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Abstract

The Ivisartoq greenstone belt is situated ~40 km south of the Isua greenstone belt
within the Godthabsfjord region of southwest Greenland. This region is part of the
Archean gneiss complex of Greenland, a major component of the 3800-2500 Ma North
Atlantic Craton. Compared to the Isua greenstone belt, which has been the focus of
intense study because it contains some of the oldest known (~ 3.8-3.7 Ga) rocks on Earth,
little work has been carried out on the Ivisartoq greenstone belt. The Ivisartoq greenstone
belt is exceptionally well-exposed in three dimensions with relief of 1200m, and primary
features are better preserved here than in any other Archean greenstone belt in Greenland.
Consequently, this belt provides an exceptionally good opportunity to characterise early
to middle Archean magmatism, deformational processes, and tectonic environments.

The Ivisartoq greenstone belt was multiply deformed and metamorphosed at
amphibolite facies. The belt forms an upright southwest-closing, V-shaped synform. This
study concentrated on the 3 km thick southern limb of the synform, where the most
complete section of the supracrustal rocks is preserved, and where there are pillow lava
structures with way-up indicators. The southern limb was found to comprise a
tectonostratigraphy made up of two main components, termed the northern and southern
parts. These composite rock units differ in composition and intensity of deformation and
are separated by a major high strain zone.

The northern part of the belt is generally less deformed than the southern part and
is characterized by heterogeneously deformed amphibolite, derived from variolitic and
homogeneous basaltic pillow lavas, interlayered with boudins of olivine-bearing
ultramafic rocks and quartz-feldspar-mica gneiss and schist. The southern part consists
predominantly of strongly deformed rocks including banded amphibolite, homogeneous
granitoid, gabbroic rocks, and a thick layer of predominantly quartz-feldspar-biotite-
schist.

New major and trace element geochemical data, LAM ICP-MS U-Pb zircon
geochronology, and field mapping have shed new light on the origin and evolution of the
Ivisartoq greenstone belt. This new work indicates that the northern and southern parts of
the belt represent discrete packages of rocks that formed in different environments and
were juxtaposed after ~2895 Ma, after the main volcanism associated with each part had
ceased. Each package of rocks suffered separate deformational events before
Juxtaposition: two discrete deformational phases were recognized in the less deformed
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northern part, whereas the southern part was much more intensely deformed and
individual events could not be differentiated.

Crustal contamination signatures of the amphibolites in the northern part of the
belt suggest formation in a back-arc basin environment, in which the basaltic magma
ascended through thin, patchy or immature crust. A U-Pb zircon age of an intrusive
tonalite sheet demonstrates that the northern basaltic pillow lavas were deposited before
~3165 Ma.

In contrast, the southern part of the belt appears to have formed on a thick
continental crust. This interpretation is based on several lines of evidence: crustal
contamination signatures of the banded amphibolite, the presence of a thick sequence of
quartzofeldspathic metasedimentary rocks, an A-type granitoid, and a horizon of
metamorphosed meymechite, which is indicative of deep melting of subcontinental
mantle. A maximum age of ~2895 Ma was determined for the deposition of the southern
metasedimentary rocks.

The interpreted juxtaposition of the northern and southern packages of the
Ivisartoq belt is consistent with lateral collisions of terranes perhaps by plate tectonic

processes.
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Chapter One: Introduction and Background

1.1 INTRODUCTION

Greenstone belts are a geologically and economically important component of
Archean' (>2.5 Ga) terrains. They mainly comprise deformed and metamorphosed
volcanic rocks with a smaller amount of intrusive sheets (sills and dykes) and
metasedimentary rocks. They typically form long narrow belts between larger areas of
granitoid gneisses. These associations are known as granite-greenstone terrains and form
a major component of Archean continental crust (Goodwin, 1991).

This research project is part of a larger project titled “Archean Tectonics of the
Godthabsfjord region, Southwest Greenland” led by Dr. John Myers at the Memorial
University of Newfoundland, which is supported by the Denmark and Greenland
Geological Survey (GEUS), the Greenland Bureau of Minerals and Petroleum, and
NSERC. The project is investigating a transect across the Godthabsfjord region of
southwest Greenland, studying the geological evolution and tectonic history. This region
encompasses early, middle, and late Archean rocks and includes the most extensive, best
exposed and most intensely studied early Archean rocks on Earth (Myers and Crowley,
2000). The Ivisartoq greenstone belt lies 40 km southeast of the Isua greenstone belt (also
known as the Isua supracrustal belt) within the Archean gneiss complex of southwest
Greenland. The Isua region has been the focus of intense study because it contains some

of the oldest known (~3.8-3.7 Ga) rocks on Earth. However, relatively little research has

! In this study the division of the Archean into early (4000-3400 Ma), middle (3400-
3000) Ma, and late (3000-2500 Ma) follows the division in Palmer, A.R. (1983).
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been conducted within the Ivisartoq belt. This thesis focuses on the Ivisartoq greenstone
belt which is fundamental for understanding the Archean geological evolution of the
wider Isua-Ivisartoq region.

The thesis will investigate several aspects of the Ivisirtoq greenstone belt,
including the protolith lithology, geochronology, and geochemistry of the various
tectonostratigraphic units. The basis for this research is field mapping at 1:10 000 scale,
which improves upon a map at 1:20 000 (Chadwick, unpublished) and upon the most

recent published map which was at a scale of 1:100 000 (Chadwick and Coe, 1988).

1.2 STRUCTURE OF THESIS

The layout of this thesis includes four chapters. The first chapter provides an
introduction to the thesis topic and area. It includes general background information such
as regional geology, an overview of the thesis area, objectives of the thesis, and
methodology. The second and third chapters are laid out in the style of independent
research papers which are prepared as “stand alone” documents. Each of these chapters
includes an introduction, methodology, general text body, and conclusions. As a result
some repetition between these chapters is unavoidable. The second chapter focuses on the
nature of the Ivisartoq greenstone belt. The main components of the belt are re-evaluated
in terms of protolith lithologies and the age of the belt is addressed. The third chapter
concentrates on the geochemistry of the different lithological units within the belt. The
fourth chapter provides a summary that unites the content of the previous chapters into a

cohesive outline of the geological evolution of the Ivisirtoq greenstone belt.
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1.3 REGIONAL GEOLOGY

1.3.1 North Atlantic Craton

The Ivisartoq greenstone belt is part of the Archean gneiss complex of Greenland
which forms a major part of the 3900-2500 Ma North Atlantic Craton (Fig. 1.1; Nutman,
1997). The North Atlantic Craton is a remnant of a larger Archean continent and is
truncated by younger orogens: the Nagssugtoquidian belt to the north; the Torngat orogen
to the west in eastern Labrador; and to the east, the Archean Lewisian complex of north-
western Scotland which was reworked in the Laxfordian orogeny. The eastern margin of
the North Atlantic Craton is obscured by the Caledonian fold belt. The North Atlantic
Craton is composed of numerous complexes which consist of heterogeneously deformed,
amphibolite to granulite facies gneisses. Tonalitic-trondhjemitic-granodioritic gneisses
(TTG) are the most abundant rocks within these complexes, whereas supracrustal units,

dominated by mafic metavolcanic rocks, make up at most 20% of the complexes.

1.3.2 Greenland Archean Gneiss Complex

The Greenland Archean gneiss complex is derived primarily from basaltic
volcanic and sedimentary rocks that were intruded by middle to late Archean tonalite and
granodiorite, and a small amount of granite and diorite (Myers and Crowley, 2000).
These rocks were repeatedly deformed and metamorphosed, resulting in the formation of
new tectonic layering and in various periods of recrystallization (Bridgwater et al., 1976).
Much of the Greenland Archean gneiss complex is obscured by the Greenland Inland Ice

cap or lies on continental shelves and is therefore unavailable for detailed study.
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However, the glaciated periphery of Greenland is well exposed and provides an excellent

opportunity for investigations of middle to deep levels in the Archean crust (Nutman,
1997). The Godthabsfjord region of the southwest coast of Greenland contains some of
the oldest rocks on Earth (~3.8-3.7 Ga; Nutman et al., 1996) and is thought to host the
oldest evidence of life on Earth (Mojzsis et al., 1996), and therefore has attracted more

attention than other parts of the Greenland Archean.

1.3.3 Godthibsfjord Region

The Godthabsfjord region of Greenland is located in the centre of the Greenland
Archean gneiss complex on the west coast near Nuuk (formerly Godthab and Niik) (Fig.
1.2). Within this region, early Archean quartzofeldspathic gneisses and early and middle
Archean supracrustal rocks were intruded by and were tectonically interleaved with late
Archean plutonic rocks.

Detailed mapping of the area began in the 1960's and 1970's. During this time an
informal lithotectonic nomenclature was introduced which aided further field mapping
and description of the rocks. The terms Isua supracrustal belt, Ameralik dykes, Amitsoq
gneiss, Nk gneisses, Akilia association, and Malene supracrustals were used to describe
different rocks whose relative ages could be determined by field relationships. It was
widely inferred that many of the rocks grouped under one name were the same age and
were cogenetic (Nutman et al., 1996).

These names have become entrenched in geological literature which in some

cases has fostered confusion as many of the terms group together rocks of different origin

14
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and age (Nutman et al., 1996). Some of the terms have been redefined and new names
have been introduced to alleviate this problem. The ‘old’ and ‘new’ terms are discussed

in the following section.

Early Archean rocks

Thin, tabular bodies of amphibolite derived from basic dykes were termed
Ameralik dykes by McGregor (1968). Ameralik dykes with primary textures and
minerals have been observed in the Isukasia area, where they are thought to be the least
deformed. Based on cross-cutting relationships several generations of compositionally
diverse dykes have been described (Chadwick, 1981).

Early studies in the Godthébsfjord region by McGregor (1968, 1973) subdivided
the quartzofeldspathic gneisses into two groups, an older and a younger group, based on
the presence or absence of Ameralik dykes. In small areas of relatively low strain, the
older gneisses, called Amitsoq gneisses by Black et al. (1971), were observed to be cut by
the Ameralik dykes. In most of the Godthébsfjord region, the dykes and host rocks were
deformed together to form a common gneissosity, however the presence of the Ameralik
dykes, even as concordant layers of amphibolite, was used to distinguish the unit as
Amitsoq gneiss. The term Niik gneisses was used to describe younger calc-alkaline rocks
that post-date the Ameralik dykes.

The relative ages of Amitsoq and Niik gneisses were supported during the 1970's,
when a multitude of Rb-Sr, Pb-Pb, and U-Pb isotopic studies were conducted. Protolith

ages of the Amitsoq gneisses ranged between ~3.8-3.62 Ga (Black et al., 1971; Moorbath
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et al., 1972; Baadsgaard, 1973; Moorbath et al., 1975; Michard-Vitrac et al., 1977) and

the Niik gneisses were Qetemined to range from ~3.0-2.8 Ga (Pankhurst et al., 1973;
Moorbath and Pankhurst, 1976). Over time the term Amitsoq gneisses became
synonymous with ‘early Archean quartzofeldspathic gneisses in the Nuuk region’
(Nutman et al., 1996). The danger with this assumption was that some geologists may
have had the impression that all of the Amitsoq gneisses were derived from the same
protolith. In reality, the Amitsoq gneisses include a considerable range of rock types
which have undergone different metamorphic and deformational histories. Some rocks
originally mapped as Amitsoq gneisses were shown to have ages of 3180-3235 Ma (Duke
and Nutman, unpublished data; cited in Nutman et al., 1996) and 2920 Ma (Kinny, 1987;
Schigtte et al., 1989). These rocks were excluded from the Amitsoq gneisses by Nutman
et al. (1989). Caution should be used when identifying Amitsoq gneisses; the presence of
Ameralik dykes should not be used as the only evidence supporting their identification
and age.

The term Akilia association was introduced by McGregor and Mason (1977) to
encompass all inclusions of rock within Amitsoq gneisses, excluding the Isua
supracrustal belt. Rocks termed the Akilia association included supracrustal rocks,
metabasic and ultramafic intrusive rocks, and some rocks of uncertain origin. Due to its
significant size, the Isua greenstone belt was given a separate name. The 3800-3700 Ma
Isua supracrustal belt (also referred to as the Isua greenstone belt) is the largest-known

body of early Archean supracrustal rocks. This term is still used in literature today
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however, it currently refers to the geographical entity and does not necessarily imply that
the packages of rocks within the belt were derived from originally related rocks.

Nutman et al. (1996) strongly suggested discontinuing the use of the terms
Amitsoq gneisses and Akilia association because each includes unrelated rocks. In
replacement, Nutman et al. (1996) proposed using the term Ifsaq Gneiss Complex which
includes all Early Archean rocks (Amitsoq gneisses, Isua supracrustal belt and Akilia
association) of the Godthébsfjord region. The term was introduced to emphasise the
existence of many groups of unrelated early Archean rocks formed over a period of 300
million years. Currently, the term Amitsoq gneiss is still in use by some geologists and is
applied to ~3.65 Ga tonalitic gneisses from the type locality. The term ‘Akilia
association’ is also still in use as an informal term for all the enclaves of older rocks in
the Amitsoq gneisses in the Godthébsfjord region with the exception of those in the Isua

greenstone belt (Myers and Crowley, 2000).

Middle - Late Archean rocks

As mentioned above, the term Niik gneisses was used to describe calc-alkaline
rocks in the Godthabsfjord region that do not contain Ameralik dykes. The ages of the
Nik gneisses were determined to range from ~3.0-2.8 Ga (Pankhurst et al., 1973;
Moorbath and Pankhurst, 1976). McGregor et al. (1991) redefined the term Niik gneisses
based on the theory that the Godthabsfjord region is composed of different terranes. This
was necessary as the ‘“Niik gneisses’ were reinterpreted as the products of several

unrelated events which occurred in different terranes (McGregor et al., 1991). The term
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Nik gneisses has been retained for the rocks around the town of Nuuk and on Sadele and
Bjernegen, and for other gneisses in the Akia terrane (see Terrane section) that could be
correlated with them (3060-2940 Ma; Duke, 1993). The term Ikkattoq gneisses, is used
instead of "Nk gneisses” to describe granodiorite that intruded ~2820-2750 Ma in the
Tre Bradre terrane (Friend et al., 1988; Nutman et al., 1989). The tonalitic-granodioritic
gneisses (2860-2820 Ma) of the Tasiusarsuaq terrane which had been previously
interpreted as Nik gneisses were not given a collective name.

Large bodies and belts of supracrustal material are observed throughout the
Godthébsfjord region. Early studies by McGregor (1969) collectively labelled the
metavolcanic and metasedimentary schists and gneisses in the vicinity of Nuuk as
Malene supracrustals. This term was eventually applied to all rocks throughout
southwest Greenland having lithological characteristics and structural setting like those of
the type units in the Nuuk area. They were thought to have been laid down between 3600
and 3070 Ma, after the formation of the Amitsoq gneisses and before the intrusion of the
Nik gneisses, respectively (Chadwick and Nutman, 1979; Nutman and Bridgwater,
1983). A study by Schigtte et al. (1988) questioned the hypothesis that all Malene
supracrustal rocks pre-dated the Nik gneisses. They interpreted a depositional age
between ~2900 and ~2650 Ma for two samples using 2°’Pb/**Pb zircon ages from a
sensitive high-resolution ion microprobe (SHRIMP). The original hypothesis was
therefore found to be invalid and the use of the term Malene supracrustals to represent a
single lithostratigraphic unit was discouraged. McGregor et al. (1991) further discouraged

the term Malene supracrustals, as different groups of the metavolcanic and
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metasedimentary rocks were interpreted to have been formed in separate terranes, and
therefore had diverse ages and origins. Some studies have retained the use of the term
“Malene supracrustals” for descriptive and historical convenience (e.g. Smith et al.,
1992), with the knowledge that these units may not be related.

The term Qérqut granite was used by McGregor (1973) to describe a suite of
granites found in an elongate zone between Ameralik and Kapisigdlit kangerdluat.
Subsequent mapping revealed that the Qorqut granite and associated pegmatite extend
from the vicinity of Faeringehavn (~150 km northeast) through Q6érqut to the Inland Ice at
Ivisartoq (Friend et al., 1985 and references therein; Fig. 1.2a). Within the Qdrqut area
the granitic rocks were seen to be varied in terms of composition and internal structure;
they are markedly polyphase and form a sheeted body. Therefore, Brown and Friend
(1980) proposed that the name Qorqut granite complex should be used for the entire

suite of rocks; this term is still in use.

1.3.4 Terrane Model

Early interpretations (prior to the late 1980's) regarded the Godthabsfjord region
as a single tectonic terrane. However, later studies reinterpreted the Godthabsfjord region
in terms of separate terranes, which evolved independently prior to assembly in the late
Archean , similar to other granite greenstone terranes, for example Barberton (e.g. Lowe
et al., 1999), and the Superior Province (e.g. Percival et al., 2001). This reinterpretation
conforms to current models which interpret granite-greenstone terranes as representing

higher crustal levels than the gneiss complexes (Percival et al., 2001 and references
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therein). Thus, as stated by Friend and Nutman (2005), “greenstone-granite terranes and
gneiss complexes probably represent nothing else but different exposure levels through
Archean crust, rather than having formed by entirely different mechanisms”. Many
geologists view the existence of distinctive terranes in the Archean as strong evidence for
some form of Archean plate-tectonic process (e.g. Nisbet, 1987).

Within the Godthabsfjord region Friend et al. (1987) initially defined three
mylonite-bounded terranes, including the Faringehavn, Tre Bradre, and Tasiusarsuaq
terranes after studying the Feringehavn-Tre Bredre area . This concept was extended to
the northeast to include all of the Godthébsfjord region and a fourth terrane called Akia
was recognized (Friend at al., 1988; Nutman et al., 1989). Further detailed mapping was
conducted by McGregor et al. (1991) and new terminology was introduced. They
grouped the Faeringehavn and Tre Brodre terranes together under one name: the Akulleq
terrane (McGregor et al., 1991).

The terrane model has been further modified by Friend and Nutman (2005), who
have expanded upon their original four terrane model (Friend at al., 1988, Nutman et al.,
1989) and have added two new terranes: the Isukasia terrane and the Kapisilik terrane
(Fig.1.2b). Friend and Nutman (2005) suggested that in time, as further detailed mapping
and geochronology is conducted within the Godthabsfjord region, the boundaries of
these terranes may be modified or perhaps even more terranes may be identified. The
following sections provide a brief outline of the most recent model of the six proposed

terranes.
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Akia terrane

The Akia terrane is the most northerly of the six terranes (Fig. 1.2b) and
underwent granulite metamorphism at ~ 3000 Ma. The Akia terrane consists largely of
tonalitic (NUk gneisses), dioritic, trondhjemitic, and granitic gneisses mixed with
amphibolite, predominantly derived from volcanic rocks, and with a smaller portion of
leucogabbroic and noritic intrusions, all of which formed between 3230 and 3000 Ma
(McGregor et al., 1991; Nutman 1997; Myers and Crowley, 2000). The northern extent of

the terrane is unknown.

Isukasia terrane

The Isukasia terrane extends from Ujarassuit Nunaat north to the Isukasia area,
including the Isua greenstone belt (Fig. 1.2b). The Isukasia terrane has been distinguished
from the Faringehavn terrane based on geochronological studies (Friend and Nutman,
2005). This terrane is dominated by ~3800 and 3700 Ma tonalites, ~3650 Ma granite
intrusive sheets and ~3700 and 3800 Ma supracrustal, ultramafic and gabbroic rocks
(Friend and Nutman, 2005 and references therein). The 3810-3600 Ma gneisses have
undergone both ~2960 Ma and ~2700 Ma metamorphism and did not experience early

Archean granulite facies metamorphism.

Feeringehavn terrane
The Feeringehavn terrane (Fig. 1.2b) includes early Archean rocks (3850-3600

Ma) which have undergone early Archean granulite facies metamorphism in most parts
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by 3600 Ma (Griffin et al., 1980). This terrane does not appear to contain ~2940 Ma
metamorphic overprints based on over a thousand SHRIMP zircon U-Pb analyses on ~50
rocks (data in Nutman et al., 2002 and references therein). The ~2960 Ma metamorphism
in the Isukasia terrane distinguishes this terrane from the Feringehavn terrane and

indicates that they were separate entities at that time (Friend and Nutman, 2005).

Kapisilik terrane

The Kapisilik terrane, as defined by Friend and Nutman (2005) is located east of
the Ivinnguit fault (Fig. 1.2b) and has undergone amphibolite grade metamorphism. The
terrane is dominated by ~3000 Ma rocks including tonalitic to granitic orthogneisses
which surround supracrustal units dominated by amphibolites, most notably the Ivisartoq
greenstone belt. The Kapisilik terrane is interpreted to be in tectonic contact with early

Archean rocks (Isukasia terrane) to the north (Friend and Nutman, 2005).

Tre Brodre terrane

The Tre Bradre terrane is located west of the Kapisilik terrane and is dominated
by 2800-2750 Ma Ikkattoq gneisses which contain supracrustal enclaves and anorthosite
complex rocks (Friend et al..1987; Friend et al., 1988). The supracrustal bodies include
amphibolites with associated ultramafic rocks as well as metasedimentary rocks, whereas
the anorthosite complex rocks include large units of anorthosite, leucogabbro, and the
derivatives of gabbros and melagabbros. This terrane has been subjected to upper

amphibolite facies metamorphic conditions (Friend et al., 1987).
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Tasiusarsuaq terrane

The Tasiusarsuaq terrane, which is the most southerly terrane, was
metamorphosed to granulite facies at ~2820 Ma, and subsequently experienced extensive
retrogression to amphibolite facies (McGregor et al., 1991; Nutman 1997). The
Tasiusarsuagq terrane is dominated by tonalitic-granodioritic gneisses (2920-2800 Ma)
that were originally intruded as sheets into metavolcanic rocks (now observed as layers of
amphibolites), layered anorthosite sheets, and minor sedimentary units (McGregor et al.,

1991; Nutman 1997; Myers and Crowley, 2000).

Tectonic interpretation of terranes

Friend and Nutman (2005) concluded that each terrane is geologically unique.
Each one is characterized by distinct quartzofeldspathic gneisses, supracrustal units, and
mafic rock inclusions. The terranes are typically separated by mylonitic belts that are
interpreted as tectonic breaks. Friend and Nutman (2005) interpreted the early Archean
Faringehavn and Isukasia terranes as remnants from a more extensive complex of early
Archean crust, that were rifted apart starting ~3500 Myr ago. Later these terranes were
juxtaposed with younger terranes of the Nuuk region in several late Archean events.

Assembly of the terranes is interpreted to have taken place in at least two
episodes. The first episode involved the intercalation of the > 3600 Ma Isukasia terrane
with the 3075-2960 Ma Kapisilik terrane at ~2950 Ma, and was followed by the second

episode, in which the composite Isukasia-Kapisilik block was juxtaposed with the
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composite Feringehavn and Tre Bradre terranes after 2825 Ma (Friend and Nutman,
2005).

Friend and Nutman (2005) consider it most likely that the Tre Brodre terrane (and
associated Feringehavn terrane) are presently structurally above the Kapisilik terrane.
Furthermore, on Ujarassuit Nunaat and northern Ivisartoq, the northern limit of the
Kapisilik terrane is interpreted to be structurally above the early Archean rocks to the
north which comprise the Isukasia terrane (Fig. 2b; Friend and Nutman, 2005).

Overall, Friend and Nutman (2005) consider the movement and assembly of the
individual terranes to be analogous to modern collisional orogeny and interpret this as

key evidence for the operation of some form of early Precambrian plate tectonics.

1.4  IVISARTOQ GREENSTONE BELT
This section outlines the previous work conducted in the area, provides a brief
summary of the local geology, examines outstanding problems, and discusses the thesis

goals.

1.4.1 Previous Work

The Ivisartoq greenstone belt is situated 40 km south of the Isua greenstone belt.
The Isua region has been the focus of intense study because it contains some of the oldest
known (~3.8-3.7 Ga) rocks on Earth, however, although they are comparable in size,

relatively little research has been conducted within the Ivisartoq belt.
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The Ivisértoq region was initially mapped by mainly helicopter reconnaissance by

Walton (1976) and by Allaart et al. (1977). The greenstone belt itself was mapped in
more detail by Friend and Hall (1977), who reported pillow structures indicating way-up.
Hall (1981) used the field data collected during the summer of 1976 for his PhD,
concentrating on petrography, metamorphism, structural geology, and geochemistry of
the Ivisartoq greenstone belt. However, ultimately there was insufficient data to define
the stratigraphy of the belt. The sole geochronological datum from early work in the area
was acquired by Baadsgaard (1976) while doing work on the entire Godthdbsfjord region.
A U/Pb age of 2580 Ma from zircons in a single sample of an assumed paraschist was
interpreted as a metamorphic age.

A team from University of Exeter did further mapping within the Ivisirtoq region
from 1981-1983 and in 1985 in order to complete the necessary detail for the Geological
Survey of Greenland 1: 100 000 map sheet 64 V.2 N (Chadwick and Coe, 1988). From
this work a host of PhD theses were produced, including: Robertson (1985); Brewer
(1985); Park (1986); Crewe (1986). During this time Chadwick mapped the Ivisirtoq
greenstone belt in detail at a scale of 1:20 000 (unpublished map) and eventually
determined a stratigraphic sequence for the belt (Chadwick, 1990). There has been little
published on the Ivisirtoq greenstone belt prior to the onset of this study. However, as the
research within and around the Isua region starts to broaden, it seems inevitable that the
Ivisdrtoq greenstone belt will be the focus of future studies.

Recent work by Friend and Nutman, (2005) indicate that this is likely. Their

reinterpretation of the terrane model for the Godthabsfjord region is based on new
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geochronology of samples mostly collected from the Ivisdrtoq region and inner

Godthabsfjord in 1976. Friend and Nutman, (2005) have obtained three additional ages
from the belt. They obtained a weighted mean average of 3075+15 Ma from 23 zircon
SHRIMP analyses in a sulphide-rich felsic schist, which they interpreted to be
volcanosedimentary in origin. The dated zircons were interpreted as igneous in nature
and the obtained age was used to provide a minimum time of deposition of at least part of
the belt. An age of 2961+11 Ma was obtained from 7 SHRIMP analyses of two zircon
grains in a weakly deformed granite (sample GGU200499) collected from the ‘dome’ of
gneisses north of the belt and was interpreted as a minimum age constraint for the belt.
Their third analysis was of a granodioritic gneiss, interpreted as an intrusion into
anorthositic rocks in the southern limb of the belt. They obtained an age of 2963+8 Ma
from fourteen SHRIMP analyses on thirteen zircons which they interpreted as the

minimum age of the gabbro-anorthosite unit.

1.4.2 Brief Outline of Local Geology

The Ivisdrtoq greenstone belt forms a southwest-closing, V-shaped structure and
was subjected to amphibolite facies metamorphic conditions. The two ridges of
supracrustal rock that form the V-shape range in topographic relief from sea level to 1200
m and are exceptionally well exposed. Field mapping for this study concentrated on the 3
km thick southern limb of the V-shaped structure, where the most complete stratigraphic
section is preserved, and where pillow lava structures with way-up indicators are

observed (Fig. 1.3). The southern limb has been divided into two components, termed the
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northern and southern parts. A high strain zone, containing a predominantly
quartzofeldspathic layer and an ultramafic schist layer, is used as a tectonostratigraphic
marker separating the southern and northern parts. The northern part is characterized by
heterogeneously deformed amphibolite derived from basaltic pillow lavas interlayered
with boudins of coarse-grained olivine-bearing ultrabasic rocks, and quartz-feldspar-mica
gneiss and schist which are continuous for a few hundred metres. The southern part
contains more intensely deformed amphibolite derived from pillow lavas and
homogeneous amphibolites. Diffusely banded, pale quartzofeldspathic gneisses and
schists, are also present in the southern part. There are also mafic dykes and felsic

pegmatites in the northern and southern parts of the belt.

1.4.3 Thesis Goals
The overall goal of the thesis is to determine the nature of the Ivisartoq greenstone
belt. The thesis focussed on several aspects of the belt with this goal in mind, including:
* What are the nature and protoliths of the lithologic units?
* Does the belt represent a stratigraphic sequence or a tectonostratigraphic collage
- how do the units relate to each other?
* When did the belt form?
* What are the geochemical characteristics of the belt and what do these attributes
reveal about the magmatic history of the different lithological units?

* What is the tectonic history of the belt?
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To address these problems the thesis has been broken down into several
components which include:

a) A detailed field and petrographic description of the lithological units of the
greenstone belt, including a field map of the study area;

b)  Geochronological data to provide insight into the age of the belt;

¢) Extensive major and trace element geochemical analysis of the major units within
the belt in order to define differences within and between units and geochemical
constraints on the magmatic evolution of these rocks;

d)  Geological synthesis: combining all of these observations to construct a general

model of the tectonic evolution of the Ivisartoq greenstone belt.

1.5 METHODOLOGY

The basic goal of this study is to understand the nature of the various lithological
units within the Ivisartoq greenstone belt and how they relate to each other. This was
accomplished using various research and analytical methods, including: field mapping,
geochronology, and major and trace element geochemistry. The following is a brief

description of the principals and applicability of each technique.

1.5.1 Field Work/Map Production
The basis for this research was field mapping at 1:10 000 scale which is an
improvement upon a previously unpublished map at 1:20 000 and upon the most recent

published map which was at a scale of 1:100 000 (Chadwick and Coe, 1988). Field work
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was conducted between late June - early September, 2001, with support from the
Greenland Bureau of Minerals and Petroleum and the Geological Survey of Denmark and
Greenland (GEUS). The research included detailed mapping and sample collection
within the Ivisartoq greenstone belt, and focused primarily on the southern limb of an
asymmetric syncline, where the most complete stratigraphic section is preserved.
Samples were collected for petrographical, geochemical and geochronological studies in
order to better define the stratigraphy and lithological units of the belt. Samples were
collected and thin sections were made which were perpendicular to the main foliation and
parallel to the lineation; and, where appropriate, parallel to the foliation. Samples which
appeared to have some possible economic value or significance were collected for the
Bureau of Minerals and Petroleum. These samples, which are primarily from rusty
alteration zones, were collected for trace element analysis.

A 1:10 000 digital map was compiled using new data collected from the 2001
field season in conjunction with a previously unpublished 1:20 000 scale map produced
by Brian Chadwick (see insert map). Digital topography was provided by GEUS and
additional digital stereo-mapping of airphotos was completed at the Department of
Geological Mapping of GEUS in Copenhagen, Denmark. All of the data (digital
topography, digitized contacts, and field data) was compiled using MapInfo Version 6.5.
Using Maplnfo allows the map to be ‘spatially’ correct and data is assigned a specific

coordinate in space.
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1.5.2 U-Pb Geochronology

Archean greenstone belts can be composed of many different rock types and
commonly have very complicated metamorphic and deformational histories. Performing
geochronological work within these regions can prove to be challenging. The primary
goal varies from study to study and may include focuses such as: dating the primary age
of the belt, its metamorphic history, its tectonic history, etc. Ideally, to constrain these
ages well documented field relationships of the unit(s) in question are needed. Once the
goal is clear the radiometric dating method must be determined as well as the specific
technique(s) that will be utilized (an extensive review of radiometric dating methods can
be found in Geyh and Schleicher, 1990).

U-Pb isotope analysis was chosen for the basis of this study because this study
focussed on dating zircon grains. U-Pb geochronology relies on the decay of U to Pbin a

closed system and is based on the following equations:

207 Pb‘
235U

206Pb’
238U

= (¢*='-1)and = (e* -1)

where Pb’ represents radiogenic lead only. These equations will yield concordant ages,
for minerals that provide a closed system for U and Pb. Concordant ages will plot on a
concordia curve which is a graphical representation of the isotopic compositions in a
closed system for the two U/Pb isotopic systems with relation to the decay constant and
successive values of t (Faure, 1986).

U-Pb ages can plot off the concordia curve, and are termed discordant, if lead has

been lost from the grain(s) being dated. In this case the data typically form a linear array
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on the diagram. The discordia line intersects the concordia curve at two points, 1) at the
time of original crystallization, and 2) at a younger age which may represent the time
when the grain was disturbed (Wetherill, 1956). If the disturbance is related to present
day lead loss, then the discordant data yield a straight line that intersects at or near the
origin. If the lead loss is related to a later event, then the lower intersect may represent
the age of disturbance (e.g., a metamorphic event). A lower intercept may also represent a
meaningless “young age” which is the result of lead loss integrated over time. Tilton
(1960) suggested that, over time, Archean minerals undergo continuous lead loss by
diffusion. Without geological evidence of a specific lead loss event, no age-significance
should be inferred from the lower intersection of the discordia line (Dickin, 1995).

Zircon (ZrSiO,4) was selected for dating as the U-Pb systematics of this mineral
are highly robust. Zircon readily incorporates uranium, but not lead, into its structure
during crystallization, therefore, most of the lead found in present-day samples is
radiogenic (Potts, 1987). Furthermore, diffusion of Pb from zircon is extremely slow, so
the grains retain age information through high-temperature episodes (Hanchar and Miller,
1993) and are considered to provide a closed system for U and Pb.

Zircon is also an ideal candidate for dating as it occurs in a wide range of
granitoid rocks and their volcanic equivalents. The crystal morphology of zircons can
reflect these differing igneous environments (Vavra, 1993). Zircons are also capable of
surviving high grades of metamorphism (even partial melting) and are resistant to

weathering and alteration.

1-21



Chapter 1: Introduction and Background

Geologists should be acutely aware of this robust behaviour. Zircons are able to
survive in the crust almost indefinitely, however, they are not unchanging. Major events
that zircons undergo leave their imprints and, therefore, exceptionally complicated
histories can be recorded in a single grain (Hanchar and Miller, 1993). Zircon can form
initially in an igneous or high-grade metamorphic environment, and due to its resistance
to chemical and physical processes, it also occurs in many sedimentary rocks (Cox,
2002). Any of these zircons can be overprinted during subsequent metamorphism
episodes. These events or any combination therein, can cause growth and/or degradation
(e.g. partial dissolution, metamictization, mechanical breakage) of the grain. The fact that
these events can be recorded in zircon grains, by way of distinctive morphology and
internal zoning (Hanchar and Miller, 1993), reveals the powerful nature of zircon
geochronology. It also becomes clear that analysing these attributes is essential in order
to accurately interpret the zircon’s history and heritage.

Once zircons are separated from a collected sample they can be grouped
superficially into populations based on morphology. Single crystals or groups of crystals
can be dated using isotope dilution-thermal ionization. Single grains can also be analysed
using a sensitive high-resolution ion microprobe (SHRIMP) or laser ablation microprobe
(LAM) linked to an inductively coupled plasma mass spectrometer (ICPMS), both of
which have the added capability of measuring in sifu grains.

Regardless of the dating method, imaging zircons is a vital prerequisite, as
transmitted light optical microscopy on its own is inadequate to reveal the internal

complexity of many crystals (Whitehouse et al., 1999). Studying the zoning patterns of
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zircon populations can be achieved by numerous imaging techniques, including:
petrographic examination of acid etched crystals, scanning electron microscopy (back-
scattered electron (BSE) images, cathodoluminescence (CL) and charge-contrast
imaging, and X-ray mapping (details of these techniques are outlined in Cox, 2002).

Internal imaging is fundamental in the later interpretation of the data as it is
necessary to recognize if the grains contain inherited cores and/or overgrowths. Without
knowledge of the internal structure of a single grain (or multiple grain fractions) a hybrid
(and effectively ‘false’) age could be obtained using isotope dilution thermal ionization
mass spectrometry (ID-TIMS). Without imaging, even laser techniques are in danger of
positioning the beam on overlapping zones and thereby producing isotopic data which
can be easily misinterpreted, or important growth phases may not be analysed at all
(Whitehouse et al., 1999).

These concerns were taken into account during the geochronological study of the
Ivisartoq greenstone belt. The study utilized both back-scattered electron and
cathodoluminescence techniques to image grains from the Ivisartoq greenstone belt.
Laser ablation microprobe inductively coupled plasma-mass spectrometry (LAM
ICP-MS) and isotope dilution thermal ionization mass spectrometry (ID-TIMS) were

chosen to constrain the age of the belt.
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1.5.3 Major and Trace Element Geochemistry

Major and trace element geochemical analysis are useful tools which can provide
insight into the petrological and petrogenetic magmatic history of igneous rocks. Trace
elements are particularly useful in helping with protolith interpretation of deformed and
metamorphosed rocks, especially in regards to Archean-aged rocks, and differentiating
between rocks which have similar field and petrographic characteristics. Major elements
tend not to be as reliable in this capacity due to their more mobile nature.

Geochemical data must be evaluated for the effects of secondary mobility of
elements prior to interpreting primary geochemical characteristics. Element mobility
describes the chemical changes which take place in rocks after their formation. These
chemical changes typically take place during weathering, diagenesis and metamorphism,
or through interaction with hydrothermal fluids. Rollinson (1993) noted that the mobility
of major elements is controlled by three main factors:

1) the stability and composition of the minerals in the unaltered rock;
2) the stability and composition of the minerals in the alteration product;
3) the composition, temperature and volume of the fluid phase.

Bivariant plots, primitive mantle-normalized trace element diagrams, and low
H,0 and CO, contents [reflected in low loss on ignition (LOI) values] have been used in
this study to assess the mobility of major and trace elements. Scattered trends on
variation diagrams can indicate that the element in question has been mobile. However, it
should be noted that chemical alteration may produce systematic changes which may

mimic other mixing processes (i.e. crystal fractionation). These apparent trends may
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result from volume changes arising from the removal or addition of a single component
of the rock (Rollinson, 1993).

Primitive mantle-normalized trace element diagrams are useful for assessing the
mobility or immobility of specific elements or groups of elements. Consistent and
coherent patterns in a suite of rocks suggest that the original magmatic concentrations for
the selected elements have been preserved. Elements are plotted with respect to their
abundance in “primitive mantle”: the hypothetical mantle composition before extraction
of the continental crust. On primitive mantle-normalized trace element diagrams elements
are arranged in order of increasing compatibility in mantle mineral assemblages. Element
abundances are plotted on a logarithmic scale. The elements used in this study include
light rare earth elements [LREE; (La, Ce, Pr, Nd)], middle rare earth elements [MREE;
(Sm, Eu, Gd, Tb, Dy, Ho)], and heavy rare earth elements [HREE; (Er, Tm, Yb, Lu,)] as
well as high field strength elements [HFSE; (Th, Zr, Hf, Ti, Nb, Ta). Large ion lithophile
elements, which are low field strength elements (LFSE) are alteration sensitive and hence
were not used due to their mobile nature in Archean terranes.

Primitive mantle-normalized trace element diagrams are also extremely valuable
in determining relationships between different elements, or groups of elements, which
can be invaluable for petrogenetic interpretations. Such diagrams make clear:

1) the relationship of HFSE to REE of similar compatibility [e.g. Nb (Ta)-La, Zr-Sm, Hf-
Smyj;
2) intercomparison of major elements with HFSE of similar compatibility (e.g. Ti/Zr)

3) HFSE/HFSE ratios (e.g. Nb/Ta, Zr/Hf, Zr/Nb; Kerrich and Wyman, 1997).
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Figure 1.2a. Geologic map of the Godthdbsfjord region (from Myers and Crowley, 2000)
compiled from maps by Allaart (1982), Chadwick and Coe (1983,1988), Garde (1987,
1989) and McGregor (1984) and geochronology from Nutman et al. (1996) and Nutman
(1997). The inset map of Greenland locates Nuuk and the main regions of Archean gneiss.
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Figure 1.2b. Sketch map of the terranes of the Godthébsfjord region as defined by Friend
and Nutman (2005). The top left inset map of Greenland locates Nuuk and the main
regions of Archean gneiss. The bottom right inset shows a cross-section at sea level along
the line AB (from Friend and Nutman, 2005). Note: different colours represent different
terranes and do not correspond exactly with geological units as defined in Fig. 1.2a.
Dashed lines indicate terrane boundaries.
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Chapter Two:
Geology and Geochronology of the Ivisirtoq greenstone belt

2.1 ABSTRACT |

The Ivisirtoq greenstone belt is exceptionally well-exposed in three dimensions,
and primary features are better preserved here than in any other Archean greenstone belt
in Greenland. The belt forms a southwest-closing, V-shaped synform, and was subjected
to amphibolite facies metamorphism. This study concentrated on the 3 km thick southern
limb of the synform, where the most complete section of supracrustal rocks is preserved,
and where pillow lava structures indicate way-up. The southern limb has been redefined
as a tectonostratigraphy and comprises two main components, termed the northern and
southern parts. These two units differ in composition and intensity of deformation and are
separated by a major high strain zone.

The northern part of the southern limb is generally less deformed than the
southern part and is characterized by heterogeneously deformed amphibolite, derived
from variolitic and homogeneous basaltic pillow lavas, interlayered with boudins of
olivine-bearing ultramafic rocks and quartz-feldspar-mica gneiss and schist. The southern
part consists of strongly deformed rocks including banded amphibolites, homogeneous
granitic rocks, gabbroic rocks, and a thick layer of predominantly quartz-feldspar-biotite-
schist.

Reconnaissance LAM ICP-MS U-Pb zircon geochronology, and field mapping
have shed new light on the timing of magmatic, depositional, and deformational events.

A U-Pb zircon age of an intrusive tonalite sheet demonstrates that the northern basaltic
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pillow lavas were deposited before ~3165 Ma. A maximum age of ~2895 Ma was
determined for the deposition of the youngest unit in the southern part, interpreted as a
quartzofeldspathic metasedimentary rock. This work supports a new interpretation in
which the northern and southern parts of the belt represent discrete packages of rocks that
were juxtaposed after the main volcanism associated with each part had ceased (after

~2895 Ma).

2.2 INTRODUCTION

The Ivisartoq greenstone belt is part of the Archean gneiss complex of West
Greenland (Fig. 2.1; Nutman, 1997). The Greenland Archean gneiss complex is
characterised by basaltic volcanic rocks and sedimentary rocks that were intruded by
middle to late Archean tonalite and granodiorite, and a small amount of granite and
diorite (Myers and Crowley, 2000). These rocks were repeatedly deformed and
metamorphosed, resulting in the formation of new tectonic laying and in various episodes
of recrystallization (Bridgwater et al., 1976). These events have generally obliterated
primary structures in the supracrustal remnants and therefore recognition of original
stratigraphy/tectonostratigraphy has proven to be difficult (Chadwick, 1990).

Most work within the Archean gneiss complex of West Greenland has
concentrated on the Godthabsfjord region. This region is located on the west coast near
Nuuk (formerly Godthéb and Nik) (Fig. 2.2) and contains the most extensive, best
exposed and most intensely studied early to middle Archean rocks on Earth (Myers and

Crowley, 2000). The Isua greenstone belt has been the focus of most studies within the
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Godthébsfjord region, as it hosts some of the oldest rocks on Earth (~3.8-3.7 Ga) and is
thought to contain the oldest evidence of life on Earth (Rosing, 1999). The Ivisartoq
greenstone belt lies 40 km south of the Isua greenstone belt within the Ivisartoq region.
Therefore, work in this area is fundamental for understanding the Archean geological
evolution of the wider Isua-Ivisartoq region. The Ivisartoq greenstone belt is distinct in
that it contains an exceptionally well-exposed tectonostratigraphic section of Archean
metavolcanic rocks which include well-preserved, primary pillow lava structures. The
belt is also distinct because relatively little research has been done within the region.
These distinctions make the Ivisartoq greenstone belt an ideal candidate for detailed
investigation.

This paper examines several aspects of the Ivisartoq greenstone belt, including the
protolith composition and age of the various stratigraphic units. Detailed field and
petrographical work, as well as U-Pb zircon dating techniques, were used for the
investigation. The basis for this research is field mapping at 1:10 000 scale which is an
improvement upon a map at 1:20 000 (Chadwick, unpublished) and upon the most recent

published map which is at a scale of 1:100 000 (Chadwick and Coe, 1988).

2.3 REGIONAL GEOLOGY
The Godthabsfjord region of Greenland is located in the centre of the Greenland
Archean gneiss complex on the west coast near Nuuk (formerly Godthab and Nik; Fig.

2.2). Within this region, Early Archean quartzofeldspathic gneisses and early and middle
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Archean supracrustal rocks were intruded by and were tectonically interleaved with late
Archean plutonic rocks.

Early interpretations regarded the Godthabsfjord region as a single tectonic
terrane (Nutman, 1997). However, later studies reinterpreted the Godth&bsfjord region in
terms of separate terranes, which evolved independently prior to assembly in the late
Archean; similar to other granite greenstone terranes, for example Barberton (e.g. Lowe
et al., 1999), and the Superior Province (e.g. Percival et al., 2001). Currently the
Godthébsfjord region is thought to comprise six terranes: the Akia, Isukasia,
Feeringehavn, Kapisilik, Tre Bradre, and Tasiusarsuaq terranes (Friend and Nutman,
2005; Fig. 2.2b). The Isukasia terrane includes the Isua greenstone belt and the Kapisilik
terrane contains the Ivisirtoq greenstone belt.

Assembly of the terranes is interpreted to have taken place in at least two episodes
(Friend and Nutman, 2005): the >3600 Ma Isukasia terrane was first intercalated with the
3075-2960 Ma Kapisilik terrane at ~2950Ma and subsequently this composite block was
juxtaposed with the composite Faeringehavn and Tre Brodre terranes after ~2825 Ma.
Friend and Nutman (2005) interpret the Tre Bradre terrane (and associated Faringehavn
terrane) to now lie structurally above the Kapisilik terrane. Furthermore, on Ujarassuit
Nunaat and northern Ivisértoq, the northern limit of the Kapisilik terrane is interpreted to
be structurally above the early Archean rocks to the north, which are included in the
Isukasia terrane (Fig. 2.2b). One of the goals of ongoing mapping and geochronology in

the Godthabsfjord region is to test and if necessary, modify the terrane model.
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2.4 IVISARTOQ GREENSTONE BELT

The Ivisartoq greenstone belt forms a southwest-closing, V-shaped structure and
was subjected to amphibolite facies metamorphic conditions. The two ridges of
supracrustal rock that form the V-shape range in topographic relief from sea level to 1200
m and are exceptionally well exposed. Field mapping for this thesis concentrated on the 3
km thick southern limb of the V-shaped structure, where the most complete

tectonostratigraphic section is preserved (Fig. 2.3).

2.4.1 Previous Work

The Ivisirtoq region was initially mapped by mainly helicopter reconnaissance by
Walton (1976) and by Allaart et al. (1977). The greenstone belt itself was mapped in
more detail by Friend and Hall (1977), who reported pillow structures indicating way-up.
Hall (1981) used the field data collected during the summer of 1976 for his PhD,
concentrating on petrography, metamorphism, structural geology, and geochemistry of
the Ivisirtoq greenstone belt. The sole geochronological datum from early work in the
area was acquired by Baadsgaard (1976) while doing work on the entire Godthabsfjord
region. A U/Pb age of 2580 Ma from zircons in a single sample from a rock interpreted as
a paraschist was interpreted as a metamorphic effect.

A team from University of Exeter did further mapping within the Ivisértoq region
from1981-1983 and in 1985 in order to complete the necessary detail for the Geological
Survey of Greenland 1: 100 000 map sheet 64 V.2 N (Chadwick and Coe, 1988). From

this work a host of PhD theses were produced, including: Robertson (1985); Brewer
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(1985); Park (1986); Crewe (1986). During this time Chadwick mapped the Ivisartoq

greenstone belt in detail at a scale of 1:20 000 (unpublished map) and eventually
determined a stratigraphic sequence for the belt which is currently accepted (Chadwick,
1990). Otherwise, there has been little work published on the Ivisartoq greenstone belt
prior to the onset of this study. However as the research within and around the Isua
region starts to broaden, it seems inevitable that the Ivisartoq greenstone belt will be the
focus of future studies.

Recent work by Friend and Nutman (2005) included reconnaissance
geochronology from the Ivisartoq area. They obtained three additional ages from the belt
and have incorporated the area into a new terrane model which encompasses the

Godthébsfjord region.

2.4.2 Stratigraphy/Tectonostratigraphy

Chadwick (1990) described the southern limb of the Ivisartoq V-shaped structure
as a stratigraphic section comprising two groups of amphibolites: a lower group and an
upper group. A distinctive seam of magnetic ultrabasic rocks, termed the ‘magnetic
marker’ was used as a stratigraphic marker horizon to separate the two groups
(Chadwick,1990).

He distinguished an upper amphibolite group based on the presence of
heterogeneously deformed pillow structures interlayered with ultramafic amphibole
schists, metagabbro, and boudins of coarse-grained, olivine-bearing, ultrabasic rocks.

Within the amphibolites with pillow lava structures, Chadwick (1990, pg. 644) observed

2-6



Chapter 2: Geology and Geochronology of the Ivisdrtoq Greenstone Belt

structures that “show unambiguously that the section on the southern limb of the syncline
is right way-up”. Sheets rich in quartz and sulphides and quartz-feldspar-mica gneisses
and schists were also noted in the upper group.

Chadwick described the lower group as containing more intensely deformed and
homogeneous amphibolites with pillow lava structures. Within this group he observed
diffusely banded, pale quartzofeldspathic gneisses and schists, and he noted that olivine-
rich sheets like those in the upper group are typically absent. Chadwick (1990) also
mapped a major body of leucogabbro with minor anorthosite and melanogabbro within
the southeastern region of the lower group.

Chadwick (1990, pg. 642) noted that “amphibolite dykes are relatively common
in parts of the amphibolites and a few have been noted in the metasedimentary and
olivine-rich ultrabasic rocks”. In the upper group, he observed dykes containing small

aggregates of feldspar.

Newly established tectonostratigraphy

Recent mapping has re-evaluated the ‘stratigraphy’ as defined by Chadwick
(1990). The extensive rock exposure of the belt allowed for a broad-scale structural
assessment of the geological units to determine if they correspond to a simple layer-cake
stratigraphic interpretation.

Chadwick (1990) separated the section into two amphibolite groups, the upper
(northern part of the southern limb) and the lower group (southern part of the southern

limb), based primarily on compositional differences. However, recent mapping revealed
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that in addition to lithological differences, the northern and southern parts of the southern
limb also appear to differ in intensity of deformation. The northern part is generally less
deformed than the southern part: in the north, large km-scale isoclinal folds are
recognizable, whereas, the rock units of the southern part are deformed into parallelism.
If the two parts represent a continuous stratigraphic section then both parts would have
been isoclinally folded by the same event and therefore, one would expect to see repeated
lithological units throughout the two parts of the belt’s southern limb. This is not
observed. In contrast, distinct rock units are observed in the northern part and southern
part of the southern limb.

In addition, the margins of most units are intensely deformed. Areas if intense
deformation were studied to determine if they could represent tectonic breaks. The widest
zone (30-200 m) of intense deformation runs E-W along the centre of the southern limb
of the belt. This zone, termed the Marker High Strain Zone in this study, is composed of
two layers: a quartzofeldspathic layer with amphibolitic horizons and the magnetic
marker layer. The boundaries of the deformed zone are relatively sharp with less
deformed rocks to the north and south. The zone includes mylonitized units and locally
dextral and sinistral shear-sense indicators were noted in the field. These features suggest
that this zone suffered high strain, and likely had a complicated deformational history.
The structural features combined with the observation of different rock units to the north
and south of this zone suggested that it might represent a tectonic break. This theory is
further supported by geochronological (see Section 2.6) and geochemical (see Chapter 3)

data.
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Based on this interpretation, the layers of different rock types, in the southern
limb of the belt, are not thought to represent a simple ‘layer-cake’ primary stratigraphy
and are herein described as a tectonostratigraphic assemblage. This study divides the
southern limb of the belt into two parts: the northern and southern, which are separated
by the major zone of intense deformation.

The following sections systematically describe the two parts of the southern limb
of the Ivisirtoq greenstone belt in terms of lithological units and protolith interpretation.
These parts are herein described as simply the northern and southern parts of the belt,

with the understanding that they refer to the southern limb of the belt.

2.5 MAJOR COMPONENTS OF THE IVISARTOQ GREENSTONE BELT
2.5.1 Northern Part of the Southern Limb

The northern part of the Ivisartoq greenstone belt is characterized by
heterogeneously deformed amphibolites derived from basaltic pillow lavas interlayered
with olivine-bearing ultramafic rocks which have been disrupted into boudins, and with
discontinuous layers of quartz-feldspar-mica gneisses and schists. Mafic dykes and felsic

pegmatites were noted in the northern and southern parts of the belt.

2.5.1.1 Northern Amphibolites
The northern part of the Ivisrtoq greenstone belt is dominated by recrystallized
amphibolites which were mostly derived from two distinct types of heterogeneously

deformed pillow lavas. These two distinct protoliths are homogeneous basaltic pillow
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lavas (Fig. 2.4, 2.5), and variolitic pillow lavas (Fig. 2.6). The best-preserved pillow
structures are slightly flattened and range from 10 cm to 1 m in length (x-axis of strain
ellipsoid), with an average length of 50 cm and average axial ratios of 2:1:1 (x:y:z). The
original way-up direction of the pillow lavas can be determined where pillows have
smooth, convex tops and cuspate bases (Fig. 2.4a,). The bottom of the upper pillows were
moulded onto the convex upper surfaces of the lower pillows producing a cuspate
geometry (Philpotts, 1990).

A transition from relatively undeformed pillows to banded amphibolite can be
traced in the field (Fig. 2.5), and has been noted elsewhere in southwest Greenland
(Bridgwater et al., 1976; Friend et al., 1981; Myers, 1985). Some of the amphibolites
have been heterogeneously affected by alteration, which may be of hydrothermal origin.
This alteration is now mainly marked by epidote veins and diffuse zones which locally
overprint well-preserved pillow structures in low-strain zones and are deformed with the
pillow structures to form banded amphibolites in the high strain zones (Fig. 2.7). A third,
subordinate type of amphibolite was observed, which is composed of dark oblate
structures within an epidote-rich matrix, and may correspond with deformed ‘ultramafic’
pillows described by Hall (1980, 1981; Fig. 2.8).

The amphibolites derived from homogeneous basaltic pillow lavas are the most
abundant rock type in the northern part of the Ivisirtoq greenstone belt. These layers
range from tens to hundreds of metres in thickness (Fig. 2.4b), and locally grade into
massive flows. Spectacular, well-preserved pillow structures, which indicate way-up,

were noted in several localities (Fig. 2.4a, see map). These pillows are characterised by
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dark, amphibole-rich marginal zones which sharply contrast with the paler, yellow-green,
epidote-pyroxene-rich cores of the pillows (Fig. 2.4, 2.9). Individual pillows are outlined
by thin (0.5 cm) leucocratic selvages. Although the original structure of some of the
pillows has been retained, the mineral assemblages generally have been altered and
recrystallized. The marginal zones of the pillows are composed primarily of hornblende,
with lesser amounts of epidote and plagioclase (Fig. 2.9, 2.10). The pillow cores range
from fine to coarse grained and comprise various amounts of epidote, clinopyroxene,
plagioclase, hornblende, and lesser amounts of garnet and calcite (Fig. 2.11). Titanite is a
ubiquitous accessory mineral, and locally constitutes up to 7 modal % of the matrix. The
observed assemblages may have resulted from secondary metasomatic replacement,
which was likely modified during subsequent metamorphism (See Table 2.1).

The more deformed homogeneous pillow structures are strongly flattened (Fig.
2.5b), and in their most deformed state are banded, dark green-light green amphibolites
(Fig. 2.5¢). The dark layers are rich in dark-green hornblende and represent the pillow
rims; light green layers are composed of clinopyroxene, epidote, plagioclase, hornblende,
garnet, and titanite, and correspond to the pillow cores (Fig. 2.12).

The amphibolites derived from variolitic, basaltic pillow lavas were mapped as
distinct layers within the northern part of the Ivisartoq greenstone belt, and are up to a
few kilometres in length (Fig. 2.3). The best-preserved pillow structures are defined by
thin (average 0.5 cm) leucocratic inter-pillow selvages (Fig. 2.6a). The mineral
assemblage of the pillow cores is dominated by recrystallized amphibole, plagioclase,

and accessory titanite (<3 modal %). The proportions of these minerals differ between the
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leucocratic varioles, which are composed of roughly equal proportions of elongate
hornblende and polygonal plagioclase, and the dark matrix of the pillow cores, which are
dominated by coarse-grained hornblende (Fig. 2.13). The hornblende and plagioclase
grains define a moderate to strongly developed foliation, which probably reflects the
main deformational event. Late, lath-shaped growths of clinozoisite, oriented at an angle
to the main foliation, are likely related to the slightly retrograde metamorphic conditions
of the latest deformational event (Fig. 2.13b)

The varioles within the best-preserved pillow structures are up to 2 cm long (x-
axis), and have axial rations of 4:1:1. They are observed both as clumps within cores of
well-preserved pillows, and as separate spherical bodies near pillow margins (Fig. 2.6a).
Varioles were not observed within the pillow selvages. Flattened varioles are distinct in
moderate to strongly deformed pillows (Fig. 2.13a). In the most intensely deformed
samples, the leucocratic varioles and pillow selvages contrast strongly with the dark

matrix of the pillow cores, creating banded black and white rocks (Fig. 2.6¢). The dark

layers, representing deformed cores, are composed predominantly of hornblende with
smaller amounts of plagioclase, and the lighter layers are composed primarily of
plagioclase and tremolite.

Varioles are widespread in Archean mafic volcanic rocks and are defined as
macroscopic globular textures (Fowler et al., 2002). Variole is a non-genetic term used to
describe generally leucocratic ovoid structures visible on the weathered surfaces of mafic

rocks (Fowler et al., 2002) and is sometimes used as a field criterion to identify high-Mg

basalts (Myers, pers. comm.; Cawthorn et al.. 1979). Possible interpretations of their
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origins include devitrification or liquid immiscibility. Devitrification can result in the
formation of spherulites, which are described as masses of acicular crystals, commonly of
feldspar, which radiate from a central point (Fowler, 1986). They grow directly from the
liquid as a result of supercooling. Liquid immiscibility can result in the formation of
amoeboid shaped globules in which spherical feldspar arrays are not found. In contrast to
spherulites, liquid immiscibility globules are composed of a variety of textures and
minerals, including quartz alkali feldspar (Fowler et al., 2002). The delicate primary
textures which can differentiate between these processes have not been preserved within
the Ivisartoq basaltic lavas. Therefore, their origin cannot be determined and the more
general term, variolitic, is used to describe the pillow lavas which contain leucocratic,
ovoid structures.

The amphibolites derived from both homogeneous and variolitic, basaltic pillow
lavas have heterogeneously been affected by alteration now marked by epidote. The
alteration is observed as pale-green, epidote-rich patches and veins which locally
overprint well-preserved pillow structures in low-strain zones (Fig. 2.7). In zones of
higher strain, the alteration patterns become deformed with the pillow structures.
Locally, basaltic pillow lavas marked by this alteration are cross-cut by ultramafic and
quartzofeldspathic layers. Similar alteration features are not observed in the adjacent
ultramafic layers and quartzofeldspathic schists. The alteration is interpreted to be the
result of hydrothermal fluids and occurred after the solidification of the pillow lavas but
before the emplacement of the ultramafic layers and protolith of the quartzofeldspathic

schists. The original mineral assemblage of the alteration zones is uncertain, as it has
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likely been affected by the later deformational and metamorphic events. The observed
epidote-rich assemblage likely reflects the amphibolite-facies metamorphism related to
the most recent major deformational event.

A third, distinct type of amphibolite was observed within the northern part of the
[visartoq greenstone belt. It forms a discontinuous layer, separated from a layer of
amphibolite derived from homogeneous pillow basalt by a massive amphibolitic dyke.
This third type of amphibolite is characterised by dark, hornblende-rich ovoid structures
set within a pale green, epidote-rich matrix (Fig. 2.8). The matrix resembles the epidote-
rich alteration veins and patches which overprint the amphibolites derived from
homogeneous and variolitic pillow basalts. This unit may correspond with structures
interpreted by Hall (1980, 1981) as ultramafic pillows. Hall (1981) described
hornblenditic pillows, which range in shape and size, set within a pale green matrix rich
in epidote and clinopyroxene. He noted that the proportion of matrix material (30%) is
greater than that which is associated with typical pillows (0-10%), and he did not observe
mineralogical or textural evidence of chilled margins (Hall, 1981). This description
generally fits the third type of amphibolite observed during this study. However, it should
be noted that smooth, convex tops and cuspate bases, typical of well-preserved pillows,
were not observed within this unit. Alternatively, these hornblende-rich oblate bodies
may relate to the alteration event. The pillow-like structures may be the result of a

pervasive alteration pattern which penetrated a massive flow or sill.




Chapter 2: Geology and Geochronology of the Ivisdrtog Greenstone Belt

Discussion of northern amphibolites

The amphibolites derived from homogeneous and variolitic, basaltic pillow lavas
define distinct layers of great extent in the northern part of the Ivisartoq greenstone belt.
At map-scale, these layers form sequential repetitions between ultramafic layers (Fig.
2.3). Amphibolites derived from variolitic pillow basalts were observed directly adjacent
to the ultramafic layers, whereas amphibolites derived from homogeneous pillow basalts
occur between the variolitic layers. The sequence is repeated a number of times from
south to north (see insert map), and was initially thought to represent a thrust sequence.
However, this theory was disproved using geochemical analysis (see Chapter 3). Instead,
the repetition of homogeneous and variolitic basalts is interpreted to represent
interstratified flows of different compositions. These layers were isoclinally folded
during a later deformational event.

The isoclinal folding event has previously been used to explain the heterogeneous
deformation of the pillow lava-derived amphibolites (Hall, 1981). Detailed mapping
conducted during this study has revealed that the heterogeneous deformation pattern of
the amphibolites is inconsistent with the isoclinal folding. Isoclinal folding should have
resulted in more intense deformation along the limbs and relatively less-deformed rocks
in the hinge zone. However, heterogeneous deformation was observed across
lithostratigraphic units within fold limbs, and some of the least deformed rocks are
located in fold limbs, rather than fold cores. Therefore, this heterogeneity cannot be
explained by isoclinal folding. High- and low- strain rocks form planar zones which are

parallel with compositional layering, and are folded with the compositional layering into
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large-scale isoclinal folds. Therefore the development of these variations in strain pre-
date the isoclinal folding and likely formed during an earlier event. The rocks were likely
modified during the later deformational event(s), however, they did not obliterate the

strain variations established during the earlier event.

2.5.1.2 Northern Ultramafic Layers

Yellow-brown-weathering ultramafic layers, up to 600 m long and 30 m thick, are
the most prominent topographic feature within the northern part of the Ivisartog
greenstone belt (Fig. 2.14). In the field, the layers generally appear massive, coarse
grained and homogeneous (Fig. 2.15). The layers have been disrupted into boudins which
crop out as low “whale back’ ridges. The boudin necks are typically filled with granitic
pegmatite. The two most prominant layers of ultramafic rocks within the study area are
isoclinally folded (Fig. 2.3; see insert map) and small-scale folding was seen within parts
of the layers. Two different fold orientations were noted within the largest, 200 m thick,
boudin and this internal folding may account for its thickened nature (Fig. 2.16). Some
ultramafic layers contain green schistose layers (Fig. 2.17), and at one locality, layers of
banded amphibolite were noted within a brown-weathering boudin.

Four different ultramafic layers, including the two layers which define large-scale
isoclinal folds, were investigated in detail. Samples were collected for detailed
petrographic analysis along and across strike within the four layers. Compositions and
textures differ between samples, and can be observed at thin-section scale. Remnant

igneous olivine (Fig. 2.18) and pyroxene grains are preserved in low-strain pockets,
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surrounded by more strongly deformed, fine-grained material, which comprise
predominately chlorite and actinolite-tremolite. Within the high strain zones, there are
syn-tectonic porphyroblasts of clinopyroxene (Fig. 2.18b). These millimetre-scale, low
and high strain zones are thought to mimic the larger-scale heterogeneity and are
considered analogous to the less strongly deformed central regions and to the more
strongly deformed margins of the ultramafic layers, respectively.

The samples with the best preserved remnants of primary mineral assemblages
come from the central region of some of the massive, brown-weathering boudins.
Remnants of igneous olivine, orthopyroxene, and a few clinopyroxene crystals were
observed, but recrystallization has destroyed igneous textures. The preservation of these
primary minerals differs throughout the layers, from large grains with irregular grain
boundaries in the least altered samples, to small, rounded grains in the more altered
samples (Fig. 2.19).

The olivine grains have been altered to serpentine (antigorite), magnetite,
iddingsite, amphibole (actinolite- tremolite), talc, and chlorite (Fig. 2.20; Fig. 21). The
alteration products of the pyroxenes generally consist of amphibole (actinolite-
tremolite), talc, chlorite, and serpentine (for orthopyroxene) (Fig. 2.22; Fig. 2.23). Large
metamorphic amphibole (tremolite, cummingtonite) grains are abundant, with alteration
products of talc, serpentine, and tremolite (Fig. 2.22).

The more recrystallized and deformed rocks from central regions of the four
layers also contain phlogopite, magnesite, and minor amounts of disseminated pyrite and

chalcopyrite. These rocks have a moderately to strongly developed foliation, locally
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overgrown by syntectonic clinopyroxene porphyroblasts ( Fig. 2.18b). Strain shadows of
chlorite, phlogopite, or carbonate locally surrounding clusters of remnant olivine and
clinopyroxene porphyroblasts, indicate that fluids were present during deformation
(Passchier and Trouw, 1996). Late, lath-shaped growths of cummingtonite, tremolite, and
chlorite, aligned at an angle to the main foliation, are interpreted as products of late
retrograde metamorphism (Fig. 2.24). Locally, these grains are randomly oriented, which
likely indicates that amphibolite metamorphism outlasted the latest deformational event.

The margins of the ultramafic layers are schistose zones made up of fine-grained
talc, actinolite-tremolite, serpentine, and chlorite. Magnesite is locally present (Fig.
2.25). A well-developed foliation, principally defined by chlorite and tremolite, is present
in most of the samples (Fig. 2.26). The texture and mineral assemblages of the marginal
zones suggest that they have undergone intense deformation and hydrothermal alteration.
The contacts between the ultramafic layers and neighbouring units are generally sharp,
and the schistosity within the ultramafic bodies is most intense within 1 metre of the
margin. This implies that most of the strain that affected the ultramafic bodies was
partitioned to the margins. There is generally no corresponding change in the amount of
deformation in the adjacent amphibolites, derived from basaltic pillow lava, and gabbroic
intrusions.

Previously, Crewe (1986) interpreted the protolith of the ultramafic layers as
dunite or harzburgite by correlating the present metamorphic mineral assemblages to an
original anhydrous assemblage. However, this was based on simplistic assumptions. For

instance, Crewe (1986) assumed that all antigorite was derived from olivine; however,
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serpentine minerals can also be an alteration product of either, or both, orthopyroxene
and amphibole. Furthermore, Crewe (1986) did not consider the impact of multiple
metamorphic/metasomatic events in his reconstruction of the original mineral
assemblages.

The Ivisartoq ultramafic layers provide an excellent example of multiple
metamorphic/metasomatic episodes. A minimum of two episodes of serpentine formation
can be inferred in the most pristine samples. Within one sample, the earlier serpentine
formed as an alteration product of original olivine and orthopyroxene, and was later
overgrown by amphibole crystals (Fig. 2.27). These amphibole grains were affected by a
second serpentinization event (Fig. 2.27b). The amphiboles may have been alteration
products of olivine or pyroxenes and therefore the associated serpentine cannot be
exclusively related to original olivine or pyroxene grain. In addition, the original relative
proportions of olivine and pyroxene is unclear because olivine and orthopyroxene have
similar, and in some cases, overlapping alteration products. It is therefore difficult to
classify the rocks petrographically as either lherzolite or harzburgite. The ultramafic
layers are not interpreted as having a dunitic protolith as the most pristine samples
contain both olivine and pyroxene. The protolith of the ultramafic layers is therefore
classified as a peridotite (Le Maitre, 2002).

This example clearly indicates that even the best preserved rocks were affected by
multiple metamorphic events. However, unravelling the complete deformational and
metamorphic history of the ultramafic layers using petrographic means is difficult, since

the most recent metamorphic event(s) have generally obscured earlier features. Magnetite
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appears to be the most useful mineral for gleaning evidence of the earlier events in the
ultramafic rocks because it remains relatively stable during progressive metamorphism.
Magnetite is commonly produced in ultramafic rocks during serpentinization. The
serpentine varieties chrysotile and antigorite are unable to accommodate iron from the
breakdown of olivine and orthopyroxene, and magnetite is produced (Bucher and Frey,
1994). The following reaction illustrates the serpentinization of an Mg-rich, Fe-bearing

olivine ( FogoFajg olivine):

3 Fe;SiO4 + Oy = 2 Fe304 + 351034

Fayalite Magnetite

3 Mg,Si04 + Si074q +4 H,O = 2 Mg3Si1,05(OH)4

Forsterite Chrysotile

The resulting assemblage is chrysotile (serpentine) + magnetite. Progressive
metamorphism results in chrysotile reacting to form antigorite. However, the magnetite
will remain stable and does not dissolve during prograde metamorphism (Bucher and
Frey, 1994).

The magnetite within the Ivisartoq ultramafic layers range in modal percent from
1-15%. As previously mentioned, there have been at least two episodes of

serpentinization within these layers and there were probably multiple related episodes of
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magnetite growth. Porphyroblasts of clinopyroxene overgrow magnetite grains indicating
that this magnetite grew earlier in the rock’s history.

The texture of magnetite grains gives evidence of earlier deformational events. In
the more deformed and recrystallized ultramafic samples, magnetite grains typically
define a moderate to strong foliation which locally outlines pseudomorphs of fine grained
material made up of tremolite-actinolite or talc (Fig. 2.28). The original mineral was
probably primary olivine or pyroxene that survived after partial serpentinization, but was
altered during subsequent metamorphism. The magnetite-defined foliation developed
before the primary minerals had completely broken down.

Other magnetite grains are concentrated in clusters (Fig. 2.29). These clusters may
represent locations where primary olivine or pyroxene grains had been completely broken
down to serpentine and magnetite. Later, during progressive metamorphism, the
serpentine would have recrystallized to other metamorphic minerals, such as amphibole,
while the magnetite remained stable. These clusters are overgrown by later metamorphic
minerals, including amphiboles. Subhedral magnetite grains were also observed. Locally,
they contain silicate inclusions which define a foliation. This foliation appears to have

been rotated which indicates that the magnetite grew syntectonically (Fig. 2.30).

Discussion of northern ultramafic layers
In the field, the four major ultramafic layers appear massive and homogeneous;
however, in thin section they were observed to be mineralogically and texturally

heterogenous. Despite the dissimilarities, all of the observed mineral assemblages are
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consistent with a peridotitic protolith. The primary minerals have been heterogeneously
modified by various deformation and metamorphic events and igneous textures are no
longer preserved in any of the studied samples.

Hall (1981) and Chadwick, (1986, 1990) noted diffuse layering within the
ultramafic boudins, and speculated that this layering could be attributed to igneous
layering. Chadwick (1986) reported that the ultramafic sheets locally grade up into
gabbro and noted small mushroom-shaped apophyses of gabbro at the top of some sheets.
These features were not observed by Crewe (1986) within the ultramafic layers in
Ujaragssuit nunit or during the detailed mapping of Ivisartoq in the present study. In
contrast, sharp boundaries were typically seen between the ultramafic bodies and adjacent
gabbroic layers. In several localities, the gabbro units were identified as dykes, because
they crosscut the ultramafic boudins (Fig. 2.41). Chlorite-rich, schistose layers were the
only compositional differences observed within the ultramafic layers during recent field
mapping. These green, schistose layers are similar to the margins of the ultramafic layers
and could have been formed by fluid movement that exploited planes of weaknesses,
such as fractures and intensely deformed zones, within the ultramafic layers.

Based on field and petrographic evidence, it is difficult to conclusively determine
the origin and emplacement mechanism of the ultramafic layers, a problem also noted by
Crewe (1986). The layers were likely thicker than their current attenuated state and they
are inferred to have been more coarse grained. The most pristine ultramafic samples
preserve primary olivine and pyroxene grains up to 7mm. The original grains would have

been larger as alteration reactions have reduced the grains to their current size. The
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margins of the ultramafic layers are strongly deformed and primary contact relationships
are obscured. The ultramafic layers have been interpreted by previous workers as sheet
injections (Chadwick, 1991; Brewer et al., 1984), as tectonically emplaced slices of
mantle residua (Hall, 1981), or as a combination of both processes (Crewe, 1986).
Another possibility is that they may have originated as flows.

Thick ultramafic flows would probably be layered with a lower component of
cumulate dunite and an upper spinifex textured component. The various deformational
and metamorphic events may have modified this layering, however, it is doubtful that
these events would have completely destroyed it. No layering attributable to igneous
processes was observed within the Ivisartoq ultramafic rocks. Due to the intensely
deformed nature of the margins, one cannot rule out the possibility that an original
spinifex textured portion had been removed tectonically.

Crewe (1984, 1986) interpreted some of the ultramafic layers as tectonically
emplaced slices of mantle residua, a theory also suggested for similar rocks in the
Fiskenaesset region (Friend and Hughes, 1978). The massive, coarse-grained nature of
the unit is consistent with the protolith forming at depth. However, geochemical data
from this study (see Chapter 3) are not compatible with this theory. Also, if the original
layer was tectonically juxtaposed with the surrounding rocks, a gradation within the
country rocks from high strain to low strain should be present. The contacts with the host
rocks are sharp and a strain gradation is not observed.

The third hypothesis: that the ultramafic layers originated as sills, is the preferred

interpretation. Brewer et al. (1984) and Crewe (1986) interpreted an intrusive origin for
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the layers based on the observation of sheet-like inclusions of banded amphibolites,
which were interpreted to be deformed basaltic pillow lava, within the ultramafic layers.
A few thin layers of banded amphibolite, within the ultramafic units were observed
during the present study. However, their primary relationship with the ultramafic rocks is
unclear and therefore is not considered definitive proof in of an intrusive origin for the
ultramafic layers. The observed banded amphibolite layers are all located in a region of
multiple phases of folding and therefore could be an infolded part of the adjacent
amphibolite derived from basaltic pillow lava.

Nevertheless, the ultramafic layers are interpreted to be sills as this model can
account for their homogeneous nature. As shown by fluid mechanics, heavy solid
particles in fluids coursing through pipes and slots tend to migrate away from the walls
and form high concentration slug-like flows in channel centres (Leal, 1980). If the
magma which formed the ultramafic sills contained phenocrysts (which is likely, as
indicated by their coarse grain size), then these crystals would have migrated away from
the walls to the flow centre (Marsh and Philipp, 1996). Thus sills with a very coarse
grained centre portion and fine grained margins may have developed. Later deformation

likely exploited this grain size variation to focus strain along the fine-grained margins.

2.5.1.3 Northern Quartzofeldspathic Schists and Gneisses
Numerous, thin layers of rusty-brown quartzofeldspathic schists and gneisses,
were observed in the northern part of the Ivisartoq greenstone belt. Some layers were also

noted in the quartzofeldspathic and magnetic marker layers within the Marker High
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Strain Zone. These layers range in thickness from a few centimetres to tens of metres,
and are typically continuous for a few hundred metres, although, locally, they also occur
as sporadic lenses. Continuous layers were noted adjacent to the medium green schistose
margins of the ultramafic layers and sporadically within amphibolites derived from
basaltic pillow lava (see insert map). The most noticeable layers have a bright orange-
yellow colour, attributed to the weathering of sulphide minerals, and strongly contrast
with the adjacent green amphibolites (Fig. 2.31b). The quartzofeldspathic schists and
gneisses are moderately to strongly foliated and the contacts between these layers and
neighbouring units are generally sharp.

Typically the quartzofeldspathic layers are parallel to the margins of the adjacent
units. However, at one locality, (MMO01-69) a continuous, rusty, quartzofeldspathic layer
which follows the margin of an ultramafic layer is seen to diverge where the ultramafic
layer is locally folded (Fig. 2.31). The quartzofeldspathic layer is not folded with the
ultramafic layer; instead the layer continues into an amphibolite unit and cuts across
pillow structures (Fig. 2.31). Along strike of this locality, a later gabbroic dyke cuts
across the quartzofeldspathic layer and adjacent ultramafic layer. These contact
relationships suggest that this quartzofeldspathic layer developed after the ultramafic
layer was isoclically folded, and before the intrusion of the gabbroic dyke (see Table 2.1).
In contrast, a quartz-feldspar-mica schist adjacent to another ultramafic layer which
defines a separate isoclinal fold, is isoclinally folded with the ultramafic layer. This
suggests that the protolith of this quartz-feldspar-mica schist developed before the

isoclinal event.
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Mineralogically, the assemblages of the various quartzofeldspathic schists and
gneisses are typically recrystallized and primary textures are generally not preserved.
Most of the northern quartzofeldspathic layers are dominated by polygonal quartz and
feldspars (mostly plagioclase and lesser amounts of microcline), with differing amounts
of biotite, amphibole (hornblende), muscovite, clinozoisite-epidote, and small amounts of
garnet, anthophylite, chlorite, tourmaline, zircon, rutile, and titanite. Sulphide
mineralization constitutes up to 5 modal % of the mineral assemblages and consists of
fine-grained, eu-anhedral pyrite and minor amounts of chalcopyrite. Locally, the
sulphides are altered to hematite.

Locally (MMO01-73), a relict igneous texture, marked by interlocking, irregularly-
shaped, quartz and feldspar grains was noted in a thin discontinuous rusty lens within the
quartzofeldspathic layer of the Marker High Strain Zone. This rusty lens has a similar
geochemical signature to the northern quartzofeldspathic layers which is different from
the quartzofeldspathic layer of the Marker High Strain Zone (see Chapter 3). This rusty
lens is relatively enriched in pyrite (5-7 modal %) and displays coarse compositional
layering defined by layers rich in amphibole in contrast to layers rich in feldspar. The
feldspar-rich layer is characterized by interlocking plagioclase grains which have
undergone some degree of dynamic recrystallization; however a relict igneous texture is
nonetheless preserved (Fig. 2.32).

Typically the main foliation in the quartzofeldspathic schists and gneisses is
moderately to strongly developed and is generally defined by tabular micas and

amphiboles, which are set within a polygonal matrix of quartz and feldspars (Fig. 2.33).
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A grain size variation between coarse and fine grain layers, locally defines a small-scale
gneissosity (Fig. 2.33), which in some samples appears broadly folded. The main
foliation is locally folded and crenulated (Fig. 2.34) and an axial planar foliation is
locally preserved. A later foliation is also locally defined in samples by muscovite and
anthophylite grains which are at an angle to the main foliation (Fig. 2.35). Locally,
muscovite grains are randomly oriented, which likely indicates that amphibolite
metamorphism outlasted the latest deformational event.

An earlier fabric, is locally preserved as an inclusion trail within inter-tectonic
garnets (Fig. 2.36; Passchier and Trouw, 1996). These garnets were observed within the
quartzofeldspathic layer which is isoclinally folded with an ultramafic layer. The relict
foliation within the garnets supports the interpretation that the quartzofeldspathic layer
was affected by at least two deformation events.

Evidence of the early deformational event is also preserved in a sample (MMO1-
50) from the quartzofeldspathic layer which is isoclinally folded with the ultramafic layer
which defines the westerly isoclinal fold. The early foliation is defined by compositional
layering between biotite-rich quartzofeldspathic layers and biotite-poor layers (Fig. 2.37).
A biotite-poor layer was observed to be folded and the biotite grains observed in the other
layers were seen to be axial planar to this folding. The foliation defined by biotite may be

an axial planar fabric related to the isoclinal folding event.
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Discussion of northern quartzofeldspathic schists and gneisses

The mineral assemblages of the quartzofeldspathic schists and gneisses, in the
northern part of the Ivisartoq greenstone belt, are indicative of amphibolite facies
metamorphism. This interpretation is supported by Hall (1981), who concluded that these
rocks were subjected to temperatures between 550°C and 650°C, and to pressures
between 3 and 6 kilobars. The quartzofeldspathic layers were locally affected by later
retrogression to lower amphibolite facies conditions.

Chadwick (1990) interpreted the quartzofeldspathic schists and gneisses in the
northern part of the Ivisartoq greenstone belt as representing acid-intermediate tuffaceous
sediments. His interpretation was based on unpublished compositional data and diffuse
bedding characteristics which he observed in a thicker quartzofeldspathic-biotite-garnet
gneiss in the southern part of the belt (Fig. 2.3; Chadwick, 1990). Hall (1981) also
interpreted the quartzofeldspathic schists and gneisses as metasedimentary in origin, and
interpreted differences in sulphide concentration between layers to represent “original
sedimentary distribution, indicating rapidly fluctuating oxidation conditions during the
deposition of the sediments” (Hall, 1981, pp. 72).

Within the present study, layering within the northern quartzofeldspathic schists
and gneisses were seen to be moderately to strongly deformed and display evidence of
dynamic recrystallization and grain boundary reduction. The layering observed is
attributed to deformational processes and is not thought to reflect primary bedding.

Furthermore, locally a relict igneous texture was preserved (Fig. 2.32) which suggests
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that these layers may be intrusive and had a tonalitic protolith; this interpretation is
supported by geochemistry (see Chapter 3).

This theory is strengthened by the observation of a quartzofeldspathic layer
cutting across amphibolites derived from pillow lavas (Fig. 2.31). Hall (1981) also noted
two localities in which “a thin horizon of quartz-biotite schist obliquely truncates
neighbouring amphibolites™ (pp. 71). Hall (1981) suggested that these contacts may be
tectonic or that they many represent original sedimentary cross-cutting relationships. An
intrusive protolith could also account for Hall’s observations. Tonalitic intrusions would
likely have intruded along planes of weakness, such as the boundary between the
ultramafic layers and the amphibolites. Field evidence suggests that they may have

intruded during two different episodes.

2.5.1.4 Mafic Dykes and Sills

There are numerous amphibolite dykes and sills present within the northern part
of the Ivisartoq greenstone belt. They are actually observed throughout the belt and were
identified within the Marker High Strain Zone and within the southern part of the belt.
The dykes cut previously deformed tonalite layers, ultramafic layers, and layers of
amphibolite derived from basaltic pillow lavas. The most common types observed were
equigranular, gabbroic dykes and sills, and dykes containing large relict plagioclase
phenocrysts set within a fine-grained matrix, which superficially resemble the B-type
Ameralik dykes found in the Amitsoq gneisses (Chadwick, 1981). The matrix of both

types of dykes is dominated by hornblende and plagioclase. The equigranular dykes have
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an average grain size of 0.5 mm -1 mm (Fig. 2.38). Large, relict plagioclase phenocrysts
in the other variety range in size from 1 cm - 30 cm (Fig. 2.39) and range in intensity of
deformation from ovoid shapes to stretched, elongate lenses (Fig. 2.40). Other fine
grained, schistose, amphibolitic dykes were locally observed in the northern part of the
belt and are composed primarily of pale green-yellow pleochroic actinolite.

The mafic dykes and sills range in width from centimetres to tens of metres. They
also range in strike length from a few metres to hundreds of metres. In the northern
section, the gabbroic sills are parallel to the contacts of other lithological layers,
including , ultramafic layers, quartzofeldspathic layers, and layers of amphibolites
derived from basaltic pillow lavas. Some gabbroic dykes are locally parallel with the
other units, but along strike are seen to branch and cross-cut these units (Fig. 2.41).

The amphibolite dykes and sills can be hard to distinguish in the field from
metavolcanic amphibolites. Initially some of the sills were interpreted as massive flows
within amphibolite derived from pillow lava, however, detailed mapping revealed sharp
contacts which cut the pillows instead of a gradational contact. Gabbroic sills adjacent to
ultramafic sheets were also difficult to differentiate from possible layering within the
ultramafic bodies. The sharp boundaries between the gabbroic rocks and ultramafic
sheets suggest that they were intrusive and do not represent primary layering.

In the Ivisartoq greenstone belt, the amphibolite dykes and sills are very weakly to
moderately deformed. Gabbroic dykes which contain only partially recrystallized feldspar
grains and exhibit a very weakly developed foliation are interpreted as being weakly

deformed (Fig. 2.42). Whereas equigranular feldspar which have been completely
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recrystallized, are used to indicate more strongly deformed dykes. Foliations are defined
by elongate patches of leucocratic minerals and by euhedral hornblende. The more

deformed rocks have a well-developed mineral lineation.

Discussion of the mafic dykes and sills

The amphibolite dykes and sills observed in the Ivisartoq greenstone belt are
typically completely recrystallized to hornblende-plagioclase assemblages. They may
have intruded at different times during the deformation history of the belt indicated by
cross-cutting field relationships and by the differences in foliation development and
recrystallization (Table 2.1). Chadwick (1990) stated that some of the amphibolite dykes
may have been feeders to the volcanic rocks, or that they may be part of a younger swarm

of dykes seen to the north in Kangilingua (Chadwick, 1990).

2.5.1.5 Felsic Pegmatites

Large, felsic pegmatite bodies (kilometre-scale) are visible on 1:10 000 airphotos
within the northern and southern parts of the Ivisartoq greenstone belt, as well as within
the Marker High Strain Zone. Smaller, finer-grained granitic dykes (metre-size) were
observed exclusively within the Marker High Strain Zone and the southern section (Fig.
2.44). The large, leucocratic pegmatites are typically homogeneous, coarse-grained, with
an average grain size > 2 cm, and locally contain large muscovite or biotite books. The
large pegmatite bodies intruded as sheets and have a sub-horizontal orientation (Fig.

2.45). They are observed within boudin necks of the disrupted ultramafic layers in the
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northern part of the Ivisartoq greenstone belt (see insert map), and are seen to cross-cut
the other main units of the belt including amphibolites derived from pillow lavas, and
quartzofeldspathic schists and gneisses. No contact metamorphic effects were observed in
the adjacent rocks.

The pegmatitic sheets are relatively undeformed. They are not lineated and a very
weak foliation is only locally developed. The sheets are not folded and are therefore
thought to have intruded after the major deformational events (see Table 2.1). Any
resemblance to fold-like patterns on an airphoto scale is simply the effect of topography.

The pegmatite bodies are composed of quartz + feldspar (plagioclase and
microcline) + magnetite £ muscovite + biotite with minor amounts of apatite, titanite,
zircon and epidote (or clinozoisite), and contain less than 5% mafic minerals (Hall, 1981;
Robertson, 1985). Petrographical analysis revealed deformation structures within
plagioclase grains, including microfracturing, undulose extinction, and tapering
deformation twins (Fig. 2.46), which are attributed to low grade conditions (300-400°C;
Passchier and Trouw, 1996). The presence of subgrain boundaries and bulging, irregular
grain boundaries (Fig. 2.47) indicate that recovery and recrystallization processes were
also operating (Passchier and Trouw, 1996); however, these processes are preserved at an
early stage in their development and are not extensive. Muscovite and clinozoisite were
locally noted along microcracks and grain boundaries and may be indicative of fluid
migration along these planes (Fig. 2.48). Also, the plagioclase grains had a dusty

appearance due to localized sericite formation (Fig. 2.46b).
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Discussion of felsic pegmatites

The large, coarse-grained sheets of granitic pegmatite in the Ivisirtoq region have
previously been correlated with the Qorqut granite complex (Hall, 1981; Brewer, 1985;
Robertson, 1985). The Qorqut granite complex is generally accepted to be ~ 2550 Ma
(McGregor, 1973; Moorbath et al., 1981; Friend et al., 1985). Within the Ivisartoq region
the following ages, obtained from granites and pegmatites, have been reported:
Ivisartoq: Rb-Sr 2430 + 60 Ma, Pb/Pb 2615 + 35 Ma (Taylor et al., 1980);
Kangiussap nuna (southwest of [visartoq): Rb-Sr 2490 =+ 20, Pb/Pb 2625 + 15 Ma
(Robertson, 1985); Nunatarssuaq (south of Ivisartoq): Rb-Sr 2553 + 39 Ma (Brewer,
1985). The textures and field relationships of the pegmatite sheets observed during the
present study support a relatively young emplacement age for these pegmatites.

Robertson (1985) suggested that the absence of contact metamorphic aureoles
around the pegmatitic sheets, indicate that regional metamorphism persisted until ~2600
Ma. He further stated that “if this were not the case, retrogression would have certainly
taken place given the amount of water present in the Qorqut granite and pegmatite
magmas”’ (Robertson, 1985; pp 84). This conclusion is supported by petrographical
evidence observed within the ultramafic and quartzofeldspathic layers in the northern
section of the Ivisartoq greenstone belt. Randomly oriented amphibolite-grade minerals
are locally observed and likely indicate that amphibolite facies metamorphism outlasted
the latest deformation event, an interpretation also supported by Chadwick (1985) and

Robertson (1985).
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2.5.1.6 Sequence of events for northern part

The northern part of the greenstone belt is generally less deformed than the
southern part of the belt. This distinction allowed age relationships between units to be
discerned and ultimately a relative sequence of events for the northern part of the belt to
be defined (Table 2.1).

Based on cross-cutting field relationships the amphibolites derived from basaltic
pillow lavas appear to be the oldest units. Some of the amphibolites have been
heterogeneously affected by alteration, marked by epidote veins and diffuse zones, which
are cross-cut by later units, including ultramafic and tonalitic sills.

A heterogeneous strain gradient, which is evident within the amphibolite units,
marks the earliest deformational event, termed DN (“N” indicates northern part of the
belt). This event affected the amphibolites, ultramafic layers, and some tonalitic layers. In
thin section magnetite textures in ultramafic rocks (Fig. 2.29), and textures within
tonalitic layers (Fig. 2.36; Fig. 2.37) record this early deformational event.

Following DN, the major units were intruded by mafic dykes. All of the units
were then deformed by a second major deformational event, termed DN,. This event
resulted in the development of E-W isoclinal folds and formed a steeply dipping,
approximately east-west oriented axial planar foliation which is observed within most
units. In thin section this well developed foliation is observed in most units, including,
ultramafic rocks (Fig. 2.26), tonalitic layers (Fig. 2.33, Fig. 2.34), and amphibolites (Fig.

2.12; Fig. 2.13).
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Later tonalite sheets then intruded the northern part of the belt, followed by the
intrusion of other mafic dykes. These units are not isoclinally folded and have only a
weakly developed foliation.

A later, regional deformational event (DR), caused large-scale folding, forming
the southwest-closing V-shaped structure of the belt. In thin sections of amphibolite (Fig.
2.13b), ultramafic (Fig. 2.24), and tonalitic (Fig. 2.35) rocks, a foliation oriented at an
angle to the main DN, foliation 1s likely indicative of this event. Locally, randomly
oriented amphibolite-grade minerals in most lithologies indicate that metamorphism
outlasted the latest deformational event.

The youngest intrusive unit in the northern part of the belt is represented by large

bodies of felsic pegmatite, which have only suffered low-grade deformation.
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Table 2.1: Sequence of events for Northern part of the belt

11 Coarse leucogranite pegmatite (equivalent to Qorqut?);

10 DR  Regional, large-scale folding of belt. Amphibolite-epidote amphibolite
facies metamorphism; randomly oriented amphibolite-grade minerals in
most lithologies also indicate that metamorphism outlasted deformation

9 Intrusion of mafic dykes and sills

8 Intrusion of tonalite sheets (e.g. outer edge of the westerly isoclinal fold);
unit not folded with the ultramafic layer; cut pillow structures and is cut
itself by later gabbroic dyke

7 DN; Major deformational event and associated amphibolite facies
metamorphism - formed isoclinal folding.

6 Mafic dykes intrude; cut previously intensely deformed basaltic pillow
lavas, tonalite sheets, and ultramafic sheets; cut early alteration of pillow
lavas

5 DN; Intense heterogeneous deformation; strain variation established within
units (SN foliation preserved locally in garnet porphyroblasts of tonalite
sheets)

4 Intrusion of tonalite sheets (e.g. inner side of the easterly isoclinal fold);

3 Intrusion of ultramafic sills: form massive ultramafic sheets with sharp
boundaries

2 Extensive hydrothermal alteration; (epidote-diopside-garnet) vein

networks and in pillow cores

1 Deposition of homogeneous and variolitic pillow lavas
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2.5.2 Southern Part of the Southern Limb

The southern part of the Ivisartoq greenstone belt is distinct from the northern part
in terms of composition and intensity of deformation. The southern part consists of
strongly deformed schists and gneisses of diverse composition, which contrast the well-
preserved primary structures, such as pillows, in the northern part of the belt.
Furthermore, the southern part does not contain ultramafic layers like those found in the
northern part.

The Marker High Strain Zone is described as a separate unit within the southern
part of the belt due to its intensity of deformation. The strain gradient across the northern
margin of the Marker High Strain Zone into the northern part of the belt is locally
gradational but regionally is sharp. Directly south of the Marker High Strain Zone,
amphibolites with moderately to strongly deformed pillow structures were observed.
These amphibolites become progressively more deformed forming banded amphibolites
to the south. Further southwards, a heterogeneous area of different compositional layers
was studied. This region consists of banded amphibolites, homogeneous
metagranodiorite, gabbroic rocks, and a wide layer of predominately quartz-feldspar-
biotite-schist (see insert map). The nature and protolith interpretation of each unit in the
southern region are addressed in the following sections.

The primary relationships and relative ages of the different units in the southern
part of the belt could not be determined from field observations due to the intensity of

deformation and highly strained boundaries of most rock types. Therefore a relative
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sequence of events, as determined for the northern part of the belt, could not be

interpreted for the southern part.

2.5.2.1 Marker High Strain Zone

The boundary between the northern and southern parts of the Ivisartoq greenstone
belt is marked by a distinct, E-W trending zone of intense deformation, termed the
Marker High Strain Zone. This zone comprises two main layers: a layer of highly
strained quartzofeldspathic rocks intercalated with thin amphibolite horizons, and a layer
of ultramafic schists termed the magnetic marker (Fig. 2.3). Locally, mylonitic textures
were observed. The zone is bordered to the north and south by deformed amphibolites

derived from basaltic pillow lava.

2.5.2.1.1 Quartzofeldspathic and Amphibolitic Marker Layer

The quartzofeldspathic and amphibolitic layer is characterized by thin to coarse
(centimetre to metre scale) horizons of amphibolite intercalated with more abundant
quartzofeldspathic rocks (Fig. 2.49). The layer ranges in width from 20 m to 150 m with
an average width of 100 m, and has a strike length of at least 8 km. Primary textures are
typically not preserved. The boundaries between this layer and adjacent units to the north
and south are sharp. To the west this layer is continuous with a thick layer of
quartz-feldspar-biotite-garnet schist and gneiss (see section 2.4.2.2). Poorly preserved
pillow structures were recognized adjacent to the northern margin, whereas the southern

margin is bordered by the magnetic marker. Several minor components were also
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observed within the quartzofeldspathic and amphibolitic layer of the Marker High Strain
Zone, including a thin, rusty quartzofeldspathic layer, a folded fine-grained granitic layer
(Fig. 2.44), and a folded gabbroic dyke (Fig. 2.50). The thin, rusty quartzofeldspathic
layer is grouped with the northern quartzofeldspathic (tonalitic) layers based on its
mineralogical (see Section 2.5.1.3) and geochemical (see Chapter 3) characteristics. The
folded fine-grained granitic layer is interpreted as the recrystallized equivalent of coarse-
grained pegmatites which are observed throughout the belt.

The thin amphibolite horizons are composed almost exclusively of hornblende.
The typically recrystallized quartzofeldspathic layer contains biotite and/or muscovite +
garnet = amphibole (hornblende and/or cummingtonite) + garnet, + ilmenite +
sillimanite, lesser amounts of dark green tourmaline (schorl), sulphides and rutile, and
trace amounts of zircon. The felsic layer superficially resembles the thin
quartzofeldspathic (tonalitic) layers observed in the northern part of the greenstone belt.
However, detailed petrographical and geochemical work (see Chapter 3) revealed that the
felsic layer within the Marker High Strain Zone is distinct from the northern
quartzofeldspathic layers. Aluminous minerals such as garnet and sillimanite (observed
as needles and as fibrous masses termed fibrolite, Fig. 2.51a) are more abundant in
samples from the Marker High Strain Zone compared to the layers studied in the northern
part of the belt. The quartzofeldspathic layer in the Marker High Strain Zone more
closely resembles the thick quartz-feldspar-biotite-garnet unit in the southern part of the

belt (see Section 2.5.2.2).
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Felsic rocks from the Marker High Strain Zone typically exhibit compositional
layering of mica-rich and poor layers (Fig. 2.52) which may be attributable to
metamorphic segregation of these minerals during deformation. Variations between
coarse-grained and fine-grained layers were also noted (Fig. 2.53). The quartz and
feldspar grains are typically fine-grained and polygonal, whereas the mica grains define a
moderate to strong foliation. Lenses of coarser grained quartz were also noted (Fig.
2.51b). These lenses may have formed by the transposition of mica-poor, quartz-rich
layers and thus may be the result of two phases of deformation: the first event would have
formed the compositional layering, and the second event would have transposed the
layers, forming lenses (Fig. 2.54). The quartz lenses may also solely be an effect of
metamorphic segregation or a combination of both transposition and metamorphic
segregation. The large grain size of the quartz comprising the lenses may be attributed to
static recrystallization. In the quartzofeldspathic rocks, the quartz lenses are not thought
to be augen, typical of intensely deformed zones, as generally augen are composed of
feldspar. This is because quartz behaves as the weaker mineral at low-medium grades and
deforms ductilely, whereas feldspars deform by the development of core-and-mantle
structures (Passchier and Trouw, 1996).

Garnet porphyroblasts also preserve evidence of multiple phases of deformation.
Some of these grains preserve an earlier foliation, typically at an angle to the main
foliation which wraps around the porphyroblasts (Fig. 2.55). This indicates that the
porphyroblasts were inter-tectonic; they grew after an early deformation event and before

the onset of a later event which rotated the grains. Locally, staurolite inclusions were
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noted in large garnet porphyroblasts (Fig. 2.56). An earlier foliation was also noted in

some feldspar grains (Fig. 2.57). Microprobe analysis was used to verify that these grains
were feldspars and not inclusion-rich corderite grains. An S-C fabric indicative of dextral
shearing may have been locally preserved within these grains (Fig. 2.57b). This suggests
that the rock may have a complicated history comprising several deformational events, an
interpretation which is also supported by field evidence. Unfortunately, due to the
structural complexity of the southern region of the belt, microstructure features could not

be correlated with relative deformational events.

Discussion of quartzofeldspathic and amphibolitic layer in Marker High Strain Zone
The intensely deformed nature of the quartzofeldspathic layer above the magnetic

marker makes a protolith interpretation difficult. Previously, this unit was interpreted as
metasedimentary in origin; Chadwick (1990) had grouped this unit with a thick unit of
quartz-feldspar-biotite-garnet schist/gneiss in the southern part of the belt (see section
2.5.2.2). Based on mineral assemblages, notably Al-rich minerals such as garnet and Al-
silicates (sillimanite), and on field relationships (the fact that the layer is continuous with
the thick quartz-feldspar-biotite-garnet layer) this interpretation is plausible.
Geochronological (see Section 2.6.2.2) and geochemical (see Chapter 3) data also support
this interpretation. The thin amphibolite horizons observed within the quartzofeldspathic
layer resemble highly deformed pillows (which has been confirmed geochemically, see
Chapter 3). Their interleaved nature may be the result of tectonic processes. The

complex deformational history of the Marker High Strain Zone is evident from inclusion
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patterns within garnet and feldspar grains. Folded granitic pegmatites and mafic dykes
suggest that a relatively late deformational event occurred (post ~2.5 Ga: the interpreted

age of the pegmatites).

2.5.2.1.2 Magnetic Marker

A magnetite-rich layer called the ‘magnetic marker’ by Chadwick (1990) has
received a lot of attention in previous studies of the Ivisirtoq greenstone belt (Appel,
1988; Chadwick, 1990). The layer was interpreted as an ultrabasic pyroclastic deposit by
Chadwick (1990) and was used by Chadwick to subdivide the belt into an upper and
lower amphibolite groups. It is within the Marker High Strain Zone which is used in this
study as the dividing feature separating the northern and southern parts of the belt.

This layer of ultramafic rocks is unique. The grey-green layer is distinguished by

a high magnetic susceptibility, and was suitably termed the ‘magnetic marker’ by

Chadwick (1990). This study retains the use of this term. In the field, the layer is more
difficult to spot than the other ultramafic layers, because it does not share their typical
brownish-yellow colour or their relatively high relief. The layer ranges in width from 10
to 50 m and has a strike length of at least 7 km. It is generally schistose and locally
mylonitic with tight folds (Fig. 2.58), which may explain the variation in thickness along
strike. The southern margin is typically bordered by banded amphibolite, however, this
margin is locally obscured by dolerite dykes or by strongly foliated quartzofeldspathic

layers.
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The magnetic marker was studied in detail at approximately twenty localities

during this study. Samples were collected along two detailed transects across the width of
the magnetic marker (17 samples total; Fig. 2.59), as well as from four other localities
(Fig. 2.59). The composition of the unit differed along the transects.

The rock is typically composed of chlorite, tremolite, phlogopite, talc, and
serpentine, which are overgrown by pyroxene and less abundant olivine porphyroblasts
(Fig. 2.60). Strain shadows of chlorite, surrounding these porphyroblasts indicate that
fluids were present during deformation (Fig. 2.62; Passchier and Trouw, 1996). Remnant
igneous olivine grains are preserved locally (Fig. 2.61). Pseudomorphs after
clinopyroxene or olivine contain randomly oriented chlorite laths (Fig. 2.63), which
likely indicate that lower amphibolite grade metamorphism outlasted the latest
deformation event.

Up to 15-35 modal % of magnetite was noted, a significantly higher proportion
than was observed in other ultramafic layers. The magnetite grains typically define a
strong foliation and locally define textures similar to those observed in the other
ultramafic sheets. These textures include outlines surrounding zones of altered minerals
which likely represent the location of an original mineral (Fig. 2.64), and magnetite
clusters which represent an area where an original olivine or pyroxene grain had been
completely broken down (Fig. 2.65). Hematite is locally associated with magnetite, and
with minor (<5%) amounts of chalcopyrite and pyrite grains.

Other rock types observed in the transects include carbonate-rich rocks (up to

50% carbonate) seen in transect 2 and a coarse-grained, garnet-pyroxene-epidote-
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amphibolite schist which forms a metre wide zone on the northern edge of transect 1. The
coarse-grained schj§t also contains magnesite and 5-10 modal % titanite (Fig. 2.66). This
zone may correspond to a layer described as a garnet skarn by Appel (1988) who also
reported scheelite. This unit may represent a highly metasomatised version of the
intensely deformed amphibolites derived from basaltic pillow lava and is not considered
part of the magnetic marker. Several thin (<4 m), highly deformed quartzofeldspathic
layers are also present within both transects (Fig. 2.59), but are likewise not considered to

represent a component of the magnetic marker unit.

Discussion of magnetic marker

The magnetic marker is distinct from the ultramafic sheets within the northern
part of the Ivisdrtoq greenstone belt. It is more schistose, has a higher magnetic
susceptibility, and has a higher proportion of carbonate-rich zones. However, in thin
section, some magnetic marker samples resemble the strongly deformed samples of the
northern ultramafic layers. Initially, this similarity was thought to indicate that the
magnetic marker represents a more deformed and metasomatised version of the
ultramafic layers. However, the uniqueness of this layer was confirmed by geochemistry
which demonstrated that the magnetic marker and the ultramafic layers have different
origins (see Chapter 3).

Chadwick (1990) speculated that the magnetic marker formed as an “ultrabasic
pyroclastic deposit with intersheeted ultrabasic sills or flows”. This theory was based on

the compositions and internal structures including ‘small-scale lenticular structures’
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which Chadwick (1990) compared to lapillistones found in a komatiitic complex in
Finland (Saverikko, 1985). During this study, a location of interest outside of the
detailed, measured transects contained centimetre-scale, weathering-resistant, rounded
structures (0.5cm - 3cm; Fig. 2.67). These ovoids may correspond to the lenticular
structures observed by Chadwick (1990). Detailed petrography revealed that the ovoids
are composed of large olivine grains (Fig. 2.67b). It is difficult to determine if these
grains are primary or secondary in nature, and therefore it is uncertain if they represent a
primary volcanic feature. Overall geochemical data (see Chapter 3) and observations by
Chadwick (1990) suggest that the magnetic marker is an intensely deformed ultramafic
pyroclastic deposit, which contains later quartzofeldspathic intrusions. Variations in
composition and texture may be attributed to the difference in deformation,

metamorphism, and/or in the original composition of the unit along and across strike.

2.5.2.2 Units South of Marker High Strain Zone

The area directly south of the Marker High Strain Zone is characterized by
intensely deformed and carbonatized amphibolites. Recognizable pillow structures are
locally preserved directly adjacent to the magnetic marker. They are seen to be
transformed to banded amphibolites along strike, and across strike to the south. Overall
the intensity of deformation in the region south of the Marker High Strain Zone increases
southwards. The banded amphibolites are characterized by medium-green layers
alternating with dark green layers, similar to banded amphibolites observed in the

northern part of the belt (Fig. 2.68).
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The central portion of the southern part of the belt is similarly characterized by
banded amphibolites, however, homogeneous amphibolites were also noted. The
relationship between these rock types is unclear; the massive zones may represent
amphibolites derived from basaltic flows or sills. The amphibolites in this area are
generally at a lower altitude than those of the northern part of the belt, and were typically
hard to differentiate due to lichen obscuring exposed areas. Carbonate alteration effects
were observed in this area, and were characterised by the pock-marked (pitted)
appearance of many outcrops (Fig. 2.69).

The most southerly part of the belt is distinguished by the presence of a thick
layer of quartz-feldspar-biotite-garnet schist/gneiss and of homogeneous grey
metagranodiorite and metagabbroic rocks, which are not observed in the northern part of
the Ivisartoq greenstone belt. The most southerly units in this area are typically strongly
foliated and folded together, locally forming complex folds patterns (Fig. 2.70). Other
rock types in this area include banded amphibolites, homogeneous amphibolites, mafic
dykes, and felsic pegmatitic dykes, all of which have been described in previous sections.
This section will therefore focus on the thick quartz-feldspar-biotite-garnet layer and the

homogeneous grey metagranodiorite and metagabbroic rocks.

Thick quartz-feldspar-biotite-garnet schist/gneiss layer
The thick (500 metre wide) quartz-feldspar-biotite-garnet unit has a
brown-coloured weathered surface and varies in deformational intensity from schist to

gneiss. This unit also includes thin layers of amphibolite which are locally folded with
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the schists/gneisses (Fig. 2.71). Locally within a schistose part of the layer (Station
MMO01-91), there are small (2-5 centimetre), siliceous lenses (Fig. 2.72). Large, oval
felsic fragments were also observed at this locality (Fig. 2.73). One fragment, which
texturally and compositionally resembles rhyolite, is 10 cm long and 5 cm in height. It
has a white weathering matrix with 1 mm quartz phenocrysts. Another fragment is 60 cm
long, 15 cm in height, and texturally and compositionally resembles a tonalitic gneiss.
The surrounding schist consists of millimetre-size quartz, feldspar, biotite, and deep red
garnet grains. Both of the larger fragments have a foliation which is not aligned with the
main foliation of the matrix.

In thin section the schistose/gneissic region of the layer is composed primarily of
quartz (30-50%), plagioclase (and associated sericite alteration; 30-40%), biotite
(10-20%), amphibole (cummingtonite and Ca-rich hornblende; 0-7%), and garnet (<5%).
There are variable minor amounts of pyrite, tourmaline, rutile, and zircon. The unit is
characterized by a matrix dominated by quartz and feldspar (Fig. 2.74), with a general
seriate-polygonal grain texture (as defined in Fig. 3.30 Passchier and Trouw, 1996). The
quartz grains exhibit evidence of dynamic recrystallization (fine grained ~um and
bulging boundaries) and grain area boundary reduction (coarser grained, ~0.5 mm,
polygonal shape with no undulose extinction). The larger grains are common in
monomineralic or polymineralic quartz ribbons. Seams of tourmaline were also noted
within this unit (Fig. 2.74).

A strong foliation is defined primarily by biotite grains which are concentrated in

layers or dispersed throughout the matrix. Locally these grains define an S-C fabric (Fig.
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2.75). The main foliation is axial planar to folds defined by quartz ribbons. The unit also
exhibits compositional layering and layering marked by variations in grain size.

Garnet porphyroblasts are fractured and range in size from 1.25 mm to 5 mm.
They contain numerous inclusions such as biotite (in healed cracks and individual
grains), plagioclase, amphibole, quartz, and opaque minerals. Locally the garnet
inclusions are oriented and indicate that the garnets grew throughout the deformation

history of the unit (Fig. 2.76).

Homogeneous metagranodiorite

Light grey, medium, even grained, homogeneous, granitoid rocks (Fig. 2.77) are
observed in discontinuous layers which are interlayered and folded with banded
amphibolites, mafic dykes, and the thick quartz-feldspar-biotite-garnet schistose/gneissic
layer.

The light grey rocks are characterized by 15-30% amphibole, 15-25% untwinned
feldspars (mostly plagioclase and associated sericite alteration), 20-30% quartz, 10-15%
biotite, + garnet (<5%), + sillimanite, + chlorite, + epidote, and minor amounts of rutile,
ilmenite, and zircon. The amount of alkali feldspars is uncertain. Based on its major
element composition (Chapter 3), this unit is classified as a granodiorite. The matrix is
dominated by polygonal quartz and feldspars. Tabular amphibole and biotite typically
define a weak to moderate foliation and locally, these minerals also define an S-C fabric.
The foliation wraps pre-tectonic garnets which have an eroded appearance. Locally,

untwinned feldspar grains with many small inclusions of sillimanite and/or ilmenite
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resemble pinitized corderite, however, microprobe analysis verified that these grains are
plagioclase. No cordierite was detected within these rocks.

Locally a homogeneous granitoid was seen to cross-cut a foliated gabbroic rock
(Fig. 2.78). The two units were subsequently deformed together resulting in a folded
contact. The cross-cutting relationship suggests that the granitoid rock (which has a
granodioritic composition) is intrusive in nature but was later modified. It is presently

referred to as a metagranodiorite.

Homogeneous metagabbro

Locally homogeneous, dark grey gabbroic rocks (Fig. 2.79) were observed within
the southern part of the belt, but are less abundant than other units. Most gabbroic
outcrops are too small to be showen on the 1:10 000 map (insert at back of thesis). These
rocks can be difficult to differentiate from the light grey metagranodiorites in the field
due to their similar textures and typically lichen-covered surfaces, however they are
easily distinguished by petrographical means. Mineralogically the metagabbros are
characterized by recrystallized amphibole (40-60%), plagioclase (20-30%, anorthite
content >50), quartz (<5%), + biotite, + epidote + garnet. A weak to moderate foliation is
typically defined by amphibole grains whereas quartz and feldspar grains are
equigranular. Locally, an interlocking relict igneous texture is preserved (Sample MMO1-
92 ). Using the IUGS QAP classification (Le Maitre, 2002), the gabbroic unit is classified

as hornblende gabbro.
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Discussion of units south of the Marker High Strain Zone

Previously, the homogeneous metagranodiorites were not recognized as a separate
mappable unit (Chadwick, 1990; Chadwick, unpublished 1:20 000 map). It is difficult to
differentiate the quartz-feldspar-biotite-garnet schistose/gneissic rocks and homogeneous
metagranodiorites, even at a scale of 1:10 000, as they are relatively finely interlayered;
however, they have been schematically represented on the map (see insert at back of
thesis).

The metagranodiorite unit is interpreted to be younger and intrusive into the dark
grey gabbroic unit (hornblende gabbro) based on an observed cross-cutting relationship.
Also, the homogeneous nature of the granodioritic rocks may be a reflection of an
intrusive parentage. The gabbroic unit may be related to a major body of layered
leucogabbro located east of the mapped area (Fig. 2.3), however detailed petrography,
geochronology, and geochemistry of these units would be needed to confirm this theory.

The thick quartz-feldspar-biotite-garnet schistose/gneissic layer has previously
been interpreted as deformed acid-intermediate tuffaceous sedimentary rock based on its
composition and diffuse bedding characteristics (Chadwick,1990). Chadwick (1990)
described compositional banding, rare trough structures, and small-scale lenticular
aggregates of quartz as primary depositional features (Chadwick, 1990). Based on recent
detailed field mapping, some of these lines of evidence have been questioned.
Compositional layering in the unit is thought to have resulted from deformation and
metamorphic segregation of minerals. The unit is strongly recrystallized and transposed;

isoclinal folds are preserved locally. The layering may therefore not be a reflection of
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primary bedding. Similarly, trough structures were not observed, however, interleaving
and folding of layers were recognized. In agreement with Chadwick’s (1990)
observations, small-scale lenticular aggregates of quartz and several large, rounded felsic
fragments were observed during recent mapping. Their presence may indeed be a
reflection of a sedimentary or volcanic origin for the thick schistose/gneiss layer. These
round fragments may be sedimentary clasts which were preserved in a lower strain zone
within the schistose host layer. Conversely, the fragments may have formed by
deformational processes and could therefore be better preserved pieces of the protolith.
Overall, based on field, geochronological (see Section 2.6.2.2), and geochemical
observations (Chapter 3) the interpretation that the schistose/gneissic layer was derived
from a volcanoclastic or sedimentary protolith is preferred. The rounded fragments are

interpreted as possible primary sedimentary clasts.

26 GEOCHRONOLOGY
2.6.1 Analytical Methods

Numerous geochronological studies have been performed on the Archean rocks in
southwest Greenland, most within the vicinity of the Isua greenstone belt and Nuuk
(Crowley et al., 2002, and references therein). Recently, the method most commonly used
to date these rocks has been the ion microprobe, more specifically the sensitive high-
resolution ion microprobe (SHRIMP) and the CAMECA 1270 IMS instruments area (e.g.

Friend and Nutman, 2005; Whitehouse et al., 1999).
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The SHRIMP and CAMECA 1270 IMS techniques have been favoured over ID-

TIMS because they are able to analyse small (20-25 pm), precise spots on a single grain,
thereby avoiding inherited cores, overgrowths, and metamict zones (Crowley et al., 2002;
Cox, 2002). In contrast, when using ID-TIMS, the entire zircon grain, except sometimes
abraded rims, is typically analysed. An ion microprobe is also cheaper to use and less
time consuming than analysing grains by ID-TIMS. The major advantage of ID-TIMS is
its high precision of measurement; ID-TIMS can produce a 2°Pb/***U measurement with
0.02-0.4% precision for a single grain older than ca. 1000 Ma, whereas, the same
measurement would have a precision around 0.5-4% using SHRIMP or CAMECA 1270
IMS (Cox, 2002). The LAM-ICPMS has similar advantages to ion microprobe
techniques: it is economical, time efficient, and is able to analyse small spots.

Although an immense amount of geochronological work has been conducted
within and around the Isua greenstone belt, very limited work has been performed on its
neighbouring greenstone belts to the south. Before 2005, only one U/Pb age had been
obtained within the Ivisartoq greenstone belt. A U-Pb TIMS age of 2580 Ma was
determined on zircons from an assumed paraschist and was interpreted as a metamorphic
age (Baadsgaard, 1976). Recently, Friend and Nutman (2005) reported three more zircon
ages within the southern arm of the belt using a SHRIMP. They reported a 2>’Pb/2%Pb
date of 3075 + 15 Ma (16 error) for a felsic schist which was interpreted as volcano-
sedimentary in origin, a 2’Pb/2%Pb date of 2961 + 11 Ma (1o error) for a granitic rock

north of the northern boundary of the belt, and a 2’Pb/2%Pb date of 2963 + 8 Ma (1o
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error) for a granodioritic gneiss interpreted as an intrusion into the anorthosite unit (east

of mapped area, see Fig. 2.3).

Considering the lack of geochronological information published for the Ivisartoq
greenstone belt, a major focus of this study was to determine primary ages of units within
the belt. The geochronological methods available at the Memorial University of
Newfoundland include ID-TIMS and LAM-ICPMS. Initially, ID-TIMS was chosen as the
primary method of dating rocks based on the precise age constraints that could be
obtained using this method, but LAM-ICPMS proved to be more appropriate for this
study.

Collection of samples in the field initially focussed on locations where definitive
age relationships were observed (i.e. cross-cutting units) and where protoliths could be
confidently determined. Following detailed mapping, it became clear that most primary
contact relationships were obscured by high strain, which made protolith interpretation
difficult. Therefore, in addition to well constrained units, samples with more ambiguous
histories, were also considered for dating. From all of the rocks collected, five samples
were initially chosen for detailed analysis. Two of the samples were cross-cutting
pegmatites (samples MM01-20, MMO01-52), two were cross-cutting mafic dykes (samples
MMO01-106, MMO01-107), and one sample was a quartzofeldspathic schist (sample
MMO1-81) which had previously been interpreted as a metasedimentary rock (Chadwick,
1990). ID-TIMS was chosen to date the cross-cutting rock types, whereas LAM-ICPMS
was chosen to study the quartzofeldspathic schist which was thought to be of sedimentary

origin. The LAM-ICPMS is ideal for detrital studies as it is more time efficient and
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therefore less expensive and time consuming than ID-TIMS. The LAM-ICPMS is
capable of age determinations that are precise to ca. 0.5% (Kosler and Sylvester, 2003);
however, typically this technique achieves errors of 1.0% (or ~30 Ma for a 3 Ga zircon;
Horn et al., 2000).

Of the five initial samples, an accurate age was obtained only for the
quartzofeldspathic schist. The difficulties associated with the other samples are outlined
in the detailed descriptions of the units in the following ‘Results’ section. With the
ultimate goal of dating the primary age of the greenstone belt still in mind, more samples
were selected for analysis. These samples were considered ‘second choice’ as most of
them did not have clearly defined primary relationships (i.e. intrusive contacts). It
became evident that dating the greenstone belt was truly a reconnaissance mission and
precision was no longer the principal concern of the study. Therefore, the less expensive
and more time efficient, but less precise method of LAM-ICPMS was chosen for the
continued work.

The second group of samples for dating included two recrystallized
quartzofeldspathic rocks interpreted as tonalites (samples MMO01-47 and MMO01-50), an
intensely deformed quartzofeldspathic layer from the Marker High Strain Zone (sample
MMO01-63), a plagioclase phyric mafic dyke (sample MMO01-109), a recrystallized
granodiorite rock (sample MMO01-78), and a granitoid which intrudes the northern margin

of the belt (sample IV03-66).
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2.6.1.1 Zircon Preparation

Zircons were extracted from the collected samples using conventional mineral
separation techniques, including: crushing, standard hydrodynamic techniques (Wilfley
table), heavy liquids, and finally by using a Frantz isodynamic magnetic separator
(zircons commonly have a magnetic susceptibility less than 1.7 amps). Zircons were
hand-picked under a binocular microscope and were further separated into populations
based on morphology, colour, size, and crystal quality. Ideal grains would be clear,
whole, and have no cracks or inclusions.

Representative zircons from each population were mounted with epoxy in 2.5 cm
diameter grain mounts and these mounts were polished to expose even surfaces at mid-
depth in the grains. Before analysing the zircons using U-Pb dating techniques (TIMS or
LAM-ICP-MS), the grains were imaged using back-scattered-electron (BSE) microscopy

and/or cathodoluminescence (CL).

2.6.1.2 ID-TIMS

Only one sample was dated using the ID-TIMS technique (sample MMO01-20).
The imaged zircon populations from this sample were initially reviewed. Grains that were
most likely to have grown entirely during igneous crystallization of the sample (i.e.
zircons that lacked inherited cores and/or metamorphic rims) and that were not highly
metamict were noted. Grains similar in appearance to the noted imaged grains were then

selected for ID-TIMS analysis. The methodology for analysis is that described by Dubé et
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al. (1996). The analytical work was carried out by Marc Poujol at the Department of
Earth Sciences, Memorial University of Newfoundland.

The handpicked zircons were extensively air abraded to minimize any effects of
Pb loss (Krogh, 1982). Following this, they were washed in dilute nitric acid and ultra-
pure acetone. Single grains were placed into 0.35 ml Teflon vials together with 30 ul HF
and a mixed ***Pb->**U tracer solution. Eight of these Teflon vials were then placed in a
Parr Container for 2 days at 210°C (Parrish, 1987). The samples were measured on a
Finnigan MAT 262 mass spectrometer equipped with an ion-counting secondary electron
multiplier.

The calculation of common Pb was made by subtracting blanks and then
assuming that the remaining common Pb has an Archean composition as determined from
the model of Stacey and Kramers (1975). Data were reduced using PbDat (Ludwig,
1993). Analytical uncertainties in Table A.1 are listed at 26 and a concordia diagram was

produced using Isoplot/Ex (Ludwig, 2000).

2.6.1.3 LAM-ICP-MS

The zircon grains that had been imaged using BSE and CL techniques were
analysed using LAM-ICP-MS. To determine the igneous age of the rock in question, only
the clearest grains that were most likely to have grown entirely during igneous
crystallization of the sample were analysed. Xenocrystic components, metamorphic rims,
and metamict zones were avoided in order to obtain reliable and accurate results for an

igneous age. However, where applicable, xenocrystic components were analysed to
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determine the age of inherited material. For the ‘detrital’ study, all of the selected grains
were analysed. This was done to ensure that the results were not biased towards a
particular component of the rock.

The LAM-ICP-MS technique utilized corresponds to the methodology presented
by Kosler et al. (2002). All of the analytical work was completed at the Department of
Earth Sciences, Memorial University of Newfoundland under the guidance of Mike
Tubrett.

Laser Ablation Microprobe-Inductively Couple Plasma-Mass Spectrometry
(LAM-ICP-MS) analyses were conducted using a VG PlasmaQuad 2 S+ mass
spectrometer coupled to NUWAVE 213 nm NdYAG laser. A laser beam with a repetition
rate of 10 Hz and with an energy of 0.5 - 0.7 mJ/pulse was used to ablate the zircons. The
laser beam was focused 100 um above the sample surface and was reduced to a diametre
of 20 pm by masking with a white Teflon® aperture. The sample was mounted on a
computer-driven motorised microscope stage which was moved during ablation to
produce a square raster pit of different lengths, usually in the range of 20 to 40 um, in
order to match zircon crystal size (see Table 2.2 and A.2). Site selection and ablation
progress were observed using a TV camera and monitor. A He carrier gas was used to
transport the ablated material from the sample cell to the ICP-MS. As the sample was
ablated, a tracer solution containing ~10 ppb of natural Tl **T12®T1=2.3871), 2®Bi,
23U,and 2"Np was simultaneously introduced to the torch via nebulisation (Kosler and
Sylvester, 2003). This was performed to allow real-time correction for instrument mass

bias.
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The data acquired for each sample typically consisted of an initial 60 second
measurement of He gas blank and tracer solution before the start of ablation, followed by
a 180-200 second measurement of the tracer solution and the ablated sample. The data
were acquired in time-resolved-peak-jumping-pulse-counting mode with 1 point
measured per peak. The masses measured included 201 (flyback), 203 TI, 204Pb, 205 TI,
206p, 207py, 209g; 23 7Np, 2387, as well as oxides of Np and U. After every five unknown
analyses an external zircon standard of known U-Pb age was analysed to ensure accuracy
and reproducibility of the measurements. The zircon standards 91500 (Wiedenbeck et al.,
1995, 2004), Kosler (Aftalion et al., 1989), 02123 (used only for sample MMO01-81;
Ketchum et al., 2001), and MOS-2 (used only for sample MMO1-81; Poujol et al., 2002)]
were used for this purpose. All of these standards have been previously dated by
IDTIMS. The LAM produced acceptable 207pp2%p, dates for the standard materials with
errors of 0.5-1.0% (20).

The raw data were downloaded to a computer for offline processing using an in-
house Excel-based spreadsheet and reduced using an in-house spreadsheet program
(LAMDATE by J. Kosler). Final ages and diagrams were produced using LAMDATE in
conjunction with the Isoplot/Ex macro (Ludwig, 1999). U concentrations were calculated
using the accepted value of the 91500 standard (76.77 ppm; Wiedenbeck et al., 1995) and
the U® count rates of the standard and the unknown analysis. There is at least a 20%
error using this method, because there was no internal standardization possible. The

results were used in a qualitative manner, strictly for comparative purposes.
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2.6.2 Results

Eleven samples were collected from the northern and southern parts of the belt as
defined in Section 2.4.2 Stratigraphy/Tectonostratigraphy. Photographs (where
available) of the field relationships are shown and a simplified map of the field area
showing the sample localities is presented in Figure 2.80. U-Pb data are presented in the
next section according to location and age. Table 2.3 provides a summary of zircon
crystallization ages.

The sample dated by the ID-TIMS technique (sample MM01-20) did not yield a
reliable age (see following section; Table A.1).

Reliable ages were only obtained by the LAM-ICP-MS method. For samples
dated using this technique, 2*’Pb/2%Pb ages were calculated from analyses which had 94-
104% concordance and had 26 errors less than 2.2% of the calculated 2°7Pb/2%Pb age.
Concordance % is expressed as (*%Pb/? 3UPb/2%Pb date) x 100. Errors are given at the
26 confidence level. Results are illustrated on concordia diagrams (Appendix A; Fig. A.1
— A.7); on weighted mean diagrams, and where appropriate, on combined histogram and
cumulative probability plots. 207p1,/206p}, ages were calculated using weighted mean
diagrams, in which the mean is weighted by data point errors only, and the error is given
as 20 (95% confidence). The “95% confidence” error was calculated as 1.96 times the 1o
internal error if the probability-of-fit is more than 15%, or Student’s-¢ times the square
root of the MSWD if the probability was less than 15%. For concordia diagrams, the

decay-constant errors in the concordia curve are not shown.
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Analytical results of data used for age determination are shown in Table 2.2;

analyses which were not used (e.g. discordant points) are shown in Table A.2.

2.6.2.1 Results from Northern Part of Belt
Rusty, quartzofeldspathic schists and gneisses (Samples MM01-47 and MM01-50)

Thin, rusty quartzofeldspathic layers were noted in the northern part of the belt
(Fig. 2.31). The protolith is interpreted to have been a tonalite which intruded into the
northern amphibolites. This interpretation is supported by cross-cutting field relationships
and by locally preserved relict igneous textures observed in thin section (see Section
2.5.1.3: Quartzofeldspathic schists and gneisses). Field evidence suggests that different
layers may have intruded at different time intervals (see Section 2.5.1: Table 1: Sequence
of events for northern part of the belt): some intruded before DN, and others intruded
after DN,.

Zircons from two different layers were analysed by LAM-ICP-MS: Samples
MMO01-47 and MMO1-50. In thin section, these samples exhibit evidence of DN,
deformation and are thus interpreted to have predated all deformation events which
affected this part of the belt. Small to large (150-400 um long) zircon grains from
samples MMO01-47 and MMO1-50 are stubby (aspect ratio of 2:1:1) to elongate (6:1:1),

and are deep red to pale pink (Fig. 2.81).
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Sample MM01-47

A total of fifteen analyses were collected from eleven stubby, red to pink zircons
and two elongate pale pink grains from Sample MMO01-47 (Table 2.2, see Fig. A.1 for
Concordia plot of all data ). Ten analyses from nine separate grains are between 94-104%
concordant and have an acceptable error range (2c error <~2% of 207pp2%Ph age). CL
imaging revealed pronounced fine, concentric, oscillatory zoning in all of the ten grains
and three of the grains also contain possible xenocrystic cores (Fig. 2.82a ). The seven
grains which have concentric zoning without cores are interpreted as having crystallized
entirely from the tonalite magma. The weighted mean 2’Pb/**Pb age (3163+7 Ma;
MSWD=1.12) of the analyses from the core-free grains is interpreted as the igneous
crystallization age of the unit. As evident on a weighted mean plot (Fig.2.83a), the three
core analyses appear to be slightly older (VPb/*%Pb age=3178+24; 3180+28; 3200+50),
however, their error ranges fall well within the range of the other analyses which do not
contain cores. These analyses also have overlapping U concentrations with the zoned
grains (see Table 2.2); therefore, it is therefore unclear if they represent older xenocrystic

material.

Sample MMO01-50

Fifteen analyses were collected from thirteen stubby, red to pink zircons from
Sample MMO1-50 (Table 2.2, see Fig. A.2 for Concordia plot of all data ). Eleven
analyses are between 94-104% concordant and have an acceptable error range (2 ¢ error

< ~2% of 27Pb/**Pb age). Eight of these analyses were from grains which exhibit fine,
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concentric, oscillatory zoning throughout the grain in CL images (Fig.2.82b). Two of the
analyses were from a possible xenocrystic core (Fig. 2.82b) and one analysis was from
concentrically zoned rim around a disturbed core. The eight analyses of core-free grains
with concentric zoning are interpreted as having crystallized entirely from the tonalite
magma. The weighted 2’Pb/2%Pb mean age of the concentric zoning analyses is 3169+18
Ma (MSWD=2.5) and is interpreted as the igneous crystallization age of the unit (Fig.
2.83b). Similar to sample MMO01-47, the error and U concentration of one of the two core
analyses (®"Pb/2"Pb=3183+28 Ma) overlaps with the errors of the analyses of concentric
zoning. The other core analysis is older (3255+35 Ma) and has a lower U concentration
than most of the zoned grains; therefore, it likely represents inherited material from an
older and different rock. The concentrically zoned rim around a disturbed core yielded an
older date than the interpreted igneous age for the unit: 3231+26 Ma. The disturbed core
analysis was discordant (93.5%) and appears to be younger than all other analysis (see

Concordia plot Fig. A.2)

Homogeneous TTG (Sample 1V03-66)

Thin sheets of homogeneous, medium-grained, meta-granitoid (tonalite-
trondhjemite-granodioritic; TTG) and granitic pegmatite intrude the northern margin of
the Ivisartoq greenstone belt. Within the greenstone belt, these sheets are sub-parallel to
the schistosity and mylonitic fabrics of the greenstones but are much less deformed than

the amphibolites. To the north, the same TTG gneiss forms the main component of the
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regional granitiod gneiss. Locally, rafts of previously deformed amphibolite were
observed within the tonalitic gneiss close to the contact with the greenstone belt.

Sample IV03-66, consisting of TTG and pegmatite, was collected ~1 metre from
the northern edge of the greenstone belt (Fig. 2.84). The pegmatite portions of the sample
were removed and zircons from the TTG portion were analysed by LAM-ICP-MS. Small
to large zircon grains (150 to 400 um long) from sample IV03-66 are stubby (aspect ratio
of 2:1:1) to elongate (5:1:1), sharply faceted, translucent and pink to colourless (Fig.
2.85).

Fifteen analyses were collected from thirteen zircon grains (Table 2.2, see Fig.
A.3 for Concordia plot of all data ). Ten analyses are between 94-104% concordant and
have an acceptable error range (2o error < ~2% of 207p/2%pp age). Possible xenocrystic
cores were observed in six zircons using CL imaging (Fig. 2.86). Five core analyses
yielded a weighted 2’Pb/2%Pb mean age of 3018+14 Ma (MSWD=1.09; Fig. 2.87) and a
single core analysis yielded a 207pb/2%Ph age of 3760+29 (Table 2.2). Three other
analyses were collected from grains which exhibit concentric, oscillatory zoning, and
from a thick rim around one of the possible xenocrystic cores. These three analyses
yielded a weighted 207pp2%Ph mean age of 2960+58 Ma. (MSWD=2.2) which is
interpreted as the igneous age for the unit.

As evident on a weighted mean plot (Fig.2.87), the group of five core analyses
appears to be slightly older than the interpreted igneous age, however, their error ranges
and U concentrations fall within the range of the other analyses which do not contain

cores. It is therefore unclear if they represent older xenocrystic material.
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The single core analysis which yielded a much older age and higher U
concentration likely represents xenocrystic material. The core material may have been
inherited during the ascent of the tonalitic magma through continental crust composed of
felsic material (e.g. ~3.7 Ga ‘Amitsoq’ gneiss).

The interpreted igneous age for the tonalitic sheet intruding the northern boundary
of the greenstone belt is similar to a date obtained by Friend and Nutman (2005) for a
weakly deformed granite (sample GGU200499) collected from the ‘dome’ of gneisses
north of the belt. They obtained a weighted **’Pb/2%Pb mean age of 2961+11 Ma (1o

error) using a SHRIMP.

Mafic dykes (Samples MMO01-106 and MMO01-107)

Mafic dykes were noted throughout the Ivisartoq greenstone belt. Two types of
dyke were recognized: 1) equigranular, gabbroic dykes; 2) dykes containing large relict
plagioclase phenocrysts set within a fine-grained matrix. The dykes cut previously
deformed amphibolite derived from basaltic pillow lava, tonalite layers, and ultramafic
layers. They may have intruded at different times during the deformation history of the
belt on the basis of field relationships, and differences in foliation development and
recrystallization.

Samples of each type of dyke were collected from the northern part of the belt.
Sample MMO01-106 is from an equigranular gabbroic dyke which cuts across an
ultramafic layer (Fig. 2.88). This sample was selected to determine the minimum age of

the ultramafic unit. Unfortunately, after mineral separation of the rock, neither zircons
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nor any other minerals suitable for geochronology (monazite, titanite, allanite, xenotime,
baddeleyite, and perovskite) were found.

The other dyke selected (sample MMO01-107; Fig. 2.40) contained large
plagioclase phenocrysts and cuts obliquely across a northern amphibolite derived from
pillow lava which had undergone deformation and metamorphism. The sample was
selected to determine the minimum age of deposition of the pillow lava. Metamorphic
rutile grains rimmed by titanite were present, however, due to the composite nature of the

grains and their unclear metamorphic history they were deemed unsuitable for dating.

Felsic pegmatites (Samples MM01-20 and MM01-52)

Granitic pegmatites intrude the other main units of the northern part, the Marker
High Strain Zone, and the southern part of the greenstone belt. The pegmatites have
previously been assumed to be equivalents of the ~2550 Ma Q6rqut granite complex
(McGregor, 1973; Baadsgaard, 1976; Brown et al., 1981; Moorbath et al., 1981; Taylor et
al., 1980; Robertson, 1985; Brewer, 1985). For these reasons they were considered to be
an ideal target for geochronological studies; 1) to date the minimum age of the greenstone
belt, and 2) to determine conclusively if they are equivalents of the Q6rqut granite
complex.

Two samples were collected for this purpose. One sample (MMO1- 20; Fig. 2.44)
was a folded, finer grained pegmatite that cuts a quartzofeldspathic gneiss layer which
contains thin amphibolite layers within the Marker High Strain Zone. This sample was

chosen to give the maximum age of the latest deformational event which affected the
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Marker High Strain Zone. The zircons separated from this sample are typically sub-
euhedral, elongate, pale yellow or pink, and glassy. Some displayed internal magmatic
zoning, while others are more homogeneous but contain uraninite inclusions, which are
likely indicative of a U-rich initial magma (Fig. 2.89). Grains similar in appearance to the
imaged, concentrically zoned zircons were then selected for ID-TIMS analysis. The
sample was analysed using thermal-ionization mass-spectrometry (TIMS) on single
grains. The results were poor: an isochron plot produced a scattering of points none of
which fit concordia (Fig. 2.90; Table A.1). The discordant ages were likely the result of
relatively recent Pb loss from metamict zones or along cracks. Zircon grains from granitic
pegmatities are typically of poor quality due to their metamict nature and can be
unreliable (Crowley, pers. comm.)

The other pegmatite sample collected was a larger, coarse-grained sheet (sample
MMO01-52) which was targeted to give the minimum age of an ultramafic layer, which the
pegmatite cuts across (Fig. 2.91). The zircons separated from this sample are generally
euhedral but contain many inclusions and cracks. They range from pink, glassy grains
which displayed zoning to milky, sugary, metamict grains which contained many
inclusions. Overall, the quality of the zircons was determined to be too poor for

geochronology work (Fig. 2.92).

2-66



Chapter 2: Geology and Geochronology of the Ivisdrtog Greenstone Belt

2.6.2.2 Results from Southern Part of Belt

Plagioclase phyric mafic dyke (Sample MM01-109)

Mafic dykes containing large relict plagioclase phenocrysts set within a fine-
grained matrix are present in the northern and southern parts of the belt. Chadwick (1990)
stated that some of the amphibolitic dykes may be part of a younger (<2800 Ma) swarm
of dykes seen to the north in Kangilingua (Chadwick, 1990). New geochronology
demonstrates that this is not a valid interpretation.

The dykes in the northern part of the belt are less deformed than the dykes in the
southern part. In the south, the plagioclase phyric dykes are typically folded with other
rock types. Sample MM01-109 was collected from a region in the southern part of the
belt which is complexly folded with banded amphibolites and light grey, granodioritic
homogeneous rocks. Elsewhere in the southern part of the belt, clear cross-cutting
relationships between plagioclase phyric dykes and banded amphibolites were observed
(Fig. 2.39).

Small to medium (75 to 250 um long), dark pink, stubby (aspect ratio of 2:1:1) to
elongate (aspect ratio of 5:1:1) zircon grains from sample MMO01-109 were analysed by
LAM-ICP-MS (Fig. 2.93a). Eleven analyses were collected from ten separate grains. Six
of the analyses were between 94-104% concordant and have an acceptable error range
(20 error < ~2% of 2"Pb/2%Pb age; Table 2.2). In CL images, four of the grains display
dark, mottled centres surrounded by thin, bright overgrowths (Fig. 2.93b). Analyses from
the centre of these grains yield a weighted 2’Pb/2%Pb age of 3066+17 Ma

(MSWD=0.25), which is interpreted as the igneous age of the dyke (Fig. 2.94). The
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overgrowths are attributed to a later metamorphic event because they appear to be
recrystallized patches (Fig. 2.93b). CL images from two other grains show faint cores
which are interpreted as being inherited in nature (Fig. 2.93b). Analyses of the cores yield
207pp/2%Ph ages of 3134+32 Ma and 313742 Ma. The error between the two core
analyses and the five non-core analyses only marginally overlap (Fig. 3.94) and therefore
likely represent discrete ages. A discordant analysis of a faintly luminescent core yielded
a much older 2°’Pb/>®Pb age of 3410+238 Ma and an age of 3872110 Ma (1o error) on
a concordia diagram (see Fig. A.4). Although this analysis has a large error (Table A.2)
the 2°7Pb/*®Pb and concordia ages are much older than the interpreted igneous age of the
rock and likely represent old inherited material.

A single, concordant grain yielded a 2’Pb/*%Pb age of 2578+23 Ma. This grain
has a higher U content than the other grains (see Table A.2) and consequently is only
slightly luminescent using CL imaging. The grain is not thought to represent the igneous
age of the dyke, due to its high U content. Zircons from mafic dykes typically have low U
contents (Sylvester, pers. comm.); therefore, this grain is interpreted as being

metamorphic in origin.

Homogeneous metagranodiorite (Sample MM01-78)

Light grey, medium, even grained, homogeneous rocks are observed in
discontinuous layers throughout the southern part of the belt (Fig. 2.95). These layers are
interlayered and folded with banded amphibolites, mafic dykes, and the thick

quartz-feldspar-biotite-garnet schistose/gneissic layer. The protolith of this rock type is
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interpreted to have been a granodioritic intrusive body with trace element geochemical
signatures similar to those of an A-type granite (see Chapter 3). This sample contained
considerably fewer zircons grains (<50) than either sample MMO01-63 or MM01-81
(>>200), for comparable processed sample sizes.

Small (75 to 200 pm long), light to dark pink, milky to glassy, stubby (aspect
ratio of 2:1:1 to 3:1:1) zircon grains from sample MMO01-78 were analysed by LAM-ICP-
MS (Fig. 2.96). Ten analyses were collected from ten separate grains. Eight of the
analyses are between 94-104% concordant and have an acceptable error range (26 error <
~2% of 2"Pb/2%Pb age; Table 2.2). Using CL imaging, six of the more elongate grains
exhibit dark centres, surrounded by patchy bright zones and rims (Fig. 2.97a). Analyses
from the centre of the six grains yields a weighted 2’Pb/?%Pb age of 2895+25 Ma
(MSWD=2.4), which is interpreted as the igneous age of the unit (Fig. 2.97b). The bright
patches are thought to represent recrystallized zones and the rims are attributed to a later
metamorphic event. Two other grains with different CL images yield different ages. One
grain is distinct in that it appears completely homogeneous without any zoning, rims, or
cores using CL imaging. This grain yields a 2’Pb/2%Pb age of 2994423 Ma. A CL image
of another grain, which has a slightly lower U concentration than the igneous grains,
shows a faint core which is interpreted as being inherited in nature (Fig. 2.97a). Analysis

of the core yielded a 2’Pb/?%Pb age of 3040+26 Ma.
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Intensely deformed quartzofeldspathic layer (Sample MMO01-63)

The Marker High Strain Zone contains a layer of intensely deformed
quartzofeldspathic rocks intercalated with thin amphibolite horizons and a layer of
ultramafic schists (magnetic marker). This zone is intensely deformed and has undergone
several deformational events. Sample MMO01-63 was collected from a quartzofeldspathic
layer (Fig. 2.98). This layer is continuous with a thick unit of
quartz-feldspar-biotite-garnet schist/gneiss in the southern part of the belt and is similarly
interpreted as sedimentary in origin.

Zircons from Sample MMO01-63 are small (100 to 200 um long), stubby (aspect
ratio of 1.5:1:1) to elongate (4:1:1), translucent, pale pink and resemble grains from the
thick, southern metasedimentary unit (Sample MMO1-81). The shape of the grains range
from euhedral to subeuhedral (rounded ends; Fig. 2.99a). Fragments of euhedral grains
were also observed. CL imaging reveals that most grains contain fine, concentric,
oscillatory zoning, whereas some appear unzoned and homogeneous. A few grains have
bright cores using CL imaging, which likely represent inherited material (Fig. 2.99b).

In total, fifteen zircons were analysed using LAM-ICP-MS. Thirteen analyses
from separate grains were between 94-104% concordant and have an acceptable error
range (26 error < ~2% of “’Pb/**Pb age; Table 2.2). Ten grains with various
characteristics including grain shape (stubby, elongate grains, euhedral, anhedral,
fragments) and internal structure reflected by CL imaging (including concentrically
zoned grains, bright cores, and completely homogeneous grains) yielded a weighted

297pb/2%Ph mean age of 308611 Ma (MSWD=2.0; Fig. 2.100a). This age is interpreted
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to represent the igneous age of a single component which was the main source material
from which the sedimentary unit was derived. Four other grains yielded distinctly
younger ages: 3026+31 Ma, 2975+17 Ma, 2895+35 Ma, and 2789+15 Ma. These grains
have distinct morphologies and thus have different explanations regarding their
formation.

Two grains which exhibit fine, concentric, oscillatory zoning yielded 2°’Pb/**Pb
ages of 3026+31 Ma and 2975+17 Ma. These analyses may represent minor igneous
components within the sedimentary unit which were also recognized in Sample MMO01-
81. The different age populations of the interpreted igneous components of the
sedimentary unit are plotted on a combined histogram and cumulative probability plot in
Figure 2.100b.

A bright core from a more elongate zircon grain with rounded ends yielded a
207pp/2%Pph age of 2895+35. The origin of this grain is debatable. It may have been
derived from an igneous rock which itself had contained inherited material now
represented by the bright core; or, the core may represent the igneous age of the unit
which is surrounded by later metamorphic material. Because this age and the U
concentration (352 ppm) of the core is essentially identical to the igneous age (2895+25
Ma ) and U concentrations (range: 272-643 ppm; average=385 ppm) of the homogeneous
granitoid (Sample MMO01-78), the core is thought to represent igneous material from the
granitoid which is surrounded by a later metamorphic rim. This would suggest that the
granitoid is a minor component of the sedimentary rock, and that the depositional age of

the sediments is <2895+25 Ma.
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A rounded, stubby grain yielded a >*’Pb/2%Pb age of 278915 Ma. This grain has
a high U content (1111 ppm, see Table 2.2) which may indicate that the grain was
disturbed by ancient loss of radiogenic Pb, thus this age is not thought to represent a

parent igneous component from which the sedimentary unit was derived.

Thick quartz-feldspar-biotite-garnet schist/gneiss layer (Sample MM01-81)

A sample of the quartz-feldspar-biotite-garnet schist the southern part of the belt
was obtained for geochronology work (Fig. 2.101). This unit is strongly deformed and
most primary features have been obliterated. However, locally, there are rounded felsic
fragments which could have originated as primary clasts in a sedimentary or
volcanoclastic rock (Fig. 2.73). The mineral assemblages (see Section 2.5.2.2),
geochemical composition (see Chapter 3), and studies by Chadwick (1990) and Friend
and Nutman (2005) support an interpretation of this unit as a metasedimentary rock.

Other ages have previously been obtained from assumed paraschists in the belt.
Baadsgaard (1976) obtained a U/Pb age of 2580 Ma for zircons from a rock interpreted as
a paraschist and he considered this to be a metamorphic age. Recently, Friend and
Nutman, (2005) reported a weighted 2°’Pb/2%Pb mean of 3075 +15 Ma (1o error) for 23
zircons using a SHRIMP. This sample is from the thick, southern metasedimentary layer
as described in this study.

Sample MMO1-81 was the first sample dated by LAM-ICP-MS during this study.
A large number of analyses (~100) were collected from this unit because of its interpreted

sedimentary origin. The majority of grains are large (100 to 200 um long), stubby (aspect
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ratio of 1.5:1:1) to elongate (4:1:1), anhedral (rounded ends) to euhedral, glassy, and dark
to pale pink (Fig. 2.102a). BS and CL imaging reveals that most grains contain fine,
concentric, oscillatory zoning, whereas some appear unzoned and homogeneous (Fig.
2.102b). These grains strongly resemble the grains from sample MMO1-63. A smaller
proportion of grains were perfectly round (Fig. 2.103), and dark to light pink. These
grains also display fine, concentric, oscillatory zoning using CL imaging (Fig. 2.103b).
The differences in grain shape, ranging from euhedral to round grains, could be attributed
to erosional processes, where some grains may have travelled farther than others (distal
versus proximal).

Forty-three analyses were between 94-104% concordant and have an acceptable
error range (20 error < ~2% of 2’Pb/**Pb age; Table 2.2). A weighted °’Pb/**Pb mean
of all these analysis yields an age of 3072+13 Ma with an MSWD of 12. This is similar to
the age (3075 +£15 Ma) obtained by Friend and Nutman (2005). Upon detailed inspection
of the data forty-three analyses, four separate age groups can be defined (Fig. 104a).
These different groups may represent separate igneous components which make up the
metasedimentary unit. Five grains yield a weighted 2’Pb/*Pb mean age of 3009+19 Ma
(MSWD=1.9); thirty-two grains yield a weighted *’Pb/*?*Pb mean age of 3078+6 Ma
(MSWD=2.1); and five grains yield a weighted *’Pb/**Pb mean age of 3130+19 Ma
(MSWD=1.7). The youngest group is represented by a single, homogeneous, elongate
grain with an age of 2941+21 Ma. This age overlaps with analyses from igneous grains
obtained for the homogeneous granitoid (Sample MMO01-78; age range 2862+26 Ma -

2925+ 35 Ma). As in the quartzofeldspathic layer from the Marker High Strain Zone
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(Sample MMO01-63), the homogeneous granitoid may be a component of the sedimentary
unit.

The mean age of the main population (3078+6 Ma) of sample MMO01-81 is similar
to the date obtained from the main population of sample MMO01-63 (3086+11 Ma). The
combined histogram and cumulative probability plots for the two samples are also
similar, which supports the interpretation that they are part of the same metasedimentary
unit and are derived from similar sources.

One grain yielded an age younger than all of the others. This stubby grain has a
homogeneous CL image and yielded a 2*’Pb/2%Pb age of 2774+30 Ma (Table A.2; Fig.
A.7). This grain is thought to have been disturbed by ancient loss of radiogenic Pb,

similar to a 2789+15 Ma aged grain from Sample MM01-63.
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Table 2.3: Summary of LAM-ICP-MS zircon ages

Unit and sample number 27pp/ph age in Ma (2o error) | Interpretation
NORTHERN SAMPLES
TTG intruding northern 2960+58 Crystallization of unit
boundary of belt: IV03-66 | 3018+14, 3760+29 Xenocrysts
Thin tonalite sheets:
MMO01-47 3163+7 Crystallization of unit
3178+24; 3180+28; Xenocrysts
3200450
MMO1-50 3169+18 Crystallization of unit
3183+28 Ma; 3255435 Xenocrysts
SOUTHERN SAMPLES
Metasedimentary samples: | <2895 Maximum age of
deposition
Marker High Strain Zone | 3086+11 (dominant); 2895+35, | Ages of separate
(MMO01-63) 2975+17, 3026+31 (minor) components which
comprise the
Thick layer in southern 3078+6 Ma (dominant); metasedimentary
part of belt (MMO01-81) 3009+19, 313019, 2941+21 samples
(minor)
Homogeneous
metagranodiorite 2895+25 Crystallization of unit
(MMO01-78) 2994+23; 3040426 Xenocrysts
Plagioclase phyric mafic
dyke: Sample MMO01-109 | 3066+17 Crystallization of unit
3134+32; 3137+42 Xenocrysts

38724110 (Concordia age)
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2.7 DISCUSSION

The northern and southern parts of the Ivisirtoq greenstone belt are both
dominated by amphibolites derived from basaltic pillow lavas, but are characterised by
distinct felsic and ultramafic magmatism. The northern part contains ultramafic and
tonalitic sills, whereas the southern part is characterized by a thick package of
metasedimentary rocks, a distinct layer of ultramafic schist which may be pyroclastic in
origin, and a granodioritic intrusion.

The two parts also differ in intensity of deformation. The northern part is
generally less deformed than the southern part: in the north, large km-scale isoclinal folds
are recognizable, whereas, the rock units of the southern part are deformed into
parallelism. As discussed in Section 2.4.2, if the two parts represent a continuous
stratigraphic section then both parts would have been isoclinally folded by the same event
and therefore, one would expect to see repeated lithological units throughout the two
parts of the belt’s southern limb. This is not observed.

The two parts are separated by a zone of high strain which is interpreted as a
tectonic break. The boundaries of the intensely deformed zone are relatively sharp with
less deformed rocks to the north and south. The deformation associated with
juxtaposition (DJ) seems to be localised in the Major High Strain Zone; the northern part
of the belt is not greatly affected, therefore it is assumed that the intense deformation
observed in the southern part was not caused by the juxtaposition event. The difference in
strain intensity between the northern and southern parts is not thought to be related to the

latest regional deformation event (DR) either, as this event produced a weakly to
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moderately developed foliation which is at angle to the main E-W foliation seen in the
northern and southern parts. It seems most likely that the northern and southern parts of
the belt suffered separate deformational events prior to juxtaposition which resulted in the
dominate E-W foliation seen in both parts, and afterwards were effected by the same
regional deformation event (DR).

The only commonality between the two parts of the belt is the presence of mafic
dykes. These dykes seem to have intruded over an extended period of time as indicated
by field relationships (for example in the northern part they intruded before and after the
DN isoclinal folding event). Mafic dykes are relatively common in Archean supracrustal
rocks (Sylvester, pers. comm.), and therefore can not necessarily be used as a criteria to
link the northern and southern parts. In this study, they are thought to have formed
throughout the development of the belt: some likely formed in the northern and southern
parts of the belt prior to juxtaposition and others may have intruded afterwards. Due to
their typically zircon-poor nature it is difficult to determine their absolute ages.

A sequence of events for the area studied within the Ivisdrtoq greenstone belt is

summarized in Table 2.4.
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Table. 2.4: Sequence of events for the Ivisartoq greenstone belt

Northern part of the belt

Deposition of homogeneous and variolitic 1.

basaltic pillow lavas

Southern part of the beit

Deposition of basaltic pillow lavas and
pyroclastic (?) ultramafic unit (magnetic
marker)

2. F(Exteé\si\e/_% hydrgmennal a)lterationt;work$
epidote-diopside-gamet) vein ne
and in pillow cores 3066117 Ma . .
Intrusive age of plagioclase phyric

3. Intrusion of ultramafic sills mafic dykes
4 ~3165 Ma 2895425 Ma

Intrusion of tonalite sheets Intrusion of homogeneous

(e.g. inner side of the easterly (A-type) granodiorite

isoclinal fold);

i < 2895 Ma

8. DN, Heterogeneous qeformatnon. Deposition of sediments; main zircon age

strain variation established ~3080 Ma. which t

SN, foliation preserved locally in gamet gmrt?:s?ive == ofadrani'toi d";.?.!:_g";?\?;‘ l:“

blasts in tonalite sheets

el gt Lt not seen in the mapped area.

6. Mafic dykes intrude
?Age?
DN, Isoclinal folding event Intense deformation - Basaltic pillow lava
. forms banded amphibolite; probably at

8. Intrusion of tonalite sheets; cut folded least two separate phases

ultramafic layers and mafic dykes
9. intrusion of mafic dykes and sills; cut
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Sequence of events for the Ivisirtoq greenstone belt

Magmatism in the northern part

The earliest magmatism in the northern part of the belt includes the deposition of
basaltic pillow lavas and the intrusion of large ultramafic sills. These units were intruded
by tonalitic sheets which have igneous 2’Pb/?%Pb zircon ages of ~3163+7 and 3169+18
Ma (20 error; samples MM01-47, MMO01-50). Slightly older cores noted within some
zircon grains may represent Xenocrysts.

Later, thin sheets of homogeneous, medium-grained, TTG and granitic pegmatite
intruded the northern part of the Ivisirtoq greenstone belt and cut out the former northern
extent of the belt. An igneous 2’Pb/2%Pb zircon age of 2960+58 Ma (2 error) was
determined for the TTG portion (sample IV01-66). Xenocrystic cores noted within zircon
grains from the tonalitic rock have distinctly different 207pt,/2%pp ages (3018+14 Ma and
3760+29 Ma; 26 error). The older zircons may have been incorporated during magma
ascent. The oldest xenocrystic core suggests that the magma may have ascended through
early Archean rocks, such as a component of the ~3750 Ma Itsaq gneiss complex (e.g.
‘Amitsoq’ gneiss).

The igneous age obtained in this study for the TTG portion, agrees well with an
igneous SHRIMP 2°7Pb/*%Pb zircon age (2961+11 Ma; 1o error) obtained by Friend and
Nutman (2005) for a weakly deformed granite collected from the ‘dome’ of gneisses
north of the belt. Friend and Nutman (2005) also reported a SHRIMP 207pp/2%P} zircon
age of 2963+8 Ma from a granodioritic gneiss interpreted as an intrusion into anorthositic

rocks (east of study area; see Fig. 2.3). It is unclear if this granodioritic rock is situated in
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the northern or southern part of the belt, as defined in the present study. Further mapping
to the east will need to be conducted to determine the relationship between the
anorthositic rocks and the northern and southern amphibolites. The existing 1:100 000
geological map (Chadwick and Coe, 1988) suggests that the anorthositic rocks may lie
within the southern part. However, they could also lie between these parts and/or be a

fault-bounded unit.

Deformation in the northern part

The northern part of the belt was affected by at least two deformation events,
referred to as DN; and DN, before juxtaposition with the southern part.

The first deformational event (DN;) resulted in heterogeneous deformation within
the northern Ivisirtoq amphibolites and predates isoclinal folding. Isoclinal folding
should have resulted in more intense deformation along the limbs and relatively less-
deformed rocks in the hinge zone. However, heterogeneous deformation was observed
across layers within fold limbs, and some of the least deformed rocks are located in fold
limbs, rather than fold cores. High and low strained rocks form planar zones which are
parallel with compositional layering, and are folded with the compositional layering into
large-scale isoclinal folds. Therefore the development of these variations in strain pre-
date the isoclinal folding event, which is attributed to DN,. The second deformational
event formed a steeply dipping, approximately east-west oriented axial planar foliation

which is observed throughout this part of the belt. The rocks were likely modified during
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the later regional deformational event (DR) which affected both parts of the belt,

however, these events did not obliterate the strain variations established during DN;.

Southern part of the belt

Magmatism and sedimentation in the southern part

The earliest magmatism in the southern part of the belt includes the deposition of
basaltic pillow lava, the deposition of an ultramafic pyroclastic unit (magnetic marker
layer), and perhaps the emplacement of a leucogabbro-anorthosite complex (outside of
mapped area; see Fig. 2.3). These units are interpreted to be older than 306617 Ma (26
error) which is the zircon *’Pb/?®Pb intrusive age of a plagioclase phyric mafic dyke in
this part of the belt (sample MMO01-109). Cores noted within zircon grains may be
xenocrysts. A concordia age of 3872+110 Ma (1o error) for a discordant core analysis
(see Fig. A.4) suggests the possibility that the mafic magma ascended through early
Archean rocks such as a ~3750 component of the Itsaq gneiss complex (e.g. ‘Amitsoq’
gneiss).

A younger, recrystallized, homogeneous granodioritic unit (with trace element
geochemical signatures similar to an A-type granite; see Chapter 3) was observed in the
southern part of the belt. This unit is deformed and folded with surrounding rocks and
therefore its relative age is unknown. An igneous **’Pb/2%Pb zircon age of 2895+25 Ma
(26 error) is interpreted for this unit. Two older 2*’Pb/2%Pb zircon ages (2994+23 Ma and

3040+26 Ma) may represent Xenocrysts.
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Quartzofeldspathic rocks in the Marker High Strain Zone (sample MM01-63) and

from the thick quartz-feldspar-biotite-garnet layer in the southern part of the belt
(samples MMO01-81) are interpreted as being sedimentary in origin. These samples
contain a spread of ages, but overall have similar combined histogram and cumulative
probability plots (Fig. 2.100b and Fig. 2.104b). These plots demonstrate that the majority
of zircons have an age of ~3080 Ma. These zircons are typically elongate to round and
are concentrically zoned. The differences in grain shape are attributed to sedimentary
transport. The elongate grains resemble typical tonalite zircons (Crowley, pers. comm.)
suggesting that they were derived from a granitoid, however, a ~3080 Ma granitoid was
not observed within the mapped area. This unit may have been removed by tectonic
processes and therefore could have been cut out of this part of the belt or the zircons
could have been transported into the belt from distal sources. Within the Ujarassuit
Nunaat region (north of the mapped area), Friend and Nutman (2005) reported intrusive
27pp2%ppb ages of ~3070 Ma for two samples which are in contact with the Ivisartoq
greenstone belt, a homogeneous granodiorite (sample G91/92) and a migmatite (sample
(G93/88). These intrusions may correspond with the ~3080 Ma component of the
metasedimentary rocks.

Young ages observed in both metasedimentary layers (sample MMO01-63:
2895425 Ma; sample MMO01-81: 2941+21 Ma) are similar to the dates obtained from
igneous grains in the homogeneous metagranodiorite (Sample MMO01-78; age range
2862+26 Ma to 2925+ 35 Ma). This observation suggests that the metagranodiorite may

be a detrital component of the sedimentary rocks, and that the depositional age of the
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metasedimentary rocks is <2895+25 Ma. This theory is supported by geochemistry (see
Chapter 3) which indicates that the metasedimentary rocks were derived from three main
sources:

1) granodioritic unit (with A-type granite trace element geochemical signatures);

2) TTG and,

3) amphibolite (likely the southern banded amphibolites).

Geochemical models indicate that samples MMO01-81 from the thick southern
layer are derived from roughly equal proportions of the three components, whereas
sample MM01-92 from the Marker High Strain Zone is derived almost entirely from the
TTG component. U-Pb zircon geochronology indicates that the homogeneous
metagranodiorite has an igneous age of ~2895 Ma, the TTG likely has an igneous age of
~3080 Ma, and the amphibolite component is older than ~3060 Ma. The small number of
~2895 Ma ages in the MMO01-81 samples may be a reflection of the zircon-poor nature of
the 2895 Ma homogeneous metagranodiorite (e.g. sample MMO01-78).

The difference in felsic and mafic component concentrations between
metasedimentary samples may reflect the original proximity to the various sources. For
example, the samples from the Marker High Strain Zone may have been distal to the
granodioritic and amphibolitic source; their present spatial relationship and intimate
association with the amphibolites may have been the result of later deformational events

(e.g. DJ juxtaposition).
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Deformation in the southern part

The southern part of the belt is more strongly deformed than the northern part.
Due to the intensity of deformation in the southern part and highly strained boundaries of
most rock types, the primary relationships and relative ages of the different units could
not be determined from field observations.

The southern part consists of strongly foliated schists of diverse rock types, which
contrast the well-preserved primary structures, such as pillow lavas, in the northern part
of the belt. Evidence of the structural complexity within the southern part was observed
in the field (several different fold orientations were recorded) and in thin sections. Inter-
tectonic, syn-tectonic, and post-tectonic garnet porphryoblasts suggest that these rocks
underwent several phases of deformation, unfortunately, due to the lack of field
constraints these grains could not be correlated with specific (pre-juxtaposition)

deformational events.

Juxtaposition of the northern and southern parts

The noticeable compositional and deformational contrasts between the northern
and southern parts of the belt support the interpretation that they formed independently
and were then juxtaposed. The tectonic break separating the two parts of the belt is
thought to be located along or within the the Marker High Strain Zone, a belt of intense
deformation including mylonitization.

The exceptionally tectonized nature of the Marker High Strain Zone is attributed

to the juxtaposition event (DJ) superimposed on rocks that were already moderately to
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intensely deformed. Most of the strain associated with this event was likely
accommodated along the relatively weak metasedimentary unit. This deformational event
likely caused the interleaving of northern pillow lavas, identified by geochemistry (see
Chapter 3), with the metasedimentary layer within the Marker High Strain Zone. The
strain gradient across the northern margin of the Marker High Strain Zone into the
northern part of the belt is locally gradational but regionally is sharp. The exact location
of the break within the Marker High Strain Zone is unclear and may be obscured by later
reactivation. This zone would benefit from future detailed studies.

The timing of juxtaposition is uncertain, but is assumed to have occurred after

sedimentary deposition in the south (~2895 Ma).

Post-juxtaposition magmatism

Thin tonalitic sheets within the Marker High Strain Zone likely intruded after the
juxtaposition event, as suggested by preserved relict igneous textures. Other tonalitic
sheets and mafic dykes cut previously intensely deformed amphibolites derived from
basaltic pillow lavas and isoclinally folded ultramafic layers. It is unclear if these units
intruded before or after the juxtaposition event (DJ).

The youngest intrusive unit within the Ivisirtoq greenstone belt is represented by

large bodies of felsic pegmatite assumed to be Qbrqut age (~2550 Ma).
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Post-juxtaposition deformation

After juxtaposition of the northern and southern parts, the Ivisartoq greenstone
belt was affected by a regional deformational event (DR) which caused large scale
folding resulting in the present day geometry of the belt. This event is defined as (D3) by
Hall and Friend (1979). Locally in the northern part, a regional foliation (Sg) was
observed in thin section and is at an angle to the main foliation (SN). Sg is oriented in a
roughly northeast-southwest direction, and appears to be axial planar to large scale folds
associated with DR. The intrusion of the protolith of the Ivisartoq granite gneiss
(Robertson, 1985) may be contemporaneous with this regional event. The protolith of
these gneisses intrude ‘Amitsoq’ gneisses north of the belt within the Kangilingua area
(Chadwick, 1990; Robertson, 1985). A Rb-Sr isotopic age of 2750+40 Ma was reported
by Robertson (1985).

The mylonitic boundaries of the belt and mylonitic layers within the belt were
likely modified during Proterozoic faulting as demonstrated by folded pegmatites of

assumed Qdrqut age (~2550 Ma) within the Marker High Strain Zone.

Metamorphism of the Ivisdrtoq greenstone belt

The main components of the Ivisartoq greenstone belt have been extensively
recrystallized, however, no evidence of granulite facies metamorphism was noted. The
mineral assemblages of the different rock types correspond to amphibolite-facies

metamorphism and likely reflect the most recent deformational events.
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An early alteration event, which predates the main metamorphic events, is
preserved in the northern amphibolites derived from basaltic pillow lavas. These rocks
were heterogeneously affected by a network of veins and diffuse zones now marked by
epidote. The alteration is interpreted to be the result of hydrothermal processes, which
occurred after the solidification of the pillow lavas but before the emplacement of the
thick ultramafic and thin quartzofeldspathic layers. The observed epidote-rich assemblage
is thought to reflect the amphibolite-facies metamorphism related to the later
deformational events.

Metamorphism associated with DN, likely reached amphibolite facies, however,
little evidence is preserved due to recrystallization in later deformation events. Staurolite
and sillimanite inclusions within porphyroblasts provide the main supporting evidence of
amphibolite facies metamorphism during DN;.

Locally, epidote-amphibolite facies minerals at an angle to the main foliation
(DN>) in the main rock types suggest that retrograde conditions were associated with the
latest deformation event (DR). Locally, the same types of minerals are randomly oriented
suggesting that metamorphism outlasted this deformation event, an interpretation also

supported by Chadwick (1985) and Robertson (1985).

2.7 CONCLUSIONS
The lvisdrtoq greenstone belt contains an exceptionally well-exposed section of
Archean volcanic rocks. The present study re-evaluated the Ivisirtoq greenstone belt in

terms of protoliths and the timing of magmatic and deformational events. The belt is
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redefined as a tectonostratigraphic assemblage composed of two distinct packages of
rocks likely affected by separate deformational events and subsequently brought together

by later tectonism after ~2895 Ma.

Protolith interpretations

Northern part of the belt

New field mapping and petrography have identified two distinct types of
amphibolite derived from basaltic pillow lavas: homogeneous and variolitic lavas. These
distinct units are interbedded and are interpreted as being contemporaneous. Extensive
coarse-grained and homogeneous ultramafic layers are interpreted as sills. Thin layers of
quartzofeldspathic schists were previously interpreted as metasedimentary/volcanoclastic
in origin; the present study re-interpreted these units as being derived from tonalite

intrusions.

Southern part of the belt

The southern part of the belt is dominated by banded amphibolites which have
been recognized as deformed basaltic pillow lavas. Quartzofeldspathic schists and
gneisses are interpreted as sedimentary in origin. A previously unrecognized,
discontinuous unit of light grey homogeneous rock is interpreted to be a granodioritic

intrusion. A distinct layer of ultramafic schists may represent a pyroclastic deposit.
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Tectonostratigraphy

A previously unrecognized major tectonic break divides the Ivisartoq greenstone
belt into two distinct packages. Each part is characterised by distinct ultramafic, mafic
and felsic magmatism, and separate deformational histories prior to juxtaposition. The
contact between the two parts of the belt is located along or within the Marker High
Strain Zone, a belt of intense deformation which includes mylonitic units.

A sequence of events based on field mapping and reconnaissance U-Pb
geochronology was determined and is presented in Table 2.4. Overall, the Ivisartoq
greenstone belt is older than was previously recognized: pillow lavas in the northern part
were deposited before ~3165 Ma and in the southern part, pillow lavas were deposited
before ~3066 Ma. The two parts were likely juxtaposed after ~2895 Ma which is the
maximum age of deposition of the protoliths of the metasedimentary rocks in the

southern part.
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Figure 2.1. The North Atlantic Craton (from Nutman, 1997)
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Figure 2.2a. Geologic map of the Godthabsfjord region (from Myers and Crowley, 2000)
compiled from maps by Allaart (1982), Chadwick and Coe (1983,1988), Garde (1987,
1989) and McGregor (1984) and geochronology from Nutman et al. (1996) and Nutman
(1997). The inset map of Greenland locates Nuuk and the main regions of Archean gneiss.
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Figure 2.2b. Sketch map of the terranes of the Godthébsfjord region as defined by Friend
and Nutman (2005). The top left inset map of Greenland locates Nuuk and the main
regions of Archean gneiss. The bottom right inset shows a cross-section at sea level along
the line AB (from Friend and Nutman, 2005). Note: different colours represent different
terranes and do not correspond exactly with geological units as defined in Fig. 2.2a.
Dashed lines indicate terrane boundaries.
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