%
for Ca0, 0.04% for Na,O, 0.01% for KO and 0.01% for POs. The analysis of five standards in each run
allows the determination of a precision and accuracy around 1% for concentrations above 1 wi% and 3%
for concentrations below 1 wt%, for the major elements. The limits of detection for the trace elements are
in brackets in ppm: Sc(6), V(6), Cr(7), Ni (5), Cu(d), Zn(3), Ca(3), Rb(0.7), Sr(1.2), Y(0.7), Zr(1.2),

Nb(0.7), Ba(23), Pb(4). The precision and accuracy of the trace clement analysis is below 1% for most
clements, except for Zn (4%).
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B.2. Trace element analysis by Inductively coupled plasma mass spectrometry (1CP-MS)

B.2.1. Sample preparation and dissolution

Rock powders were prepared as in section B.1.]. above. ICP-MS analysis using Na,O, sinter
sample dissolution was used for the determination of the Lanthanides (REE) presented in Table 1.2. The
high field strength elements (Zr, Nb, Hf and Ta) were also determined by ICP-MS analysis. However, there
are problems with contamination (from crushing equipment), solution instability and potential memory
problems with these elements (Jenner et al. 1990). For this reason the concentrations of Zr and Nb were
detemined by XRF only and reported in Table 1.2. The samples were prepared by mixing 0.2 g of fresh
rock powder in a Ni crucible with 0.8 g of Na,0-, and sintering the mixture in a muffle furnace at 480 °C
for 1.5 hours. The crucibles were cooled and 10 ml of distilled H,O were added until the reaction stopped.
The mixture was then diluted with distilled H;O, centrifuged and dissolved in 8N HNO, and oxalic acid.
The solution was diluted again with distilled H;O prior to ICP-MS analysis. This solution was later mixed
with an on-line standard spike.

B.2.2. ICP-MS analysis

The analytical data were acquired with an SCIEX ELAN 250 ICP-MS modified at Memorial
University and equipped with an automated sampler. Each run consisted of 56 samples distributed in 8
analytical cycles. Each cycle contains 7 samples, 4 standards and 1 calibration blank. Samples are spiked
with a standard solution of Rb, Cs, Tl and U. The calibration blank was used to make a background
correction, oxide interferences were corrected using the UO/U ratio in the standards. Interpolated ratios of
the spike signal intensity between samples and standards were used to correct for matrix effects. Data
acquisition and processing, including the calibration techniques, followed the method of Jenner et al
(1990). The analytical limits of detection are all at the sub-ppm level and lic in the following ranges;
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0.02 ppm for Nd, Zr", and Hf*.

0.01 ppm for Sm, Eu, Gd, Dy, Er, Yb and Ta®.

<0.01 ppm for Y*, La, Ce, Pr, T, Ho, Tm, Lu and Th*.

(* elements measured but only XRF results are considered).

(* elements measured but considered unreliable and not used for detailed interpretation).

The precision of the technique is generally between 3 and 10% for the REE and Y, between 10
and 15% for Zr and Hf, more than 20% for Nb and Ta and in excess of 40% for Th. The low precision for
these elements is due to dissolution problems and machine memory problems (Longerich, personal
communication). Duplicates of two rock samples were dissolved and analyzed separately during the same
run to determine the reproducibility of the technique.

B.3. U-Pb [sotopic analysis

B.3.1. Sample Preparation

Rock samples (5-25 kg) were washed and any dirt removed with running water and a wire brush.
The samples were then dried and pulverized using a hydraulic press, a jaw-crusher and a steel-plate
pulverizer. Crushing equipment was dismantled and cleaned using a powerbrush, alcohol and compressed
air between samples. Initial separation of light and heavy minerals was done using a Wilfley panning table.
The Wilfley table was cleaned with soap and water, dilute HNO,, alcohol and compressed air between
samples. The heavy fraction and a representative fraction of the light mineral fraction were kept. Both
fractions were washed with alcohol and dried. Highly magnetic minerals such as magnetite and
contaminants from the crushing process were removed using an electromagnet. The remaining heavy
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fraction was sieved. The heavy fraction was separated according to magnetic character using a Frantz
isodynamic magnetic separator and by heavy liquid fractionation using methyl-iodide. Separation of the
different accessory mineral phases such as zircon and titanite was achieved by final magnetic scparation.
Mineral fractions for U-Pb analysis were hand-picked from the final separates under a microscope on the
basis of morphology, colour, size and crystal quality. In order to minimize discordance, due to the effects of
alteration and Pb loss, most mineral fractions were air abraded (Krogh, 1982). Picked mineral fractions
were washed with 4N HNO, (at 120 °C), H,O and alcohol. The best grains were then sclected for isotopic
analysis under the microscope.

B.3.2. Sample cleaning, weighing, spiking, dissolution and U-Pb separation.

After picking, the procedure continues under clean conditions in fume-hoods with outward
laminar flow of filtered air and reagents that are doubly distilled General clean-lab sample-handling
procedures were observed. The mineral fractions were washed with H,O, leached lightly with 4N HNO,
(100-120 °C), and washed with acetone and dried. During each wash the sample was subjected to
ultrasonic agitation for 10 seconds. The mineral fractions were weighed with a high-precision balance (with
an uncertainty of ca. 2-10 micrograms) and placed inside high-P Teflon dissolution bombs (Krogh, 1973)
or Teflon Savillex containers. Concentrated HF and HNO, were then added to the samples which were then
spiked with a *Pb-2°U tracer solution (Parrish and Krogh, 1987) according to the sample weight and the
expected age and U concentration in the sample. Samples were dissolved (in § days) at 220 °C and then
dried down and re-dissolved with 3.1N HCl. U and Pb were separated through ion-exchange chemistry
following modified procedures for zircon (Krogh 1973; Dubé et al. 1996). U and Pb were separated from
rutile and titanite following HBr ion-exchange chemistry (Manhés et al. 1978). Procedure blanks during the
period of analysis were 1 pg U for all samples and 2-12 pg Pb for zircon and 12-20 pg Pb for rutile and

titanite.
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B.3.3. U-Pb isotopic analysis and age determination.

The U and Pb isotopic ratios were measured by thermal ionization mass-spectrometry (TIMS)
using a Finnigan MAT 262 mass spectrometer equipped with an ion-counting secondary electron multiplier
(SEM). U and Pb were loaded together with H;PO, and silica gel on an outgassed single rhenium filament
in a clean box. Both U and Pb were measured in static mode on the Faraday cups, ‘Pb was measured in
the axial SEM/ion counter. The SEM was calibrated with respect to the Faraday cups before and after each
analysis. Small fractions (<3 mV signal of ***Pb or *”Pb in the Faraday cups) were measured in dynamic
mode using the SEM (peak jumping on the SEM). These isotopic ratios were checked and calibrated
against Faraday-derived data during the same run. These measurements were performed in single blocks of
10 scans each. Outliers were identified and climinated from the final mean of the measurement using the
Finnigan MAT 262 on-line software. The best signals were usually obtained between 1400-1550 °C for Pb
and between 1550-1650 °C for U. The intensity of the emission was monitored on a chart recorder which
for static collection allowed manual temperature adjustment of the filament during measurement to keep a
stable emission. Ages have been calculated using the accepted decay constants for 2°U and 2*U (Jaffey et
al., 1971). The ages and errors on the isotopic ratios have been calculated using unpublished software from
the Royal Ontario Museum (Heaman, personal communication). The errors on the isotopic ratios are given
at the 2 sigma level and are the result of propagating errors from: the amount of isotopic fractionation (0.1-
0.04% a.m.u for U), total blanks in the analysis, laboratory blanks (*Pt/***Pb = 18.33; *’Pb/*Pb = 0.855;
03ph/2%Pb = 2.056), amount of initial common Pb and machine uncertainties on the measurements. The
initial common Pb was cormrected using the model of Stacey and Kramers (1975). The U and Pb
concentrations were estimated from sample and spike weights. Linear regressions for discordia lines were
calculated using the method of Davis (1982) and final age errors are given at the 95% confidence level.
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B4, Electron microprobe analysis

B4.1. Sample preparation

Polished sections were selected for analysis after detailed petrographic study using the techniques
described in Appendix A_ Sections were given a light polish using 0.3 um abrasive film and cleaned with
alcohol before being carbon coated and loaded into the microprobe. Selected grains (¢.g. zircon and
corundum) were mounted on section-glass using thin, double-sided adhesive tape and carbon coated. These
were used only to assist with identification prior to U-Pb analysis and are not discussed further.

B4.2. Polished section analysis

All analyses were carried out using a Cameca SX50 electron-microprobe analyser, using an
Oxford Instruments energy dispersive spectrometer (EDS) and Link analytical computer and software.
EDS-analyses were used despite higher detection limits and lower precision for certain elements. The use
of EDS permitted minimal calibration and set-up times, rapid muiti-clement analysis and reasonable
precision which allowed a large number of data points to be collected. The system was optimized for major
elements with a limit of detection of 0.08%. Zn was included as several wt%, can be found particularly in
oxide phases. Interferences for the elements of interest were negligible. Olivine, orthopyroxene, garnet,
amphibole, oxide phases (ilmenite and spinel) and clinopyroxene were analysed using a beam diameter of
1um and a beam current of 20 nA with an accelerating voltage of 15 kV. Counting times used were 50 secs
for olivine, orthopyroxene and gamet, 75 secs for spinel and ilmenite, and 100 secs for amphibole and
clinopyroxene. For determining zoning profiles of large gamets the count times were reduced to 20-25 secs.
To prevent Na-loss during analysis of plagioclase, a 3 um beam diameter and a beam current of 10 nA were
used. Counting times for plagioclase varied between 75-150 secs. Data were analysed using the on-line
ZAF correction software and mineral end-member compositions were determined using an unpublished
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program (THEBA v.6.0) from the University of Montreal (J. Martignole and others, personal

communication 1995). PT-estimates were carried out using carefully selected points after analytically
imprecise or unreliable mineral data were rejected. The PT-estimates were calculated using the program
TWEEQU v.2.01 (Berman 1991). Amphibole-gamet thermometry was carried out using v.1.01 of the
program (R. Berman, personal communication 1998). The calculated temperatures were compared with
other published mineral thermometers which are described in detail in Papers 2 and 3.
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