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Abstract

The Annieopsquotch Accretionary Tract comprises a series of arc-back arc complexes and
ophiolites that formed in lapetus Ocean and were accreted to the composite Laurentian margin,
providing a unique view of tectonic processes operating during the Ordovician Taconic orogeny. The
Annieopsquotch ophiolite belt, the oldest and structurally highest complex, preserves three magmatic
episodes, and formed during initiation of west-directed subduction. It thus records the formation of
the subduction zone that was responsible for formation of the units preserved in the Annieopsquotch
Accretionary Tract. The Annieopsquotch ophiolite belt was accreted to the Laurentian margin prior to
470 Ma along the sinistral-oblique Lloyds River Fault Zone. The Lloyds River Fault Zone was
intruded syn-kinematically by two plutonic suites (464-459 Ma), which triggered renewed deformation
at high temperatures, illustrating that a positive feedback between deformation and magmatism
facilitates the transfer of oceanic complexes to continental margins. Age constraints indicate that the
majority of the Annieopsquotch Accretionary Tract was accreted 5 to 10 Ma after formation of the
units, illustrating that complexities of accretionary tectonics in lapetus were similar to those in
Mesozoic to recent accretionary orogens. In contrast to other accretionary orogens, the role of fore-
arc accretion was limited, whereas recycled continental basement played an important role. Syn-
kinematic plutons tapped not only a sub-arc mantle source, but also a lithospheric mantle and crustal
source, leading to isotopically evolved signatures.

The maijority of the gabbro zone of the Annieopsquotch ophiolite is composed of gabbroic
cumulates with paleohorizontal intrusive contacts. These contacts have finer grain sizes and comb
structures (crescumulates), suggesting they are sills. The parental magmas of cumulates in the sills
had compositions very similar to the overlying sheeted dykes and basalts, and generally become
more evolved up-section, indicating that magma evolution in the Annieopsquotch ophiolite was
dominated by fractionation in lower crustal conduits. The parental magmas of the gabbros, sheeted
dykes, and basalts preserve a similar, wide range of compositions, indicating that aggregation,
homogenization, and fractionation in an axial melt lens was inefficient. Lower crustal accretion was
thus dominated by intrusion of melts from below, rather than remobilization of cumulates from above.

viii
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CHAPTER|
Introduction

1.1. Background

While oceanic spreading ridges are responsible for formation of nearly two-thirds of the
Earth’s crust, and are major sites of thermal and chemical exchange between the mantle, crust, and
hydrosphere, understanding of processes involved in crustal accretion at spreading ridges remains
limited. This is largely due to the limited exposure of in-situ oceanic crust and difficulties in drilling
large sections of lower crust. Geophysical investigations have provided important information
regarding the physical and thermal structure of oceanic crust, as well as the distribution of melt below
spreading centers (e.g., Sinton and Detrick, 1992). However, geophysical studies fail to constrain the
dynamic processes that govern crustal accretion. Studies of in-situ oceanic crust formed at mid-
ocean ridges have greatly contributed to knowledge about spreading ridge processes (e.g., Natland
and Dick, 2001; Coogan et al., 2002a), but are limited to locations where extended crustal sections
are exposed as a result of tectonic processes. Much information regarding spreading ridge
processes has therefore been derived from the study of ophiolites, which are easily accessible and
commonly expose complete three-dimensional sections of oceanic lithosphere.

A subject of particular debate concerns the magma plumbing system at mid-ocean ridges.
Fractionation of mantle-derived melts is a fundamental process that has important implications for the
geochemical evolution of mid-ocean ridge basalts and the structural and thermal evolution of oceanic
lithosphere. However, it is uncertain where fractionation of mantle-derived melts occurs, and as a
result the formation of the lower oceanic crust is poorly understood. Lower crustal processes are
particularly difficult to study since in-situ lower oceanic crust is rarely exposed, and the interpretation
of geochemistry of cumulates, which form the vast majority of lower oceanic crust, is not
straightforward. The number of ophiolites for which detailed lower crustal relationships and
geochemistry are available is very limited (e.g., Oman, Bay of Islands, and Troodos; Boudier et al.,
1996; Bédard et al., 2000a; Coogan et al., 2003).

In addition to their importance for reconstruction of physical and chemical processes at
spreading centers, ophiolites are important components of orogenic belts. While generally
volumetrically limited, they commonly represent the vestiges of former oceanic basins, and as such
contain key information for paleogeographic and tectonic reconstructions of the orogen. Most well-
studies ophiclites occur as relatively large, coherent sheets emplaced over continental passive
margin sequences. However, a significant number of ophiolites occur in accretionary complexes,
commonly associated with relics of arc sequences and associated sediments. Such accretionary
complexes mark the transfer of material from the oceanic realm to continental margins, and thus
contribute significantly to continental growth (e.g., Sengér and Natal'in, 1996). Commonly, these
accretionary complexes contain abundant sediments, leading to widespread occurrence of mélange,
and mafic complexes are generally dismembered. As a result, it is often difficult to reconstruct
original relationships and accretionary histories.

This study presents the results from a comprehensive investigation into the Annieopsquotch
ophiolite belt and related rocks (Newfoundland Appalachians) as part of the Targeted Geoscience
Initiative “Red Indian Line” of the Geological Survey of Canada. The Annieopsquotch ophiolite belt
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extends for >200 km, and comprises three well-exposed, nearly complete ophiolites (the
Annieopsquotch, King George IV, and Star Lake ophiolites). The Annieopsquotch ophiolite belt is
part of the Annieopsquotch Accretionary Tract, which formed as a result of accretion of several arc-
back arc complexes and ophiolites to the composite Laurentian margin during the Ordovician
Taconic orogeny. The Annieopsquotch Accretionary Tract is nearly devoid of sediments, and the
various complexes are well preserved, allowing for a detailed reconstruction of its tectonic history.
The Annieopsquotch Accretionary Tract thus presents a unique opportunity to study both spreading
ridge processes and the processes involved in accretionary tectonics.

1.2. Objectives

The objective of this thesis is threefold:

1. To establish the field- and geochemical relationships in the lower crust of the
Annieopsquotch ophiolite in order to reconstruct processes involved in oceanic lower crustal
accretion;

2. To determine the origin and tectonic evolution of the Annieopsquotch ophiolite belt, and its
implication for the tectonic evolution of the Newfoundland Appalachians;

3. To reconstruct the time scales and processes by which oceanic complexes are transferred
from the oceanic domain to continental margins.

1.3. Thesis organization

This thesis is subdivided into 7 chapters. The first and second provide a general introduction
and an overview of the geology of the study area, respectively. Subsequent chapters address the
extent and origin of the Annieopsquotch ophiolite belt (Chapter 3), its implications for lower crustal
accretion at oceanic spreading ridges (Chapter 4), the assembly of the Annieopsquotch Accretionary
Tract (Chapter 5), and the structural history of the Lloyds River Fault Zone (Chapter 6). Finally,
Chapter 7 summarizes the conclusions of this study. Chapters 3-6 were prepared as manuscripts for
submission to peer-reviewed journals, and as a result they show some overlap, particularly regarding
the regional geology.



CHAPTER II
Geological Framework

2.1. Newfoundland Appalachians

The Appalachian-Caledonide mountain chain results from Cambrian to Permian
convergence and collision between Laurentia and several Gondwanan continents and
microcontinents (e.g. Baltica, Ganderia, Avalonia), leading to closure of the lapetus and Rheic
oceans (Wilson, 1966; Williams, 1979; Wiliams and Hatcher, 1983; van Staal et al., 1998). The
Newfoundland Appalachians preserve the early record of convergence (Cambrian-Ordovician)
exceptionally well due to good exposure and limited late-orogenic tectonic overprint and cover
sequences. As a result, the geology of Newfoundland has been, and continues to be, instrumental in
the development of tectonic models for the evolution of the Appalachians and orogenic belts in
general.

The Newfoundiand Appalachians have been subdivided into four zones with distinct
tectonostratigraphic characteristics. From west to east, these are the Humber, Dunnage, Gander,
and Avalon zones (Williams, 1979; Fig. 2.1). The Humber Zone represents Laurentian Grenville
basement and its allochtonous to para-autochtonous passive margin cover. Rocks formed within the
oceanic realm of lapetus are preserved in the Dunnage Zone, and are the focus of this thesis. The
Dunnage Zone has been subdivided into the peri-Laurentian Notre Dame and Dashwoods subzones,
and the Exploits Subzone, which mainly has a peri-Gondwanan provenance (Wiliams et al., 1988;
Fig. 2.1). The two subzones are separated by the fundamental suture zone of the Newfoundland
Appalachians, the Red Indian Line (Williams et al.,, 1988; van Staal et al., 1998). The Gander and
Avalon zones preserve the remnants of peri-Gondwanan continental blocks.

Both the Notre Dame and Dashwoods subzones are dominated by granitoid arc plutons and
associated volcanic rocks, ophiolites, and dominantly mafic arc-back arc complexes (Fig. 2.2). The
Dashwoods Subzone generally exposes a deeper crustal level than the Notre Dame Subzone (e.g.,
the amphibolite to granulite-facies Cormacks Lake Complex; Pehrsson et al., 2003), and has a larger
sedimentary component, but both subzones share a common Ordovician tectonic history (e.g.,
Pehrsson et al., 2003). Most arc plutons and volcanics belong to the Late Cambrian to Silurian Notre
Dame Arc (e.g., Whalen et al., 1987, 1997). Geochemical and isotopic data, as well as inherited
zircons, suggest the arc was built on Laurentian continental basement (Whalen et al., 1997). The
Notre Dame Arc was active in three distinct pulses (c. 488-480 Ma, 468-456 Ma, and 445-425 Ma;
van Staal et al., 2003; Whalen et al., 2003). Ophiolites occur in three distinct belts (Fig. 2.2): the
Lushs Bight and Baie Verte oceanic tracts, which overlie metasedimentary rocks of the Notre Dame
and Humber (sub)zones, respectively (e.g., Swinden et al., 1997; van Staal et al., 2003), and the
Annieopsquotch ophiolite belt (Annieopsquotch ophiolite belt; Dunning and Chorlton, 1985). The
Annieopsquotch ophiolite belt, along with most mafic arc-back arc complexes, occurs in a linear belt
along the eastern boundary of the Notre Dame Subzone. Together, these rocks are referred to as the
Annieopsquotch Accretionary Tract (van Staal et al., 1998).

The Lushs Bight oceanic tract formed in the Cambrian during the early stages of east-
directed subduction in lapetus (Fig. 2.3a; van Staal et al., 1998, 2004). Tectonic emplacement of
Lushs Bight and correlative ophiolitic rocks occurred in the Late Cambrian (Swinden et al., 1997),
immediately preceding metamorphism and Early Tremadoc (c. 488 Ma; Dubé et al., 1996)
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magmatism associated with the Notre Dame Arc (Fig. 2.3b). However, the Humber zone records the
persistence of passive margin sedimentation until c. 475 Ma (Waldron and van Staal, 2001). This
disparity in tectonic histories suggests the basement to the Notre Dame Arc and Lushs Bight oceanic
tract was a microcontinent, referred to as Dashwoods, which was separated from the Laurentian
margin by an oceanic basin termed the Humber Seaway (Fig. 2.3; Waldron and van Staal, 2001).
Closure of the Humber Seaway occurred by east-directed subduction underneath the Dashwoods
microcontinent in the early Ordovician, and led to the first pulse of Notre Dame Arc magmatism (Fig.
2.3b). Subduction led to collision between the Dashwoods microcontinent and the Laurentian margin
by at least 475 Ma (Waldron and van Staal, 2001; Fig. 2.3c). This collision may have triggered
convergence in the lapetus Ocean to the east, leading to the formation of a west-dipping subduction
zone to the east of the Dashwoods microcontinent (Fig. 2.3c; see Chapter 3). This subduction zone
was responsible for formation of the ophiolites and arc-back arc complexes that were to become the
Annieopsquotch Accretionary Tract (Fig. 2.3d; Chapter 5).

2.2. The Annieopsquotch Accretionary Tract

The Annieopsquotch Accretionary Tract represents the easternmost (i.e. most outboard) unit
of the Notre Dame Subzone, and is the focus of this study. The Annieopsquotch Accretionary Tract
has a structural thickness of 8-15 km, and forms an east-vergent thrust stack comprised of ophiolites
and arc-back arc complexes that is bounded by the Lloyds River Fault Zone to the west and the Red
Indian Line to the east (Fig. 2.2). On the Lithoprobe seismic reflection profile, which runs through the
study area, the Annieopsquotch Accretionary Tract appears as ¢. 5-12 km thick, c. 30° northwest-
dipping package, that extends underneath the Dashwoods microcontinent to c. 25 km depth (van der
Velden et al, 2004). In its original definition, it comprised the Annieopsquotch ophiolite belt
(Annieopsquotch ophiolite belt), the ophiolitic Skidder Basalt and arc volcanic rocks of the Buchans-
Robert's arm belt (van Staal et al, 1998). New mapping and geochemical, isotopic, and
geochronological data within the framework of the Targeted Geoscience Initiative “Red Indian Line”
have led to recognition of new units and redefinition of existing units within the Annieopsquotch
Accretionary Tract (Zagorevski et al., subm.; this study). The Annieopsquotch Accretionary Tract is
now subdivided into four units. The uppermost unit is the Annieopsquotch ophiolite belt, and is the
main subject of the thesis. Structurally underneath the Annieopsquotch ophiolite belt are the ophiolitic
Lloyds River Complex, the Buchans Group, and the Red Indian Lake Group. These structural panels
are separated by northwest-dipping amphibolite- to (sub) greenschist-grade shear zones, and the
rocks in these panels become progressively younger to the east (Chapter 5; Zagorevski et al., 2003).

The Annieopsquotch ophiolite belt (c. 481-478 Ma; Dunning and Krogh, 1985) has been
described previously by Dunning (1984, 1987) and Dunning and Chorlton (1985), who concluded it
comprised a piece of normal oceanic crust formed in lapetus and emplaced onto the Laurentian
margin. In contrast, new data presented in Chapter 3 suggest the Annieopsquotch ophiolite belt
formed during initiation of west-directed subduction outboard of the Dashwoods microcontinent (Fig.
2.3). The structurally underlying ophiolitic, previously unrecognized Lloyds River Complex, the age
and geochemical signature of which is distinct from the Annieopsquotch ophiolite beit, formed at c.
473 Ma in a back arc setting to the Buchans arc (Zagorevski et al., subm.). The Buchans Group (473
Ma) is preserved structurally underneath the Lloyds River Complex, and comprises mafic and felsic
tholeiitic and calc-alkaline arc volcanic and volcaniclastic rocks, and associated sediments (Dunning
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et al., 1987; Zagorevski et al., subm.). gy values as low as —10 (Swinden et al., 1997), as well as
inherited zircon (Zagorevski et al., subm.) suggest the Buchans arc was underlain by continental
basement. This has led to a model in which the Buchans arc formed on a continental sliver that
originated along the eastern margin of the Dashwoods microcontinent and was subsequently
emplaced to the east (i.e. outboard) of the Annieopsquotch ophiolite beit and Lloyds River Complex
by trench-parallel transport as a fore-arc sliver (Fig. 2.3d; Zagorevski et al., subm.) The structuraily
lowest unit of the Annieopsquotch Accretionary Tract, the Red Indian Lake Group (c. 464 Ma;
Zagorevski et al., subm.), comprises a series of mafic and felsic volcanic and volcaniclastic rocks and
subordinate sediments, as well as a dismembered ophiolite. The volcanic rocks progress upward
from island arc tholeiite to calc-alkaline basalt, and have inherited zircons and negative eyq values (as
low as -7.7), indicative of continental basement (Zagorevski et al., subm.). The Red Indian Lake
group is interpreted to have formed by rifting of the Buchans arc in response to slab roliback of the
west-dipping subduction zone. This yielded a back arc basin (the dismembered Skidder ophiolite)
and younger continentally floored arc (Fig. 2.3d; Zagorevski et al., subm.). Formation of the Red
Indian Lake Group coincides with the second magmatic plulse of the Notre Dame Arc; hence the
second pulse of the Notre Dame Arc is unrelated to the west-directed subduction. The remarkable
volume of magma generated during this phase of the Notre Dame Arc, combined with geochemical
evidence for the presence of both arc- and non-arc magmas, indicate it rather formed as a result of
slab-break off of the oceanic portion of the Laurentian plate (Fig. 2.3d; van Staal et al., 2003; Whalen
et al., 2003).

Accretion of all units of the Annieopsquotch Accretionary Tract to the Dashwoods
microcontinent was achieved by at least the Upper Caradoc-Ashgill (c. 450 Ma), when sediments
overlying the Peri-Gondwanan Victoria Lake Supergroup, east of the Red Indian Line, started to
receive Laurentian detritus (e.g., McNicoll et al., 2001), signaling juxtaposition of the Victoria Lake
Supergoup with the composite Laurentian margin.
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CHAPTER Il
Geochemical constraints on the origin of the Annieopsquotch ophiolite belt,
Newfoundland Appalachians

3.1. Introduction

Ophiolites are relics of oceanic lithosphere that commonly delineate suture zones between
former oceanic or continental terranes. Their origin and tectonic evolution thus impose important
constraints on tectonic reconstructions of orogens. The Appalachian-Caledonian orogen results from
the Paleozoic closure of lapetus Ocean, which led to the assembly of Laurentia with a number of
intra-oceanic and continental arcs, basins, and microcontinents (Williams, 1979; van Staal et al,,
1998). The Annieopsquotch ophiolite belt occupies a key position in the Newfoundland Appalachians
because it is situated close to the main lapetus suture zone. It is the largest and structurally highest
belt in a series of accreted ophiolites and arc-back arc complexes termed the Annieopsquotch
Accretionary Tract (Fig. 3.1; van Staal et al., 1998; Chapter 5). This accretionary tract marks an
important episode of generation and accretion of intra-oceanic complexes to the Laurentian margin,
and represents a period of major ocean closure and continental growth (Chapter 5). However, its
tectonic evolution has hitherto been poorly constrained due to limited field, geochemical, and
geochronological data.

Recent reevaluation of the Annieopsquotch Accretionary Tract has shown that the units
within the Annieopsquotch Accretionary Tract become progressively younger to the east, indicating
they formed above a retreating west-dipping subduction zone (Zagorevski et al., 2003; Chapter 5).
The Annieopsquotch ophiolite belt holds the key to the early evolution of this subduction zone as it is
the oldest and structurally highest component of the Annieopsquotch Accretionary Tract.

Previous geochemical results appeared to indicate that lavas and dykes from the
Annieopsquotch ophiolite belt had normal mid-ocean ridge basalt (NMORB) chemistry (Dunning,
1987; Swinden et al., 1997). Consequently, van Staal et al. (1998) suggested the Annieopsquotch
ophiolite belt represented pieces of lapetus oceanic lithosphere scraped-off during west-directed
subduction underneath the Laurentian margin. This chapter presents new geochemical and regional
tectonic data that result from a comprehensive study of the Annieopsquotch ophiolite belt, and
provides more rigorous constraints on its origin. | argue that the Annieopsquotch ophiolite belt formed
during the initiation of west-directed subduction near Laurentia prior to 480 Ma, and records a
complex history of supra-subduction zone (SSZ) opening and closure prior to accretion to the
Laurentian margin. This constrains the age of formation and the early evolution of a west-dipping
peri-Laurentian subduction zone, providing an important step in understanding the evolution of the
Annieopsquotch Accretionary Tract and the peri-Laurentian portion of lapetus.

3.2. Geological framework

The Newfoundland Appalachians have been subdivided in several tectonostratigraphic
zones (Williams, 1979; Fig. 3.1), that represent, from west to east, Laurentian Grenville basement
and passive margin cover (Humber Zone), rocks formed in the oceanic realm of lapetus (Dunnage
Zone), and peri-Gondwanan continental blocks (Gander and Avalon zones). Peri-Laurentian rocks in
the Dunnage Zone define the Notre Dame and Dashwoods subzones, and are separated from peri-
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Gondwanan rocks of the Exploits Subzone by the fundamental suture zone of the Newfoundiand
Appalachians, the Red Indian Line (Williams et al., 1988; Williams, 1995).

On the Laurentian side of the Red Indian Line is a series of east-vergent thrust slices
containing 480-464 Ma ophiolites and arc-back arc complexes (Annieopsquotch ophiolite belt,
Dunning and Chorlton, 1985; Lloyds River complex, Buchans Group and Red Indian Lake Group,
Zagorevski et al., 2003; Fig. 3.1). The structural collage of the complexes display the characteristic
architecture of an accretionary complex, and are collectively referred to as the Annieopsquotch
Accretionary Tract (van Staal et al., 1998; Chapter 5). Recent work has shown that these complexes
young eastwards (480-464 Ma; Dunning and Krogh, 1985; Zagorevski et al., 2003), suggestive of
formation above a west-dipping subduction zone (Zagorevski et al., 2003; Chapter 5).

In southwest Newfoundland the Annieopsquotch Accretionary Tract is bounded to the
northwest by the Lloyds River Fault Zone, which comprises three shear zones (Fig. 3.1; the
southeastern, central, and northwestern shear zones, Chapter 6). This fault system separates the
Annieopsquotch Accretionary Tract to the east from a peri-Laurentian microcontinent called
Dashwoods, which was separated from Laurentia by an oceanic basin termed the Humber Seaway
during the Cambrian-Early Ordovician (Waldron and van Staal, 2001). The earliest record of orogenic
activity in the Dashwoods microcontinent is the Upper Cambrian (<501 Ma; Szybinski, 1995;
Swinden et al., 1997) obduction of the Lower to Middle Cambrian Lushs Bight oceanic tract (508-501
Ma; Elliott et al,, 1991; Szybinski, 1995; Kurth et al., 1998). The Lushs Bight oceanic tract was
emplaced by attempted subduction of Dashwoods in an east-dipping subduction zone (van Staal et
al., 1998). Obduction was followed by closure of the Humber Seaway by east-directed subduction
underneath the Dashwoods microcontinent, and led to (1) formation of the SSZ the Baie Verte
oceanic tract at 489-484 Ma (Dunning and Krogh, 1985; Cawood et al., 1996; Kurth et al., 1998); (2)
formation of a continental arc (the Notre Dame Arc) on the Dashwoods microcontinent (Whalen et al.,
1997, van Staal et al., 2003); (3) collision between the Dashwoods microcontinent and Laurentia by
at least 475 Ma and the obduction of the Baie Verte oceanic tract onto the Laurentian margin
(Waldron and van Staal, 2001).

The Annieopsquotch ophiolite belt contrasts with the Lushs Bight and Baie Verte ophiolite
belts; it is younger (481-478 Ma; Dunning and Krogh, 1985), and was thrust underneath the
Dashwoods microcontinent, rather than obducted onto Dashwoods or the Laurentian margin (van
Staal et al, 1998; Chapter 6). The Annieopsquotch ophiolite belt comprises three main ophiolitic
massifs, the Annieopsquotch, Star Lake, and King George IV ophiolites (Fig. 3.1). The ophiolite
massifs are nearly continuous, and are separated by gabbroic to granitic plutons that contain
ophiolitic enclaves. The Long Range ophiolitic complex, which occurs 70 km southwest of the King
George IV ophiolite, was originally included in the Annieopsquotch ophiolite belt by Dunning and
Chorlton (1985). However, the Long Range complex is older than the Annieopsquotch ophiolite belt
and was obducted onto the Dashwoods microcontinent prior to intrusion of the Cape Ray
granodiorite (488 Ma; Dubé et al., 1996), suggesting a closer link with the Lushs Bight oceanic tract.
In addition, ultramafic and several layered gabbroic bodies within the northern Dashwoods Subzone
have been considered to form part of the Annieopsquotch ophiolite belt (Dunning and Chorlton,
1985). | have examined these bodies, and, based on geochronological, lithological, and structural
data, concluded that the majority is unrelated to the Annieopsquotch ophiolite belt (see Appendix 1).
Several mafic- and ultramafic fragments that occur along strike of the Annieopsquotch ophiolite belt
to the northeast (e.g., Hall Hill complex; Bostock, 1988; Hungry Mountain complex; Whalen et al.,
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1997) have a similar tectonic setting and age of (479 Ma for the Hall Hill complex; Dunning et al.,
1987), and are considered to be part of the Annieopsquotch ophiclite belt. The Annieopsquotch
ophiolite belt thus extends for ¢. 200 km from southwest Newfoundland to Notre Dame Bay on
Newfoundland’s north coast (Fig. 3.1).

Structural and geochronological data imply that the Annieopsquotch ophiolite belt was thrust
northwestward underneath the Dashwoods microcontinent and its Notre Dame Arc prior to 470 Ma
along the sinistral oblique Lloyds River Fault Zone (Chapter 6). This is consistent with seismic
reflection data, which suggests the Annieopsquotch ophiolite belt forms a thrust slice that extends to
at least 15 km depth and structurally underlies the Dashwoods microcontinent (van der Velden et al.,
2004). Similar kinematic histories have also been documented along the northeastern extension of
the Lloyds River Fault Zone, the Hungry Mountain thrust (Calon and Green, 1987; Thurlow et al.,
1992; Fig. 3.1). Underthrusting was accompanied by amphibolite-facies metamorphism along the
Lioyds River Fault Zone, but the interior of the ophiolite massifs generally retained most of their
original igneous mineralogy (Dunning, 1987; Chapter 4). The Annieopsquotch ophiolite belt is
separated from younger units of the Annieopsquotch Accretionary Tract to the east by the Otter
Brook Shear Zone. The change in orientation of the ophiolite pseudostratigraphy from the King
George IV ophiolite, through Annieopsquotch to the Star Lake ophiolite, suggests that the
Annieopsquotch ophiolite belt was deformed into large doubly-plunging folds prior to the final
movement accommodated by the Lloyds River Fault Zone and the Otter Brook Shear Zone (Fig. 3.1).

In current tectonic models for the Newfoundland Appalachians, the Annieopsquotch ophiolite
belt is regarded either as relic of normal lapetus oceanic crust scraped off during west-directed
subduction underneath the composite Laurentian margin (van Staal et al., 1998), or as having formed
in a back-arc basin behind the continental Buchans arc or its oceanic extension (Swinden et al.,
1997). In this chapter | present field and geochemical data that bear on this topic.

3.3. The Annieopsquotch ophiolite belt

The Annieopsquotch ophiolite is the biggest (25 x 8 km) and best-exposed ophiolite of the
Annieopsquotch ophiolite belt, and will be used as a template for the entire belt. It preserves a
steeply southeast-dipping (c. 70°), fault-bounded section through 5.5 km of oceanic crust, with 3-3.5
km of gabbroic rocks (olivine gabbros and gabbros), 1.5-2 km of sheeted dykes and at least 500 m of
pillow basalts. Pegmatitic pods and trondhjemitic bodies occur locally throughout the gabbroic zone.
Hydrothermal metamorphism increases in intensity up-section. Narrow, greenschist-facies mylonitic
zones occur locally, but do not appear to have seriously disrupted the ophiolite pseudostratigraphy.
The base of the ophiolite is faulted and intruded by numerous Ordovician mafic-intermediate and
Silurian felsic plutonic rocks, and the lowermost crust and mantle are not exposed except for a few
isolated ultramafic enclaves in the Middle Ordovician tonalites that intruded the Annieopsquotch
ophiolite belt.

The gabbro zone of the Annieopsquotch ophiolite is subdivided into 3 parts (Chapter 4). The
lowermost 500 m of the exposed section comprises coarse-grained gabbros, olivine gabbros, and
subordinate Fe-rich pyroxenites that contain abundant decimeter- to decameter-sized enclaves of
layered troctolite, olivine gabbro, and subordinate anorthosite (Fig. 3.2a). Layering in the troctolites is
locally isoclinally folded and anorthositic layers are commonly boudinaged, suggesting high-
temperature deformation. Modal grading is commonly preserved, however, and layer thicknesses

11



Origin of Annieopsquotch ophiolite belt

vary from a few cm to 1 m. The dips of layering and foliation in the troctolites are dominantly paleo-
vertical, sub-parallel to the strike and dip of the sheeted dykes (Dunning, 1987). The troctolite
enclaves are extensively veined and replaced by the gabbroic rocks (Fig. 3.2b). The veins show no
evidence of a penetrative high-temperature deformation event, and the surrounding gabbros are
generally massive and lack fabrics. These field relationships imply that an early troctolite-forming
phase was deformed, and then intruded by a second gabbro-forming magmatic phase. Fine-grained
dykes that crosscut both the troctolites and gabbros form a minor component (<5%) of this subzone.

Troctolites have variable proportions of plagioclase (20-90%), but rocks with around 60%
plagiociase (Ange- Angg) and 40% Ol (Fos, - Fogs) are particularly abundant. Olivine is 0.5 - 3 mm,
sub- to euhedral, and variably serpentinized. Plagioclase is subhedral, 1 - 6 mm sized, and is locally
recrystallized into polygonal aggregates. In rocks thought to be free from superimposed metasomatic
effects (see below), clinopyroxene is rare (0-10%), occurring as sub- euhedral ca. 2 - 7 mm sized
oikocrysts and 0.5 — 1 mm sized crystals interstitial to plagioclase. Troctolites have adcumulate
textures, and commonly exhibit well-defined, layer-parallel shape-preferred orientations defined by
plagioclase laths and, locally, elongated olivines. Olivine is variably serpentinized, and is locally
surrounded by coronas of pale green amphibole. Plagioclase is partly sericitized.

Clinopyroxene modes generally increase towards the host gabbros, elevated olivine contents
occur in the gabbros immediately surrounding the enclaves, and pyroxenites develop at some
troctolite-gabbro contacts. In addition, the gabbros immediately surrounding the troctolites contain up
to 20% orthopyroxene and are rich in Fe-Ti oxides. These relationships suggest that the troctolites
reacted with the magmas from which the gabbros crystallized. In these transitional samples,
clinopyroxene occurs in a diversity of habits, including anhedral to subhedral grains, oikocrysts, and
perfectly euhedral prisms (generally 5 mm, up to12 mm). Orthopyroxene occurs as 2-3 mm sized
subhedral crystals, as rims and exsolutions on and within clinopyroxene.

Host gabbros of the troctolitic enclaves are generally massive, and have variable olivine
contents (0-20%). They are characterized by subhedral 1-5 mm sized plagioclase laths and 2-7 mm
sized an- to subhedral clinopyroxene with sub-ophitic to ophitic textures. Olivine occurs as 0.5-2 mm
sized anhedral grains. Domains characterized by weak hydrothermal overprints still show partial to
complete serpentinization of olivine. In more altered zones, clinopyroxene and rims of plagioclase are
replaced by aggregates of fine-grained green amphibole.

Overlying the troctolite-bearing level is 1.5 km of gabbros and olivine gabbros that make up
5-30 m thick sills. These rocks are described in detail in Chapter 4. The gabbroic sills are generally
medium- to coarse-grained, but commonly have fine-gained upper and lower margins. Sill contacts
are locally marked by downward growing dendritic plagioclase and clinopyroxene up to 10 cm in
length. The gabbros are massive to layered, with layering defined by subtle variations in modal
content of olivine, plagioclase, and clinopyroxene on a centimeter to decameter scale. Crosscutting
fine-grained diabase dykes, locally with chilled margins, are rare at this level (5%). The gabbros are
cumulates dominated by plagioclase (Anss — Anzs) and clinopyroxene (Engi.so WO03s.46 FSg24), With
minor olivine (Fogs — Fogg), and rarely have a shape-preferred orientation. Ophitic and sub-ophitic
textures are common, and crescumulate textures have been observed locally. Brown amphibole and
oxides fill interstices. Trace element modeling results suggest that many of these gabbros contain
high fractions of trapped melt (15-25%; Chapter 4). Hydrothermal metamorphic overprints are
variably developed, and are commonly related to veins and cracks. In general, alteration becomes
more pervasive up-section. It is characterized by extensive replacement of clinopyroxene by green
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amphibole, and growth of small amphibole grains along grain boundaries and cracks in plagioclase.
Sericitization of plagioclase and formation of epidote occur only in the most altered samples.

The upper 500 m of the gabbroic zone is composed of texturally heterogeneous gabbros with
liquid-like compositions (Chapter 4). These gabbros generally have a higher content of Fe-Ti oxides
than is typical of underlying gabbros. Pegmatitic gabbro pods, some of which grade into hornblende
gabbro, occur locally (Dunning, 1987). In some locations, gabbro pods grade into diabase,
suggesting this level is the root zone of the sheeted dykes (Dunning, 1987). These relationships, and
data presented in Chapter 4, suggest that this level is essentially composed of frozen melts, and
preserves relics of the axial melt lens of the spreading ridge. Within this level, the proportion of
crosscutting dykes increases upwards as the sheeted dyke complex is approached. The gabbros are
characterized by subhedral 2-5 mm sized plagioclase laths and 0.5-7 mm sized anhedral
clinpyroxene with subophitic textures. Locally, clinopyroxene occurs interstitially between plagioclase.
Fe-Ti oxides occur as irregularly shaped grains that appear to have overgrown and partly replaced
plagioclase and clinopyroxene. Clinopyroxene is completely replaced by aggregates of small green
amphibole. These aggregates also replace plagioclase along grain boundaries and cracks, but
plagioclase otherwise remains relatively unaffected by hydrothermal metamorphism. Epidote-filled
cracks dissect the gabbros.

Trondhjemite bodies form about 1% of the gabbro zone, and are concentrated near its top.
They generally occur as intrusion breccia matrices, although locally they form the cores of pegmatitic
gabbro pods (Dunning, 1987). in many cases, the trondhjemites are spatially associated with putative
paleo-normal faults (Dunning, 1984). These faults are represented by poorly exposed narrow zones
of cataclasites and mylonitic rocks.

The sheeted dyke complex consists of subparallel diabasic dykes with widths typically 1-10
m at its base, and 0.5-3 m higher up in the section (Dunning, 1987). Dykes range from aphanitic to
medium grained, and may have subophitic to diabasic textures, with nearly equal amounts of
clinopyroxene and plagioclase. Oxides may be abundant (up to 20%). Dykes are commonly
plagioclase-phyric (generally <5%, locally 10%), rarely plagioclase + clinopyroxene-phyric. Pillow
lavas (0.2-1 m) are commonly aphyric, but may contain a few percent plagioclase phenocrysts
(Dunning, 1987). The lavas are cut by abundant dykes, and locally contain interpillow jasper. Dykes
and basalts are generally pervasively altered, with complete replacement of clinopyroxene by
amphibole and partial replacement of plagioclase by sericite, chiorite, and epidote.

The 25 x 7 km sized Star Lake ophiolite massif exposes a shallowly north to northeast-
dipping, tectonically bounded section through gabbros and sheeted dykes (Fig. 3.1). Basalts are
present to the northeast of the sheeted dykes, and were considered to be part of the ophiolite by
Whalen (1993). However, recent mapping and geochemical data suggest they form part of the
structurally underlying Lloyds River Complex, which comprises a 473 Ma arc-back arc sequence
(Chapter 5). The thickness of the Star Lake ophiolite units is uncertain. The lowermost part of the
gabbro zone of Star Lake, like Annieopsquotch, also contains abundant troctolitic enclaves,
suggesting it preserves a similar section. The fault-bounded, 12 x 5 km, King George IV ophiolite
comprises similar gabbros, sheeted dykes, and basalts of uncertain thickness. The ophiolite
pseudostratigraphy and pillow tops indicate that the King George IV ophiolite youngs towards the
west with a dip of >60°.

The Hungry Mountain complex of the Notre Dame Arc is dominated by diorites and tonalites
that contain abundant mafic-ultramafic fragments, which were interpreted by Whalen et al. (1997) to
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be correlative to the Annieopsquotch ophiolite. The Hall Hill complex was described in detail by
Bostock (1988), and comprises a 25 x 5 km sized fault-bounded block of variably metamorphosed
gabbros, plagiogranite, and basalts, cut by diabase dykes (Bostock, 1988). It is situated on the north
coast of Newfoundland immediately southeast of the Lobster Cove fault (Fig. 3.1).

3.4. Whole-rock geochemistry

3.4.1. Sampling and analytical techniques

We analyzed major and trace elements for 78 samples of troctolites, gabbros, sheeted
dykes, and lavas from the Annieopsquotch ophiolite, 15 samples from the Star Lake ophiolite, and 4
from the King George IV ophiolite. Data are listed in Table 3.1, with the exception of data of gabbros
and some of the crosscutting dykes of the Annieopsquotch ophiolite, which are given in Chapter 4
(Table 4.1). Details on the different procedures, as well as detection limits, can be found in Appendix
Il and Rogers (2004).

3.4.2. Element mobility

Hydrothermal ocean floor metamorphism and subsequent accretion-related metamorphism
has affected the Annieopsquotch ophiolite belt to various degrees. The distribution of hydrous
assemblages is thought to predominantly reflect ocean floor processes, but mineral equilibria were
probably partly reset during the amphibolite-facies metamorphism which accompanied accretion of
the Annieopsquotch ophiolite belt to the Dashwoods microcontinent. The effect of these metamorphic
episodes on the geochemistry of the samples is evaluated by plotting various elements against the
immobile incompatible element zirconium, which is also an index of fractionation. The sheeted dykes
show good correlations against Zr for all elements but Rb and Cs; Ba, Pb, Sr, and K (with the
exception of two samples) also show reasonable correlations. The dominantly magmatic abundance
patterns are consistent with the low LOI (average 1.2%). Basalts show greater element mobility than
dykes, concurrent with an increase in LOI (average 2.1%). Some basalts have increased contents of
SiO; and Na,0, while some CaO has been removed. Sr, Ba, and Cs were mobile in most samples.
Abundances of K,O and Rb are low (<0.1% and 0.1-2 ppm, respectively) in almost all samples, likely
indicating removal of these elements. Al,O; shows a broad correlation with Zr, suggesting limited
mobility, and Pb correlates well with Zr for all but the most altered samples. Nonetheless, despite the
relatively consistent behaviour of the LILE, | mostly use immobile trace elements (REE, HFSE) for
the paleo-tectonic interpretation of the gabbros, sheeted dykes, and basalts. Element abundances in
troctolites are inferred to be almost entirely magmatic in origin.

3.4.3. Troctolites, Annieopsquotch ophiolite

The troctolites have high Mg# = 0.81-0.85 (Mg# = Mg/(Mg+Fe®"), assuming Fe**/Fe** = 0.1)
and show major element chemical patterns dominated by accumulation of plagioclase and olivine.
Incompatible trace element abundances are low (e.g., chondrite normalized Yby = 0.4-0.8;
normalization values of Sun and McDonough, 1989), whereas compatible elements such as Ni are
high (Table 3.1). They also have strong positive Eu anomalies (Eu/Eu* = 3.31-4.19), reflecting their
plagioclase-cumulate nature. The REE patterns are flat, LILE (Cs, Rb, K, Sr, Pb) are strongly
enriched, and HFSE contents are low (mostly below detection limit; Fig. 3.3a,b).
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In order to evaluate the origin of the troctolite substrate, | calculated the compositions of the
magmas that generated the Annieopsquotch troctolites using the method of Bédard (1994). This
method calculates the fiquid in equilibrium with a given cumulus assemblage by combining whole
rock geochemical analyses with an updated, parameterized partition coefficient dataset (Bédard,
2004). Trapped melt was modeled as a phase with D=1 for all elements under the assumption that
was in equilibrium with the cumulus phases, and calculations were repeated with different amounts of
trapped melt. The modes of the samples were estimated from thin section, augmented by CIPW
modes, but have little effect on the calculated melt composition (Bédard, 1994). Partition coefficients
were calculated for each phase in each sample based on mineral compositions determined by
electron microprobe. The use of a trapped melt fraction in equilibrium with the cumulus crystals
assumes that (see also Bédard, 1994) (1) the trapped melt remained in contact with the main melt
resevoir during growth of the cumulus crystals and their adcumulus overgrowths (see Wager et al.,
1960), and (2) that no late-stage percolation of trapped melt (more evolved or more primitive than the
equilibrium trapped melt) occurred. Equilibrium between the trapped melt and cumulus crystals is
supported by the absence of prominent compositional zoning in the Annieopsquotch cumulates,
which would be expected had more primitive or more evolved melt percolated the cumulate pile.

The composition of the model melts for different amounts of assumed trapped melt are listed
in Table 3.2 and illustrated in Figure 4. The melts that generated the troctolites were clearly more
depleted in incompatible elements than NMORB, with flat REE patterns, and U-shaped extended-
REE plots with enrichment in LILE. Assuming 10% trapped melt, the TiO, contents of the model
liquids are low (c. 0.3%), whereas Cr and Ni contents are high (c. 600 ppm and ¢.100-300 ppm,
respectively). The low REE and HFSE contents and high compatible element contents signal melting
of a refractory source, which is typical of boninites (e.g., Crawford et al., 1989). The model liquids
correspond reasonably well with boninites from the Betts Cove ophiolite (Fig. 3.4; Bédard, 1999),
suggesting that the troctolite substrate formed from boninite-like magmas. The plagioclase-rich
nature of the troctolites is enigmatic, but may indicate that the parental magmas, if indeed boninitic,
were of the high-calcium type, which is the least depleted of the boninitic subtypes (Crawford et al.,
1989). The Mg# of the parental melt was 61-58, as calculated from olivine analyses using an olivine-
liquid partition coefficient of 0.3 (Roeder and Emslie, 1970), and neglecting the trapped melt effect
(Barnes, 1986). This is in the lower range of typical boninites (e.g., Crawford et al., 1989), suggesting
that the parental magmas were evolved, which may in part account for the abundance of plagioclase.
Plagioclase phenocrysts have been described in similarly evolved high-calcium boninites from Tonga
(Mg# 57-63; Falloon and Crawford, 1991), the New Hebrides arc (Mg# 60-70; Monzier et al., 1993),
and the lzu-Bonin-Mariana fore-arc (Mg# 55; Meijer, 1980; Hickey and Frey, 1982). In these suites,
plagioclase phenocrysts are associated with clinopyroxene, orthopyroxene and olivine.

We note that the high Cs content of the model liquids (3.2-10.5 ppm assuming 10% trapped
melt; Fig. 3.4), which reflects the high Cs content of the whole rock analyses (0.39-1.32 ppm)
probably does not reflect the original magmatic abundance of this element. Its concentration far
exceeds that in any Tertiary-recent boninite. The same may hold for Rb and K in samples
V0L01J035b and VL02J310A and P in samples VL02J309B and VL02J310a. Unrealistically high Cs
(and locally Ba, K, and P) contents in some troctolites suggest that (1) the trapped melt was evolved,
having concentrations of these elements that exceed concentrations in equilibrium with the cumulus
phases, or (2) LILE were introduced by an external agent, possibly a melt or hydrous fluid associated
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with the intrusion and crystallization of the gabbros, or a post-magmatic hydrous fluid responsible for
serpentinization.

3.4.4. The gabbro-sheeted dyke-basalt sequence, Annieopsquotch ophiolite

The basaltic sheeted dykes and pillow lavas of the Annieopsquotch ophiolite belt define a
typical tholeiitic differentation trend with increasing Fe-content during differentiation, consistent with
low-pressure fractionation of olivine, plagioclase, and clinopyroxene. The basaltic Annieopsquotch
ophiolite belt dykes and lavas have a wide compositional range, with MgO 4.45-9.55 %, SiO, 45.3-
53.3%, Mg# 0.42-0.72, and TiO, 0.36-1.95%. Three chemical groups have been recognized based
primarily on the degree of LREE depletion (La/Sm) and the extent of Nb depletion (Fig. 3.5).
Differences between these groups are also reflected in contrasting Mg# and TiO, contents (Table
3.1).

The first group comprises nearly all of the sheeted dykes and basaltic lavas, as well as some
dykes that crosscut the gabbro zone, and is characterized by LREE depletion slightly stronger than
NMORB (NMORB normalized La/Sm = 0.59-1.35, av. = 0.81) and low Nb contents (Fig. 3.5). It has
average SiO; and TiO, contents of 49.2% and 1.25%, respectively, and an average Mg# of 0.56.
Trace element patterns resemble MORB overall, but negative anomalies for Nb, Zr, and Ti are
apparent, and dykes show enrichment in K, Ba, and, in some samples, Pb and Sr (Fig. 3.3c-d).
These features are ubiquitous in intraoceanic arcs, which resuit from melting of a mantle source
triggered by the release of hydrous fluids from the subducting slab and/or metasomatized mantle
(e.g., Tatsumi et al., 1986). Trace element and isotopic evidence indicates that, in primitive island arc
tholeiites, the depleted mantle wedge imparts the LREE depletion signature, while the slab-derived
fluids carry LILE (Cs, Ba, Rb, K, Pb, Sr) into the sub-arc mantle, enriching the arc source in these
components (e.g., Pearce, 1983; Tatsumi et al., 1986; Saunders et al., 1991; Hawkesworth et al.,
1991; Class et al., 2000). Depletion in HFSE (Ti, Nb, Zr, Ta) may result from residual phases within
the mantle source and/or subducting slab (rutile, titanite: e.g., Saunders et al., 1991; Brenan et al.,
1994), a solubility effect in the fluids released from the slab (e.g., Keppler, 1996), or interaction of
rising magmas with the mantle (Kelemen et al., 1990). The HFSE depletion and enrichment in LILE
of the Annieopsquotch tholeiites thus suggest that the spreading center at which the ophiolites
formed was situated near a subduction zone, or tapped a source previously enriched by subduction
zone processes. A suprasubduction zone (SSZ) setting is consistent with the similarity between the
Annieopsquotch tholeiites and basalts from the Lau back arc basin (Fig. 3.3c-d), which have been
interpreted to be melts of a depleted MORB-like mantle, but with a distinct subduction zone
component (low HFSE and enriched LILE) derived from the associated Lau remnant arc and active
Tofua arc (Hawkins and Allan, 1994).

The second group is found only among the basaltic lavas, and is particularly abundant near
the stratigraphic top of the extrusive section. It has higher average SiO, (50.5%) and TiO, (1.43%)
contents and lower average Mg# (0.52) than Group 1, and shows NMORB-like LREE depletion and
Nb contents (Fig. 3.5). These basalts exhibit only small Nb, Zr, and Ti anomalies (Fig. 3.3e-f),
suggesting they have a NMORB-like source, with only a minor SSZ signature.

The third group comprises dykes that crosscut the gabbros, lavas, and sheeted dykes. They
are characterized by strong LREE depletion relative to NMORB (average La/Smy = 0.45), low
incompatible element contents (average TiO, = 0.98%; average Nby =0.18) and high Mg# (0.53-0.72,
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average 0.63). Their trace element patterns show variable Nb, Ti, and Zr anomalies (Fig. 3.3g-h),
and the samples have variable HREE contents for a given Mg#. The low but variable incompatible
element contents and strong LREE depletion suggest these dykes are generated by variable degrees
of partial melting of a depleted source, and the preservation of dykes with Mg# of 0.72 suggest some
of them have experienced little fractionation since leaving their mantle source. Based on their
occurrence throughout the ophiolite pseudostratigraphy, their primitive nature, low incompatible
element contents and the magnitude of geochemical variation, | interpret these dykes to be off-axis
intrusions that sampled the last, most depleted increments of melt from the melting column. This
interpretation is supported by the fact that most of these dykes are markedly fresher than their host
rocks. It is also consistent with off-axis lava compositions from the East Pacific Rise, which are more
primitive than NMORB, and have lower incompatibie element contents (Reynolds and Langmuir,
2000).

Annieopsquotch gabbros have high Mg# (0.53-0.81, average 0.71) and low TiO, contents
(average 0.49%). The low incompatible element contents indicate that most are cumulates, with the
exception of sample VL02J341A, which comes from the uppermost part of the gabbro zone. Their
trace element patterns show marked negative Nb, Ti and Zr anomalies, as well as enrichment in Pb,
suggesting they may have crystallized from melts similar to Group 1 basalts (Fig. 3.3i-j). The parental
magmas of gabbroic cumulates, modeled in a similar fashion as for the troctolites, have compositions
indistinguishable from Group 1 dykes and basalts, suggesting these gabbros, dykes and basaltic
lavas are consanguineous (Chapter 4). Two samples (VL02J326b and VL01J339a) have negligible
Zr and Ti anomalies, and a small Nb anomaly, and may have crystallized from melts with Group 2-
like compositions.

3.4.5. The Star Lake and King George 1V ophiolites

In order to evaluate the along-strike variety in magma compositions in the Annieopsquotch
ophiolite belt, | compare the chemistry of the Annieopsquotch ophiolite, presented above, with the
chemistry of the other major components of the belt (Star Lake, King George V).

The majority of samples from the Star Lake and King George [V ophiolites follow trends very
similar to Group 1 of the Annieopsquotch ophiolite. Dykes and basalts from King George IV and Star
Lake are indistinguishable from the Annieopsquotch dykes and basaltic lavas (Figs. 3.6a-b, g-h); they
too are MORB-like, LREE depleted, and characterized by HFSE depletion, and so are interpreted
also to have formed in a SSZ setting. Star Lake ophiolite gabbros are generally depleted in LREE, Zr
and Ti, and enriched in LILE. They have the same composition as gabbros from the Annieopsquotch
ophiolite (Fig. 3.6¢-d), which are cumulates complementary to the melt compositions preserved in the
sheeted dykes and basaltic lavas (Chapter 4). Like those from Annieopsquotch, troctolites from the
Star Lake ophiolite show strong REE-HFSE depletion, and enrichment in Cs, Ba, K, Sr and Pb (Fig.
3.6¢,d). In contrast, the Fo content of olivine in Star Lake troctolites (average 81.8) is slightly lower
than that in Annieopsquotch troctolites (83.1), whereas absolute REE contents are slightly higher
(Fig. 3.6¢-d). These data are compatible with three hypotheses, which are not mutually exclusive.
The Star Lake ophiolite troctolites may have: 1) accumulated from a slightly more differentiated
version of the same melt which generated the troctolites in the Annieopsquotch ophiolite; 2) formed
from a somewhat less depleted source; 3) retained a larger fraction of trapped melt. These data
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suggest the majority of the Star Lake and King George IV ophiolites formed from magmas very
similar, if not identical, to those from which the Annieopsquotch ophiolite formed.

A group of five gabbroic samples that occur in the upper level of the gabbro zone of the main Star
Lake massif, as well as in a smaller ophiolitic body just to the west of it (Fig. 3.1), have trace element
patterns that deviate from the MORB-like patterns of the Annieopsquotch gabbros. The age
relationships between these anomalous gabbros and the tholeiitic gabbros are unclear. The
anomalous gabbros are dominated by clinopyroxene and plagioclase, with, in two samples, olivine
(15%) and orthopyroxene (5%). These rocks have a mesocumulate texture, with intercumulus
amphibole, suggesting the magma was hydrous. They have SiO, 44.9-48.5%, TiO, 0.12-0.15%, Mg#
0.77-0.80 and positive Eu anomalies (1.4-2.1), reflecting their cumulate nature. One of these
anomalous gabbros (VL02J380a) has lower SiO, (41%), and high FeO and TiO, contents (16.3%
and 1.24%, respectively), suggesting accumulation of Fe-Ti oxides. Trace element patterns are
characterized by low HREE abundances, significantly lower than the gabbros from the
Annieopsquotch ophiolite, and enrichment in LREE (i.e. high La/Nd), which is not observed anywhere
within the Annieopsquotch ophiolite (Fig. 3.6e-f). The Mg# of the parental melt was 0.45, as
calculated from olivine and orthopyroxene compositions using Fe/Mg partition coefficients of 0.30
and 0.27, respectively, and neglecting the trapped melt effect (Barnes, 1986). The relatively low Mg#
of the parental meit and accumulation of Fe-Ti oxides in sample VL02J380A, suggest the melt was
quite evolved. The presence of orthopyroxene as a cumulus phase suggests the parental melt was
SiO, saturated. For reasonable assumed trapped melt fractions, estimated from the change in LREE
slope and LILE contents during modeling, calculated parental melts of the olivine gabbros are
markedly more depleted than Annieopsquotch sheeted dykes and basalts with similar Mg# (Table
3.2; Fig. 3.7); and calculated melt TiO, contents (around 0.5%) are much lower than would be
expected from evolved MORB-like magmas. Thus despite their fractionated nature, incompatible
element abundances of the model parental melts are very low, suggesting the melts from which they
evolved were extremely depleted, and may have been similar to the boninitic magmas that generated
the troctolites. A boninitic parent is consistent with the observed enrichment in LREE, with the SiO,
saturation indicated by the presence of orthopyroxene, and with the hydrous nature of the melt
suggested by the presence of intercumulus amphibole. The similarity in degree of depletion,
measured by the HREE content, between the calculated melt and evolved boninites from the Tonga
ridge (Mg# 47; Falloon and Crawford, 1991) supports this interpretation (Fig. 3.7). Interestingly, the
evolved boninite from Tonga is olivine-plagioclase-orthopyroxene-clinopyroxene phyric (Falloon and
Crawford, 1991), which corresponds to the cumulus phases in the modeled Star Lake olivine gabbro.
If the Star Lake olivine gabbros were indeed generated from a boninitic melt, this suggests a genetic
link with the troctolites that occur within the lowermost part of the Annieopsquotch and Star Lake
gabbro zone, although a stronger enrichment in LREE and steeper slope in the MREE indicates the
melts which generated the olivine gabbros were different from those that generated the troctolites.
Possibly, these rocks represent a higher-level relict of a boninitic substrate that formed the basement
to the SSZ sequence?

3.5. Discussion

The geochemical similarity of the tholeiitic sequences of the Annieopsquotch, Star Lake and
King George IV ophiolites, as well as the occurrence of troctolite enclaves in the lower part of the
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gabbro zone of hoth the Star Lake and Annieopsquotch ophiolites, supports previous interpretations
that the Annieopsquotch ophiolite belt represents a single piece of oceanic lithosphere (Dunning and
Chorlton, 1985; Dunning, 1987). Data presented herein show that the Annieopsquotch ophiolite belt
comprised three distinct magma series. The first phase encompassed the formation of a boninitic
substrate or basement, represented by the troctolitic enclaves in the gabbros of the Annieopsquotch
and Star Lake ophiolites. The Star Lake gabbros that appear to have crystallized from an evolved
boninitic melt may also have formed during this phase, although relationships are not clear from field
evidence. The boninitic phase was followed by tholeiitic gabbros, sheeted dykes, and lavas, which
dominate the Annieopsquotch, Star Lake, and King George IV ophiolites. The tholeiitic magmas
initially had a strong SSZ geochemical signature (Group 1), which became less pronounced with time
(Group 2). The age-gap between the boninitic and tholeiitic series is not constrained. Finally,
depleted tholeiitic off-axis dykes cut the entire sequence.

3.5.1. Model for Generation of the Annieopsquotch ophiolite belt

Any model for generation of the Annieopsquotch ophiolite belt has to account for the
following: 1) an early phase of boninitic magmatism; 2) a main phase of rapid seafloor-spreading
tapping mantle enriched by subduction zone processes; 3) accretion to the Dashwoods
microcontinent within 10 Ma after formation of the tholeiite sequence; 4) a lower-plate setting during
accretion to the Dashwoods microcontinent. An additional constraint is provided by the fact that the
Annieopsquotch ophiolite belt is the oldest unit preserved within the Annieopsquotch Accretionary
Tract, and is juxtaposed with the Dashwoods microcontinent. Thus there is no record of preexisting
intra-oceanic units within the peri-Laurentian portion of lapetus that may have contributed to
formation of (part of) the Annieopsquotch ophiolite belt.

The depleted nature of boninites (high MgO, Ni, Cr, low AlLO;, TiO, HREE) is widely
interpreted to result from melting of a refractory mantle wedge, from which melts had previously been
extracted. This source is enriched by a LILE-rich hydrous fluid, and possibly by a LREE rich melt,
commonly interpreted to be derived from the subducting slab and/or overlying sediments (e.g.,
Crawford et al., 1989; Sobolev and Danyushevsky, 1994; Bédard, 1999). The temperatures required
for melting refractory mantle to produce boninites (1100° - 1550°C: Crawford et al., 1989; Sobolev
and Danyushevsky, 1994) are higher than those expected in a typical sub-arc mantle wedge, and
three end member processes have been proposed to explain the elevated mantle temperatures. The
first involves introduction of a heat source into “normal” sub-arc mantle wedge, by subduction of a
spreading ridge (Crawford et al., 1989) or propagation of a spreading center into an arc or fore-arc
(e.g., Tonga: Falloon and Crawford, 1991; New Hebrides: Monzier et al., 1993). The second process
invokes rapid upwelling of mantle in response to extension induced by arc or fore-arc rifting rifting
(Crawford et al., 1981; Hickey and Frey, 1982; Bédard et al., 1998) or the initiation of subduction
(e.g., lzu-Bonin-Mariana fore-arc; Stern and Bloomer, 1992; Pearce et al., 1992). The third process
involves a high geothermal gradient caused by the presence of a mantle plume (Macpherson and
Hall, 2001).

Whereas | cannot rule out the possibility that there was influence of a mantle plume, no
evidence exists within the Annieopsquotch ophiolite belt of an OIB-like geochemical signature. |
therefore infer a plume was not the primary cause of boninite generation in the Annieopsquotch
ophiolite belt. In addition, as mentioned above, there is no record of an intra-oceanic arc of the
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appropriate age and structural position associated with the Annieopsquotch ophiolite belt. The
absence of an associated intra-oceanic arc indicates the boninitic magmas did not form by arc or
fore-arc rifting or propagation of a spreading center into an arc.

The Annieopsquotch ophiolite belt is bounded by the Early Ordovician (488-480 Ma; van
Staal et al., 2003) continental Notre Dame Arc and its Dashwoods basement on the northwestern
side and the younger Lloyds River complex and Buchans arc (473 Ma; Dunning et al., 1987,
Zagorevski et al., 2003) on the southeastern. The Buchans arc is built on attenuated continental crust
(Zagorevski et al., 2003), suggesting that the Buchans arc, like the Notre Dame Arc, was built on a
rifted piece of Laurentian crust. This raises the possibility that the Annieopsquotch ophiolite belt may
have been generated in a peri-continental intra-arc rift basin separating the Buchans and Notre
Dame arcs (cf. Swinden et al., 1997). In such a scenario the boninites could have been generated in
the early stages of arc rifting by decompression melting of a mantle source that was already depleted
in HFSE and HREE and enriched in LILE and LREE due to the generation of Notre Dame Arc
magmas. The tholeiites could then have formed by subsequent upwelling of less depleted mantle as
the extension proceeded, with the magma supply increasing to the point where it kept pace with the
rate of opening. However, three lines of arguments indicate this scenario is unlikely. First, boninites
have not been observed in young oceanic basins that formed by rifting of continental arcs, such as
the Japan Sea, the Bransfield Strait, the Gulf of California and the Sarmiento complex. The earliest
magmas formed in these basins are typically tholeiitic basalts with suprasubduction zone signatures,
which are quickly followed by MORB-like lavas (e.g., Saunders et al., 1982; Alabaster and Story,
1990; Keller et al., 2002). Second, there is a remarkable scarcity of clastic sedimentary rocks within
the Annieopsquotch Accretionary Tract, and the Annieopsquotch ophiolite belt in particular, contrary
to what would be expected within an immature rift separating two continental blocks (e.g., Gulf of
California; Saunders et al., 1982). Third, Nd isotopic data for the Annieopsquotch ophiolite belt
suggest it is very juvenile (eyg=7.6-8.3; Swinden et al., 1997), inconsistent with a crustal contribution.
The only remaining possibility to explain the absence of an associated intra-oceanic arc is a scenario
in which the Annieopsquotch ophiolite belt formed during initiation of subduction. This is similar to the
lzu-Bonin-Mariana fore-arc, where the early stage of subduction was characterized by widespread
boninitic magmatism (200 km wide) in a strongly extensional environment interpreted to result from
rollback of the old Pacific plate in the early stages of subduction (Stern and Bloomer, 1992). Hall et
al. (2003) showed that after a finite amount of convergence (100 km), the buoyancy-related force of
the sinking slab leads to a period of rapid rollback, with extension rates in the overriding plate of 10
cm/yr. Rapid extension allows for the ascent of mantle to shallow levels, leading to the high
geothermal gradient required for boninite genesis. In this scenario, decompression melting of the
mantle, as well as contact melting of the overlying depleted mantle, aided by slab-derived fluids,
would have yielded the boninites.

Using the lzu-Bonin-Mariana forearc as an analogy, |1 envisage the following evolution of the
Annieopsquotch ophiolite belt (Fig. 3.8). Subduction would have initiated outboard of the Dashwoods
microcontinent, perhaps as a result of a plate reorganization following initial collision between
Laurentian promontories and the Dashwoods microcontinent. Sedimentological evidence suggests
the collision was underway at least by the Middle Arenig (475 Ma; see Waldron and van Staal, 2001),
which coincides with a marked gap in arc magmatism in the Dashwoods microcontinent (van Staal et
al., 2003). Subduction likely initiated along a preexisting weak zone in the crust. Little is known about
the spreading history of lapetus, although the presence of peri-Laurentian microcontinents (e.g.,
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Dashwoods) suggests the presence of abandoned spreading centers and associated transform faults
near the Laurentian margin (Miller et al., 2001). Such zones of weakness may have been
reactivated during subduction initiation. Given that Laurentia separated from west Gondwana at 570
Ma (Cawood et al, 2001), the oceanic lithosphere immediately outboard of the Dashwoods
microcontinent was likely rather cool at the time of subduction initiation, with a lithospheric thickness
approaching 95 km (Richardson et al., 1995). The lithospheric mantle was probably already depleted
after the extraction of lapetus oceanic crust from it.

Subduction initiation caused early extension in the overriding plate, leading to stretching and
eventual break-up (Fig. 3.8). Melt production during stretching and initial break-up was probably
minor, due to a low geothermal gradient and absence of fluids derived from the subducting slab.
Once started, rollback proceeds extremely fast, leading to very quick influx of hot mantle from below
(Hall et al., 2003). After 60 km of subduction of the downgoing plate, the more fertile asthenospheric
mantle would have ascended to 50 km depth, assuming the amount of upwelling is more or less
equal with the amount of mantle displaced by rollback. At this stage, boninitic magmas would have
formed when the depleted mantle reached a level where it was fluxed with fluids derived from the
subducted slab (Fig. 3.8b). These magmas generated crust now preserved as the Annieopsquotch
and Star Lake troctolites, and some gabbros. Associated volcanic rocks have not been observed; |
speculate that they have been tectonically removed during rollback-induced extension of the boninitic
substrate, possibly by low-angle detachment faulting similar to that occurring along mid-ocean ridges
(e.g., Karson, 1999). Subduction initiation and boninite genesis must have occurred prior to 480 Ma,
the age of the tholeiitic sequence (Dunning and Krogh, 1985), but the time interval between the
boninitic and tholeiitic phases is uncertain.

As extension proceeds, fertile mantle may decompress enough to initiate melting (e.g.,
Pearce & Parkinson, 1993), an effect that would be amplified if the rising fertile mantle enters the
region of the mantle wedge that is fluxed by fluids expelled from the subducting slab (Fig. 3.8¢). In
the Annieopsquotch ophiolite belt, this process may have yielded tholeiitic SSZ magmas at 481-478
Ma, which generated the dominant gabbro-sheeted dyke-basaltic lava sequence. Rapid extension
was accompanied by a robust supply of magma and led to seafloor spreading. Extension may have
contributed to break-up of the boninitic substrate, producing the current configuration of isolated
troctolitic enclaves within the gabbros. Continued spreading may have removed the spreading axis
from the vicinity of the subducting slab and its derived fluids, leading to more MORB-like
compositions at the top of the extrusive section. This is analogous to the rapid transition from SSZ to
MORB-like compositions during formation of back arcs (e.g., Ewart et al., 1994).

As the convergence rate and subduction angle stabilize, a true magmatic arc may form after
15 Ma (Stern and Bloomer, 1992). In contrast, the absence of andesites and dacites suggests that
the Annieopsquotch ophiolite belt never reached the stage of a true magmatic arc. Instead, arc
magmatism was localized autboard of the Annieopsquotch ophiolite belt forming the Buchans arc on
a piece of Dashwoods basement which is interpreted to have been emplaced by trench-parallel
transport (Zagorevski et al., 2003; Fig. 3.8d).

3.5.2. Implications for tectonic evolution of the Newfoundland Appalachians

Structural relationships in the Lloyds River Fault Zone, which separates the Annieopsquotch
ophiolite belt from the remnants of the Dashwoods microcontinent, suggest the Annieopsquotch
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ophiolite belt was thrust underneath Dashwoods (Fig. 3.1; Chapter 6). The fact that similar structural
relationships occur in related segments along strike for at least 200 km (Dean and Strong, 1977,
Calon and Green, 1987; Thurlow et al., 1992), and that the Lloyds River Fault zone extends to 15 km
depth (van der Velden et al., 2004), together indicate the Annieopsquotch ophiolite belt occupied a
lower plate setting during accretion to the Dashwoods microcontinent. Thus after its formation the
Annieopsquotch ophiolite belt was transferred from an upper to a lower plate setting (Fig. 3.8).
Moreover, age data indicate arc-back arc complexes of the Annieopsquotch Accretionary Tract, to
the southeast of the Annieopsquotch ophiolite belt, become progressively younger to the east
(Zagorevski et al., 2003). These relationships suggest that the subduction zone in which the
Annieopsquotch ophiolite belt was formed dipped to the west. After generation of the
Annieopsquotch ophiolite belt during initiation of subduction, west-directed subduction thus
continued, with the overlying arc remaining in extension during most of its history. This episode was
marked by important strike-slip movements, leading to trench-parallel transport of the basement to
the Buchans arc (Zagorevski et al., 2003). In addition, accretion of the various units of the
Annieopsquotch Accretionary Tract to the Dashwoods microcontinent involved a sinistral strike-slip
component (Chapter 8). This suggests that both subduction and subsequent accretion were oblique.
| note, however, that strike slip processes cannot have been responsible for the occurrence of the
two distinct units (boninites and tholeiites) within the Annieopsquotch ophiolite belt, e.g. by initiating
spreading in a previously generated boninitic crust formed by arc-related processes (arc rifting,
propoagation of a spreading center into an arc), as such older units do not exist.

3.6. Conclusions

Field and geochemical data from the Annieopsquotch ophiolitic belt show that all of the
different massifs have similar compositions and record similar magmatic histories, and likely
constitute a single accreted oceanic terrane. Field relationships imply that the Annieopsquotch
ophiolite belt was generated in three phases. The first phase, of unknown age, encompasses
troctolites and olivine gabbros formed from boninitic melts. The absence of an associated coeval
intra-oceanic arc suggests the boninites were generated during initiation of subduction outboard of
the Dashwoods microcontinent by shallow melting of a previously depleted mantle source.
Subduction likely initiated in response to the collision between the Dashwoods microcontinent and
the Laurentian margin. The second magmatic phase comprises the tholeiitic SSZ gabbro-sheeted
dyke-basalt sequence formed at 480 Ma, followed by the final magmatic episode represented by off-
axis dykes that cut the entire ophiolite. This model differs significantly from existing tectonic models
for the Newfoundland Appalachians, where the Annieopsquotch ophiolite belt is interpreted as
scraped-off NMORB lapetus oceanic crust (van Staal et al,, 1998), or as back-arc basin crust
(Swinden et al., 1997). These data constrain the timing of initiation of west-directed subduction
outboard of the composite Laurentian margin. This subduction zone was responsible for formation of
the entire Annieopsquotch Accretionary Tract, and thus played a significant role in Early Ordovician
Appalachian orogenesis.
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Figure 3.1: (a) Geological map of the Annieopsquotch Accretionary Tract, showing the regional relationships and
stratigraphic units of the Annieopsquotch (AN), Star Lake (SL) and King George IV (KGIV) ophiolites. Inset shows
location, tectonostratigraphic zones of the Newfoundland Appalachians, as well as the locations of the Hungry
Mountain and Hall Hill complexes. OBSZ=0tter Brook Shear Zone. Modified from Lissenberg et al. (in press) and
van Staal et al. (in press a,b,c). (b) Schematic block diagram illustrating the structure of the main components of the
Annieopsquotch ophiolite belt, ignoring Middle Ordovician-Silurian intrusions and cover sequences. Plunge of folds
is estimated from dip of ophiolite pseudostratigraphy. Contacts between gabbro zone and transition zone, transition
zone and sheeted dykes, and sheeted dykes and basalts are dark grey, grey and light grey, respectively.
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Figure 3.2: Field relationships between troctolites and gabbros in the Annieopsquotch ophiolite. (a) Fine-grained
troctolite (T) forms decameter-sized enclaves within invading medium-grained gabbro (G). Hammer for scale is 30
cm long. (b) Medium-grained, layered troctolite enclave (T) is cut by numerous medium- to coarse-grained olivine
gabbro and gabbro veins (G; vertical and horizontal in photo). Pen for scale (15 cm long) is parallel to layering in
troctolite.
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Figure 3.3: Whole rock geochemical data of the Annieopsquotch ophiolite. (a-b) troctolites; (c-d) sheeted dykes and
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composition of basalts from the Lau basin (Hergt et al., 1994 a, b). Normalizing values from Sun and McDonough

(1989).
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Figure 3.4: Modeled composition of the parental magma of troctolite VL.01J309B for different assumed trapped melt
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Figure 3.6: Comparison between trace element patterns of the Annnieopsquotch, Star Lake and King George IV
ophiolites. (a-b) Sheeted dykes from the Star Lake ophiolite; (c-d) Gabbros and troctolites from the Star Lake
ophiolite; (e-f) Anomalous gabbros from from the Star Lake ophiolite; (g-h) Sheeted dykes and basalts from the King
George IV ophiolite. Normalizing values from Sun and McDonough (1989).
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Figure 3.7: Modeled parental magmas of anomalous olivine gabbro VL02J391 from the Star Lake ophiolite for 10%,
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Figure 3.8: Model for generation of the Annieopsquotch ophiolite belt. Initiation of west-dipping subduction outboard
of the Dashwoods microcontinent leads to extension in the upper plate, and upwelling of mantle already depleted by
the generation of oceanic crust. Aided by fluids expelled from the downgoing plate, the depleted mantle melts at
shallow levels yielding boninites. Continuing rollback causes upwelling of a fertile mantle diapir, which, in the
presence of slab-derived fluids, melts to yield SSZ tholeiites. These form the gabbro-sheeted dyke-basalt sequence
as a spreading center rifts the boninitic substrate. Finally, the Annieopsquotch ophiolite belt is thrust beneath the
Dashwoods microcontinent. LRFZ=Lloyds River Fault Zone.
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Table 3.1: Whole-rock geochemical data of the Annieopsquotch ophiolite belt

sample’ 1J035b 1J35¢ 2J308b  2J310a 1J177b 1J181a 1J188  1J188  1J190  1J191 14192  1J193
Ophiolite AN AN AN AN AN AN AN AN AN AN AN AN

Sheeted Sheeted Sheeted Sheeted Sheeted Sheeted Sheeted Sheeted

Lithology  Troctolite Troctolite Troctolite Troctolite dyke dyke dyke dyke dyke dyke dyke dyke

UTM X2 447956 447956 447871 447899 464470 459907 456008 456411 456345 456158 456034 455871
UTM y 5348318 5348318 5348194 5348092 5350115 5358064 5349897 5349630 5349588 5349364 5349225 5349006

SiO, 43.01 41.28 40.63 4519 50.10 48.51 49.06 48.43 51.82 53.29 49.13 48.04
TiO, 0.03 0.04 0.04 0.08 1.65 1.20 1.01 0.90 1.12 1.81 1.46 1.14

Al,O3 28.32 19.58 15.99 25.64 14.95 16.73 15.99 17.05 15.52 15.17 15.43 15.90
Fe 03" 2.44 5.30 8.53 3.96 14.11 10.40 10.90 10.33 11.34 13.13 13.03 11.06
MnO 0.04 0.09 0.12 0.06 0.19 0.19 0.19 0.17 0.18 0.15 0.22 0.19

Mgo 5.39 16.01 21.60 7.70 5.61 8.12 8.08 7.66 6.06 4.45 710 7.34

Ca0 16.17 11.36 8.36 13.94 9.73 11.42 11.89 13.02 9.98 8.39 11.36 11.652
Na,O 1.41 0.91 0.66 1.65 3.36 2.54 213 1.79 3.67 3.28 2.29 2.39

K;O 0.21 0.04 0.03 0.15 0.09 0.19 0.07 0.04 0.09 0.31 0.07 0.08

P05 b.d. b.d. 0.02 0.01 0.12 0.09 0.07 0.05 0.11 0.22 0.09 0.08

LOI 2.66 3.94 4.39 1.62 0.56 0.74 0.94 0.78 0.96 0.39 0.77 1.25

Total 99.68 98.55 100.48 100.06 10048 100.14 100.34 10022 100.85 100.58 100.96 98.99
Trace elements (ppm)

Ba 16.5 59 2.2 6.6 25.8 23.2 14.9 6.7 452 50.3 14.9 19.5

Cr 56 268 310 220 69 401 329 330 >500 41 190 306

Cs 1.32 0.56 0.39 0.41 0.06 0.25 0.09 0.07 0.23 0.29 0.12 0.13

Hf b.d. b.d. b.d. b.d. 244 2.01 1.49 1.30 232 3.81 217 1.95

Nb b.d. b.d. b.d. b.d. 1.49 1.19 0.90 0.76 1.59 3.74 1.27 0.67

Ni 158 516 665 244 41 158 120 100 35 32 77 106

Pb 1.23 0.62 1.00 b.d. 0.24 0.68 0.24 0.29 0.64 0.68 0.75 0.27

Rb 8.84 1.9 0.73 6.78 0.47 5.54 0.99 0.47 1.24 12.86 0.63 1.51

Sc 22 7.7 46 5.6 414 349 39.0 40.1 415 35.1 421 39.8

Sr 218 127 84 125 109 97 101 73 164 146 94 100

Th 0.05 b.d. b.d. b.d. 0.26 0.16 0.20 0.09 0.40 0.61 0.10 0.1

U 0.02 b.d. b.d. b.d. 0.08 0.07 0.05 0.03 0.11 0.17 0.04 0.03
\% 9 22 20 35 530 261 286 261 335 322 394 306

Y 0.34 0.8 0.65 1.42 39.98 30.00 25.09 22.27 30.50 51.52 34.34 27.96
Zr b.d. b.d. b.d. b.d. 83.10  65.87 5124 3675 73.60 13595 69.02 59.02
La b.d. b.d. 0.07 0.09 2.94 2.16 1.88 1.23 342 6.38 1.85 1.61

Ce b.d. 0.46 0.20 0.31 9.01 6.80 5.84 412 9.42 17.75 6.48 5.52
Pr 0.05 0.07 0.03 0.06 1.67 1.25 1.04 0.78 1.67 2.94 1.31 1.10
Nd 0.26 0.33 0.22 0.33 9.52 7.52 6.08 472 8.67 15.74 8.00 6.59
Sm 0.12 0.1 0.06 0.14 3.64 279 218 1.92 3.22 5.05 3.06 2.59
Eu 0.15 0.13 0.10 0.18 1.45 1.12 0.94 0.83 117 1.65 1.22 1.10
Gd 0.10 0.13 0.08 0.20 515 4.16 3.55 2.98 4.31 6.90 463 3.84
T 0.01 0.02 0.02 0.04 0.95 0.71 0.62 0.54 0.77 1.27 0.86 0.73
Dy 0.08 0.16 0.11 0.26 6.39 4.91 4.07 363 4.99 8.20 5.75 4.84
Ho 0.02 0.03 0.02 0.06 1.46 1.08 0.92 0.83 1.12 1.83 1.32 1.07
Er 0.06 0.1 0.08 0.16 4.35 3.18 272 247 3.37 5.54 3.91 3.27
Tm 0.01 0.01 0.01 0.02 0.68 0.46 0.38 0.37 0.50 0.82 0.58 0.50
Yb 0.06 0.11 0.10 0.13 4.06 2.94 2.48 2.41 3.33 5.16 3.68 3.22
Lu 0.01 0.02 0.01 0.02 0.61 0.46 0.39 0.35 0.50 0.77 0.57 0.50
M9#3 0.83 0.84 0.85 0.81 0.46 0.63 0.62 0.62 0.54 0.42 0.54 0.59

"Prefix VLO has been omitted from all samples; 2UTM in NAD83, zone 21; *Mg# = Mg/(Mg+Fe?") assuming Fe*/Fe®*=0.1;
b.d. = below detection limit



Table 3.1 (continued)

sample 1J194 1J196b 1J177a 2A228b 1J195 1J196a 1J199a 1J205a 1A167b 1A260 1A105b 1A048 1A211
Ophiolite AN AN AN AN AN AN AN AN AN AN AN AN AN
Lithology Sheeted Sheeted Sheeted SSZ S§sz S8z SSZ SSzZ SSZ S8z Ssz ssz 374
dyke dyke dyke Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalit Basalt
UTM x 455599 455619 464470 463483 455720 455619 454388 455164 450771 458836 455174 462974 453255
UTM y 5348700 5348407 5359115 5359321 5348477 5348407 5347672 5347338 5344879 5348483 5347352 5352999 5345045
SiO; 4838 4745  4947. 50,52 4929 4925 4960  48.81 49.03 4759 4879 4830  49.52
TiO, 0.98 1.05 1.44 1.61 0.93 0.73 1.04 1.37 1.70 1.16 1.34 1.27 0.93
Al,O3 16.00 15.88 15.26 14.57 17.16 1714 17.26 14.28 14.66 14.91 13.75 13.64 15.04
Fe,05* 11.04 11.53 12.63 13.43 11.51 10.52  10.85 11.91 14.42 11.19 15.57 13.58 9.44
MnO 0.20 0.21 0.20 0.16 0.18 0.1¢ 0.18 0.21 0.32 017 0.28 0.18 0.16
MgO 8.34 8.60 6.85 5.70 5.77 5.98 6.10 6.15 6.44 6.54 6.78 6.91 6.96
Ca0 11.53 10.65 10.94 9.95 11.52 12.08 10.53 9.82 7.47 12.55 9.51 11.32 8.68
Na,O 2.00 2.56 272 3.38 3.04 3.06 3.48 443 446 2.85 3.29 242 5.35
K0 0.07 0.04 0.16 0.13 0.08 0.07 0.05 0.04 0.04 0.04 0.05 0.10 0.07
P,0s 0.06 0.07 0.07 0.14 0.06 0.05 0.07 0.09 0.11 0.08 0.09 0.08 0.08
1Ol 2.06 2.64 1.03 0.72 1.19 1.37 1.47 3.56 2.45 270 2.02 2.00 4.40
Total 100.66 100.68 100.77 100.37 100.73 100.44 10062 100.66 101.09 99.84 10147 9984 100.63
Trace elements (ppm)
Ba 20.6 20.3 26.1 304 251 26.3 15.4 16.4 11.0 23.0 227 35.0 254
Cr 311 259 206 99 188 209 201 257 19 260 200 17 357
Cs 0.18 0.07 0.20 0.14 0.14 0.05 0.06 0.09 0.08 0.05 0.14 0.40 0.19
Hf 1.486 1.56 218 2.50 1.50 1.14 1.64 2.20 2.71 2.20 1.99 1.10 1.41
Nb 0.74 0.80 1.04 1.50 0.62 0.54 1.186 1.08 1.51 1.10 1.01 0.60 0.95
Ni 125 113 66 45 64 79 65 95 30 42 83 22 142
Pb 0.34 0.73 0.61 0.40 0.24 0.28 0.38 0.28 0.88 0.50 073 0.20 0.49
Rb 1.36 0.28 3.50 1.16 1.48 1.10 0.68 0.24 b.d. 0.25 b.d. 2.30 0.65
Sc 401 45.2 42.2 422 37.7 344 37.9 40.8 443 36.0 37.0 37.0 35.4
Sr 102 153 98 108 210 178 170 122 130 184 140 85 94
Th 0.13 0.186 0.15 0.27 0.09 0.09 0.12 0.12 0.20 0.20 0.10 0.10 0.28
u 0.04 0.05 0.05 0.07 0.19 0.06 0.04 0.05 0.08 0.05 0.05 0.05 0.07
\J 290 295 474 358 283 243 268 320 441 282 286 342 244
Y 21.68 25.08 34.92 39.72 26.08 19.85 25.48 33.75 40.54 27.10 33.20 30.30 20.67
Zr 44.43 5117 6572 7960 46.34 3747 5354 6871 8819 4780 6323 4940 49.21
La 1.63 1.81 213 3.08 1.52 1.19 1.76 1.86 2.86 2.70 1.84 1.40 2.67
Ce 4.88 577 7.02 9.50 5.02 3.98 5.64 6.47 9.27 8.70 6.05 4.00 7.21
Pr 0.94 1.07 1.36 1.76 0.94 0.74 1.04 1.31 1.74 1.26 1.23 0.86 1.22
Nd 5.53 6.01 7.99 10.24 5.52 4.32 5.90 7.96 9.91 7.90 7.25 5.80 6.28
Sm 217 2.32 3.22 3.65 2.40 1.60 2.38 3.09 373 2.60 2.92 2.00 217
Eu 0.88 0.81 117 1.47 1.10 0.70 1.01 1.24 1.50 1.00 1.25 0.82 0.91
Gd 3.09 3.45 4,57 5.61 3.29 2.63 3.41 4.86 5.52 3.87 448 3.50 2.94
Tb 0.57 0.62 0.87 1.03 0.62 0.48 0.65 0.87 1.05 0.71 0.81 0.68 0.55
Dy 3.76 4.08 575 6.86 411 3.20 4.21 5.48 7.00 429 5.46 469 3.46
Ho 0.84 0.90 1.29 1.48 0.97 0.73 0.93 1.25 1.60 0.93 1.22 1.05 0.81
Er 2.4 2.67 3.72 4.54 2.82 2.10 275 3.78 4.44 274 3.60 3.02 2.18
Tm 0.37 0.41 0.58 0.67 0.43 0.32 0.41 0.55 0.68 0.42 0.53 0.53 0.34
Yb 2.29 2.53 3.60 4.37 2.68 2.01 2.53 3.66 417 2.97 3.31 3.30 2.08
Lu 0.38 0.39 0.57 0.66 0.42 0.31 0.38 0.56 0.67 0.43 0.53 0.60 0.34
Mo# 0.62 0.62 0.54 0.48 0.52 0.55 0.55 0.53 0.49 0.56 0.49 0.53 0.62
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Table 3.1 (continued)

sample 1A164b 1A100 1J203 1A238 1A197 1A266 1J198 2A031b 1J200a 1A103 1A104  1J201

Ophiolite AN AN AN AN AN AN AN AN AN AN AN AN
’ 51574 S8z ER74 SSZ §SZ SSsZ S§SZ 74 S8z SSZ MQRB' MQRB'
Lithology like like

Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt
Basalt Basalt

UTM x 451523 455767 454757 456264 453750 459545 454822 464245 454456 455496 455211 454583
UTMy 5345001 5347572 5347733 5346557 5345885 5349781 5347768 5354895 5347738 5347546 5347393 5347865

SiO; 50.98 50.07 4819 4842 5049 4870  47.75 4828 4746 4890 4868  49.94
TiO, 1.95 1.92 1.61 1.31 1.29 1.43 1.29 0.97 0.80 1.34 1.68 1.50
Al,O; 13.60 14.11 14.50 15.22 13.98  15.06 16.08 15.45 18.49 14.77 13.69 14.51
Fe,03* 13.72 15.33 13.03 12.14 13.33 1317 12.34 10.64 10.25 13.99 16.25 13.46
MnO 0.24 0.32 0.19 0.20 0.26 0.22 0.23 0.19 0.20 0.27 0.22 0.20
MgO 7.05 7.3 7.21 7.26 7.32 7.37 7.47 7.49 7.90 8.02 6.64 6.31
Ca0 597 7.1 10.58 11147 5.65 11.67 11.18 11.33 10.88 6.64 6.64 8.90
Na,O 5.22 418 3.25 2.43 482 224 2.20 3.60 242 413 455 4.05
K20 0.04 0.05 0.07 0.13 0.05 0.06 0.03 0.05 0.04 0.04 0.07 0.07
P,05 0.13 0.13 0.09 0.08 0.09 0.09 0.09 0.08 0.05 0.09 0.13 0.13
LOI 2.34 0.98 2.08 2.55 3.68 0.85 1.58 2.36 2.18 2.95 2.26 1.26
Total 101.23 101.36 100.80 100.91 10095 100.84 100.26 100.52 100.69 101.14 9981  100.31
Trace elements (ppm)

Ba 6.8 16.1 12.4 41.0 14.0 14.6 8.7 27.9 8.1 16.2 11.5 16.7
Cr 144 32 142 211 23 181 207 207 269 247 180 162
Cs 0.56 0.13 0.13 0.18 0.25 0.10 0.10 0.09 0.09 0.10 0.09 0.10
Hf 3.15 3.30 246 1.77 1.91 212 2.09 1.40 1.32 2.68 272 283
Nb 1.37 1.64 0.96 0.80 0.86 1.05 1.35 0.66 0.55 1.29 2.38 2.34
Ni 59 29 74 80 37 76 90 105 94 116 72 55
Pb 0.91 0.29 0.58 1.14 0.64 0.31 0.22 0.70 0.14 0.65 1.04 117
Rb 0.25 0.22 0.30 2.90 0.26 0.84 0.32 0.31 0.37 0.34 b.d. 0.29
Sc 48.8 428 42.8 43.0 39.2 426 423 39.0 38.9 409 40.3 38.8
Sr 45 107 109 96 47 87 89 160 159 131 47 117
Th 0.21 0.26 0.12 0.09 0.16 0.13 0.14 0.14 0.10 0.17 0.18 0.24
u 0.08 0.08 0.04 0.03 0.10 0.04 0.04 0.07 0.09 0.06 0.08 0.09
\" 430 475 416 323 308 339 322 281 238 280 298 311
Y 44.51 45.92 36.88  30.54 3042  33.18 3310  24.89 20.91 36.88 3585  37.01
Zr 99.73 103.65 7404 5593 60.02 66.64 6859 50.10 39.80 8663 91.02 9537
La 2.51 3.31 1.93 1.61 1.85 1.98 2.20 1.84 1.37 3.01 3.20 3.7
Ce 8.87 10.91 6.76 5671 6.17 6.78 7.19 5.54 4.40 8.02 9.41 10.96
Pr 1.73 2.08 1.34 1.14 1.19 1.30 1.35 0.95 0.82 1.63 1.65 1.87
Nd 10.01 11.40 8.47 6.62 6.90 7.57 8.08 5.70 4.86 8.87 9.01 10.29
Sm 4.11 4.46 3.42 267 275 2.94 2.96 2.14 1.83 3.46 3.56 3.70
Eu 0.92 1.44 1.39 1.10 1.07 1.26 115 0.92 0.82 1.01 117 1.36
Gd 6.09 6.23 5.30 4.08 4.05 4.48 4.44 3.28 2.81 5.04 5.02 541
Tb 1.18 1.20 0.97 0.78 0.78 0.86 0.82 0.61 0.53 0.91 0.91 0.98
Dy 7.97 7.87 6.30 5.07 521 5.63 541 4.07 3.44 6.02 6.04 6.36
Ho 1.82 1.81 1.44 1.19 1.19 1.30 1.21 0.90 0.78 1.32 1.36 1.37
Er 5.20 4.97 4.30 3.28 3.29 3.64 3.55 2.76 2.26 3.84 3.87 3.98
Tm 0.80 0.80 0.64 0.50 0.51 0.56 0.52 0.36 0.38 0.58 0.58 0.62
Yb 497 4.95 4.24 3.13 3.24 3.55 3.33 272 217 370 3.73 3.98
Lu 0.81 0.80 0.66 0.50 0.53 0.56 0.50 0.38 0.34 0.59 0.57 0.58

Mg# 0.53 0.50 0.55 0.57 0.54 0.55 0.57 0.61 0.63 0.56 0.49 0.51




Table 3.1 (continued)

sample 1J204a 1J204b 1J205b 1J054b 1J056d 1J063a 1J065c 1J199b 1J200b 14202 24308 2J315¢
Ophiolite AN AN AN AN AN AN AN AN AN AN AN AN
MORB- MORB- MORB- Cross- Cross- Cross- Cross- Cross- Cross- Cross- Cross-  Cross-
Lithology like like like cutting cutting cutting cutting cutting cutting cutting cutting cutting
Basalt Basalt Basait dyke dyke dyke dyke dyke dyke dyke dyke dyke
UTM x 454951 454951 455164 456398 456621 448841 448583 454388 454456 454692 447970 447440
UTM y 5347446 5347446 5347338 5354259 5357789 5344158 5345186 5347672 5347738 5347724 5348189 5345777
SiO, 51.02 52.09 50.89 4528 48.88 47.45 47.41 47.71 48.12 51.89 48.08 47.68
TiO, 1.18 1.42 1.36 1.62 0.91 0.75 0.76 1.20 0.52 0.48 0.36 1.59
AlL,O, 13.25 13.51 14.15 14.56 15.86 16.83 16.61 15.63 15.77 14.64 16.71 13.73
Fe,05* 12.85 12.39 12.03 14.46 10.48 9.80 9.80 11.67 9.70 9.38 7.92 14.84
MnO 0.19 0.16 0.20 0.19 0.18 0.16 0.16 0.19 0.17 0.16 0.14 0.22
MgO 6.71 6.33 5.94 8.57 9.05 8.99 8.90 8.30 9.55 7.35 9.25 7.81
CaO 9.18 9.04 9.79 13.84 12.40 12.90 12.89 11.80 12.98 11.86 14.94 11.57
Na,0 4.09 452 4.36 1.65 212 1.80 1.82 1.97 1.49 3.66 1.28 2.59
K>0 0.05 0.06 0.04 0.05 0.07 0.02 0.04 0.04 0.05 0.05 0.13 0.06
P,0s 0.10 0.12 0.12 b.d. 0.056 0.04 0.04 0.07 0.02 0.02 0.02 0.09
LOI 1.45 112 2.08 0.79 0.82 1.42 1.42 1.90 1.81 1.74 1.10 0.70
Total 100.07 100.76 100.96 101.01 100.81 100.16 99.84 10049 10018 101.22 99.99 100.92
Trace elements (ppm)
Ba 16.8 16.3 217 8.6 9.2 b.d. 5.5 b.d. b.d. 14.9 12.0 11.1
Cr 248 225 239 104 279 434 439 248 429 341 322 93
Cs 0.07 0.08 0.10 0.19 0.04 0.23 0.20 0.07 0.17 0.08 0.30 0.11
Hf 2.00 2.40 2.32 0.26 1.37 0.99 0.98 1.91 0.60 0.71 0.25 0.90
Nb 2.31 2.39 2.60 0.12 0.51 0.47 0.53 0.53 0.13 0.13 0.25 0.36
Ni 76 86 86 79 116 157 151 148 153 124 18 55
Pb 0.68 0.28 0.74 1.02 0.42 b.d. b.d. 0.66 b.d. 1.02 1.60 3.10
Rb b.d. 0.23 0.39 1.12 0.87 0.28 0.78 0.26 1.10 0.53 2.90 047
Sc 37.2 37.4 37.2 558 42.1 371 36.2 394 38.7 311 39.0 >50
Sr 1086 175 163 88 90 68 66 69 41 156 113 119
Th 0.18 0.17 0.21 b.d. 0.05 b.d. b.d. 0.05 b.d. b.d. b.d. b.d.
U 0.13 0.08 0.09 b.d. 0.02 0.01 0.02 0.02 0.01 0.02 bd. 0.01
\" 274 319 319 734 241 219 225 291 233 190 177 396
Y 26.38 33.49 31.20 13.08 22.85 20.23 20.22 29.34 16.25 13.08 11.10 28.88
Zr 71.72 82.95 81.96 b.d. 4514 28.89 29.31 56.02 16.16 21.85 7.60 21.20
La 3.07 3.55 3.60 0.30 1.02 0.77 0.77 1.20 0.42 0.60 0.25 0.94
Ce 9.00 10.56 10.38 0.93 3.99 263 271 473 1.46 2.21 1.30 3.63
Pr 1.54 1.81 176 0.20 0.82 0.54 0.53 1.01 0.30 0.46 0.24 0.81
Nd 8.43 10.22 9.77 1.51 5.04 3.40 3.46 6.52 2.14 291 2.10 5.563
Sm 278 3.51 3.23 0.89 2.00 1.61 1.65 2.86 1.06 1.18 0.70 2.62
Eu 1.12 1.43 1.44 0.60 0.85 0.72 0.74 1.12 0.51 0.65 0.35 1.07
Gd 3.85 4.98 4.62 1.67 2.80 2.53 2.52 4.20 1.86 1.76 1.48 4.29
Tb 0.68 0.86 0.82 0.32 0.55 0.47 0.48 0.75 0.38 0.34 0.27 0.81
Dy 434 5.76 5.23 2.27 3.83 3.28 3.36 497 2.56 2.24 1.65 5.27
Ho 0.98 1.24 1.17 0.51 0.84 0.76 0.77 1.10 0.60 0.51 0.41 1.47
Er 2.91 3.55 3.34 1.49 2.34 217 2.23 3.34 1.75 1.52 1.09 3.35
Tm 0.43 0.52 0.51 0.22 0.36 0.33 0.34 0.52 0.28 0.22 0.17 0.49
Yb 2.59 3.34 3.16 1.30 222 212 210 3.16 175 1.46 1.18 2.89
Lu 0.41 0.52 0.49 0.21 0.35 0.31 0.31 0.50 0.27 0.22 0.15 0.47
Mg# 0.53 0.63 0.52 0.56 0.65 0.67 0.66 0.61 0.68 0.63 0.72 0.53
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Table 3.1 (continued)

sample 2J318  2J319 2J326c 2J341c  2J335a 2J375a 2J375b 2J370b 2J335d 2J373 2J334c
Ophiolite AN AN AN AN SL SL SL SL SL SL SL
Cross- Cross- Cross-  Cross-
Lithology cutting cutting cutting cutting Troctolite Troctolite Troctolite  Gabbro Gabbro Gabbro  Gabbro
dyke dyke dyke dyke
UTM x 447510 447239 448207 447964 483907 484014 484014 485169 485742 483907 459859
UTM y 5346085 5345849 5346760 5345489 5383239 5384685 5384685 5385153 5384684 5383239 5376247
Si0, 48.37 48.50 48.46 48.61 44.90 43.35 46.18 47.08 47.33 47.97 48.51
TiO, 0.97 1.05 1.65 0.90 0.1 0.09 0.10 0.24 0.20 0.29 0.15
AlLO; 15.65 15.00 14.12 16.18 19.40 17.63 28.84 19.22 16.97 17.22 16.17
Fe,05* 10.78 11.34 13.74 9.97 6.65 7.44 212 57 6.07 7.55 6.79
MnO 0.16 0.18 0.21 0.16 0.10 0.11 0.04 0.1 0.1 0.13 0.14
MgO 8.66 8.41 7.01 8.66 16.50 17.06 3.52 9.32 10.99 9.58 11.03
CaO 12.48 12.76 11.41 13.13 11.51 11.31 16.256 15.05 15.34 13.71 13.66
Na,O 1.86 1.89 2.28 1.72 1.30 1.07 1.72 147 11 1.77 1.16
K,0 0.06 0.06 0.03 0.05 0.02 0.03 0.03 0.08 0.04 0.15 0.73
P05 0.06 0.01 0.09 0.06 0.01 0.01 0.01 0.02 0.02 0.02 0.01
LOI 0.70 0.70 0.80 0.70 0.83 2.38 1.16 1.75 1.66 1.71 1.77
Total 99.82 99.95 99.84 100.22 100.44 100.65 100.086 100.11 99.9 100.19 100.17
Trace elements (ppm)
Ba 9.0 6.0 8.0 29 2.8 20 4.4 11.2 6.3 17.5 2134
Cr 328 226 123 382 312 680 489 310 279 465 227
Cs 0.05 0.05 0.05 0.13 0.34 0.13 0.18 0.28 0.18 0.28 0.32
Hf 1.00 0.80 1.70 1.20 0.10 0.10 b.d. 0.30 0.30 0.30 0.20
Nb 0.50 0.25 1.10 0.57 b.d. b.d. b.d. 0.12 b.d. 0.15 0.1
Ni 59 45 30 124 538 598 122 133 137 143 89
Pb 0.60 2.00 0.40 b.d. b.d. b.d. b.d. 0.60 0.60 0.90 2.20
Rb 0.80 1.10 0.25 0.17 0.33 0.17 0.42 1.84 0.70 3.93 21.54
Sc 35.0 41.0 40.0 318 126 16.0 9.2 322 39.5 337 48.5
Sr 73 92 96 78 68 75 137 110 71 111 114
Th b.d. b.d. b.d. b.d. b.d. b.d. b.d. bd. b.d. 0.08 0.43
u b.d. b.d. b.d. 0.02 b.d. b.d. b.d. 0.01 0.01 0.03 0.15
\" 297 347 392 246 57 56 37 122 124 138 151
Y 28.80 21.00 39.20 22.09 275 1.85 1.66 6.51 7.38 777 3.83
zr 39.40 13.00 41.10 39.90 4.10 b.d. b.d. 8.30 7.90 8.00 5.20
La 0.90 0.50 1.50 1.06 0.19 0.11 0.14 0.28 0.45 0.56 0.88
Ce 4.30 2.60 5.90 3.80 0.62 0.38 0.40 1.056 1.45 1.46 1.26
Pr 0.83 0.43 1.18 0.80 0.12 0.09 0.08 0.22 0.31 0.29 0.15
Nd 6.10 3.70 10.60 4.97 0.61 0.53 0.49 1.32 1.56 1.69 0.76
Sm 2.40 1.40 3.40 2.03 0.23 0.19 0.16 0.60 0.78 0.70 0.24
Eu 1.00 0.83 1.37 0.86 0.23 0.15 0.21 0.35 0.35 0.42 0.17
Gd 3.98 2.82 5.49 3.13 0.37 0.28 0.27 0.89 1.10 1.14 0.51
Tb 0.67 0.47 0.84 0.59 0.07 0.05 0.04 0.18 0.20 0.21 0.09
Dy 4.34 3.51 5.92 3.79 0.50 0.35 0.28 1.12 1.40 1.35 0.67
Ho 0.99 0.81 1.36 0.85 0.1 0.08 0.06 0.27 0.32 0.29 0.15
Er 277 242 3.84 2.50 0.30 0.27 0.19 0.76 0.89 0.91 0.44
Tm 0.39 0.34 0.61 0.36 0.05 0.04 0.03 0.12 0.14 0.13 0.07
Yb 2.90 1.95 3.75 2.38 0.31 0.22 0.19 0.74 0.85 0.83 0.42
Lu 0.39 0.26 0.57 0.37 0.04 0.04 0.03 0.1 0.13 0.14 0.07
Mg# 0.64 0.62 0.53 0.65 0.84 0.83 0.78 0.78 0.80 0.73 0.78
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Table 3.1 (continued)

sample 2J380a  2J387 2J391 2J392 1J209a 2J393 2J411a 2J411b
Ophiolite SL SL SL SL SL SL SL SL

Sheeted Sheeted Sheeted Sheeted

Lithology =~ Gabbro Gabbro Gabbro  Gabbro dyke dyke dyke dyke

UTM x 488056 487361 489099 489240 402722 489991 492426 402426
UTM y 5390420 5386304 5389582 5389567 5394620 5389428 5394801 5394801

1A112b  2A010b

KGIV

Basalt

437696 439662
5334147 5336422

KGIV

Basalt

2A019
KGIV

Basalt

10081
KGIV

Sheeted
dyke

437979 440800
5333899 5337911

Sio, 40.80 44.90 46.68 46.35 48.57 47.25 48.16 47.94 50.30 48.82 49.39 48.08
TiO, 1.24 0.14 0.14 0.12 1.16 0.97 1.24 1.079 0.93 0.98 1.43 0.70
Al,O,3 15.35 2126 15.41 14.29 15.86 16.58 16.24  16.13 14.92 15.64 15.66 19.01
Fe,05* 19.97 591 7.67 8.34 11.77 10.38 11.14  10.56 11.63 10.16 11.51 8.63
MnO 0.20 0.10 0.13 0.14 0.20 0.17 0.19 0.177 0.21 0.18 0.16 0.14
MgOo 7.20 10.65 11.61 12.46 8.35 9.22 8.37 8.73 8.95 8.63 6.52 7.90
Ca0 12.32 11.61 16.15 15.97 11.78 12.14 11.40 11.93 5.67 11.63 8.74 13.28
Na,O 0.79 1.12 0.54 0.49 2.36 1.89 2.65 2.32 5.19 2.68 3.65 1.82
K0 0.36 1.46 0.12 0.08 0.10 0.13 0.15 0.1 0.04 0.07 0.05 0.06
P,05 0.01 0.02 0.03 0.01 0.07 0.06 0.11 0.078 0.06 0.07 0.13 0.05
LO! 1.60 3.07 1.30 1.50 0.76 1.10 1.06 1.2 3.38 1.73 3.20 1.16
Total 99.85  100.31 99.88 99.87 100.97 9996 10078 100.33 101.28 100.67 100.52 100.83
Trace elements (ppm)

Ba 58.0 276.1 39.0 28.0 10.4 16.0 18.9 14.5 226 212 17.6 12.2
Cr 7 364 547 650 304 294 290 347 369 366 250 308
Cs 0.80 1.61 0.30 0.10 0.12 0.05 0.12 0.082 0.36 0.66 0.82 0.09
Hf 0.25 0.10 0.256 0.25 1.78 1.40 1.80 1.6 1.36 1.50 2.90 1.06
Nb 0.25 0.14 0.25 0.25 0.87 0.60 1.66 0.8 0.68 0.51 117 0.47
Ni 0 292 95 163 118 53 133 144 170 143 106 128
Pb 0.80 3.20 1.60 1.50 0.42 0.70 0.50 0.60 0.50 0.70 1.70 n.d.
Rb 1570  76.28 3.50 240 0.76 2.30 0.76 0.58 0.44 0.95 0.84 0.62
Sc 49.0 18.0 45.0 48.0 43.2 35.0 427 39.8 40.8 41.7 41.8 32.1
Sr 130 131 102 89 111 116 134 95 83 153 172 98
Th b.d. 0.08 b.d. b.d. 0.09 b.d. 0.13 0.09 0.18 0.10 0.15 0.06
U b.d. 0.12 b.d. b.d. 0.03 b.d. b.d. 0.03 0.05 0.03 0.08 0.02
\Y 893 64 164 147 305 252 315 270 272 282 315 208
Y 420 3.26 3.20 2.80 27.40 19.80 27.36 2464 2068 2508 44,04 17.87
Zr 3.10 b.d. 1.40 1.40 58.30 33.40 §9.70 47.9 41.98 49.40 93.00 32.30
La 0.50 0.62 0.25 0.25 1.61 0.80 2.28 1.42 1.62 1.24 2.32 0.96
Ce 0.90 1.04 0.50 0.25 5.67 3.20 7.28 4.94 4.95 4.60 8.50 3.39
Pr 0.10 0.12 0.05 0.04 1.09 0.67 1.33 1.03 0.92 0.89 1.69 0.65
Nd 0.80 0.68 0.20 0.20 6.50 4.40 7.62 5.89 4.98 5.48 10.35 3.99
Sm 0.30 0.27 0.30 0.20 2.51 1.90 2.90 2.43 1.90 2.37 410 1.51
Eu 0.31 0.26 0.21 0.13 1.08 0.92 1.07 1.01 0.68 0.84 1.45 0.71
Gd 0.40 0.49 0.32 0.43 373 3.14 4.08 37 277 3.31 6.08 2.35
Tb 0.11 0.09 0.09 0.06 0.68 0.51 0.71 0.67 0.54 0.62 1.17 0.44
Dy 0.75 0.56 0.71 0.59 473 3.59 4.60 4.31 3.55 433 7.43 3.13
Ho 0.15 0.13 0.13 0.13 1.04 0.63 1.02 0.98 0.81 0.92 1.71 0.69
Er 0.53 0.37 0.39 0.42 298 2.21 2.99 275 2.30 276 5.03 1.98
Tm 0.07 0.06 0.07 0.06 0.44 0.34 0.44 0.38 0.3 0.42 0.76 0.29
Yb 0.53 0.33 0.31 0.41 2.80 1.90 2.84 2.53 212 2.62 4.75 2.05
Lu 0.09 0.06 0.06 0.06 0.42 0.28 0.42 0.40 0.36 0.42 0.74 0.31
Mg# 0.44 0.80 0.77 0.77 0.61 0.66 0.62 0.62 0.63 0.65 0.55 0.67
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Table 3.2: Modeled trace element compositions (ppm) of parental magmas of troctolites from the

Annieopsquotch ophiolite and anomalous gabbros from the Star Lake ophiolite

Sample VL01J35¢ VL01J35b VL02J310a VL02J309b VL02J391 VL02J392
Unit Troctolite AN Troctolite AN Troctolite AN Troctolite AN Gabbro SL Gabbro SL
TMF' (%) 5 10 15 5 10 15 15 10 5 15 10 5 10 15 20 10 15 20
K 3918 2490 1825 17579 11800 8880 6339 8379 12354 1344 1811 2776 7783 5649 4434 5061 3676 2894
P bd. bd bd bd bd bd 336 459 722 455 633 1042 995 728 574 169 123 97
Ti 2976 1945 1445 1982 1349 1022 2895 4064 6819 1457 2052 3465 3756 3146 2706 3326 2797 2403
Ba 44 33 26 98 77 63 25 31 39 10 12 16 25 196 158 184 140 113
Co 59 57 55 50 48 46 41 39 37 50 48 47 53 54 55 42 41 40
Cr 487 6572 739 92 113 145 737 819 920 645 686 733 174 181 188 214 227 239
Cs 82 48 34 174 105 76 231 320 521 227 318 530 25 1.8 14 08 06 04
Cu 247 235 224 70 67 65 87 90 94 86 90 94 186 177 169 213 202 192
Ga 76 76 76 17 77 77 887 880 873 628 622 616 93 93 93 101 102 10.2
Hf bd. bd bd bd bd bd bd bd bd bd bd bd 155 120 098 158 122 1.00
Nb bd. bd. bd bd bd bd bd bd bd bd bd bd 240 162 123 239 162 1.23
Ni 327 306 288 208 276 260 126 113 102 152 144 137 37 39 41 39 38 38
Pb 22 1.9 17 32 29 27 bd bd bd 27 30 34 61 52 46 60 51 45
Rb 34 18 12 162 82 56 43 62 113 5 7 12 32 22 17 21 14 1
Sc 16 22 35 3 4 6 27 35 48 19 23 30 15 16 16 18 18 19
Sr 138 136 134 170 168 167 98 98 98 88 88 89 151 146 142 147 142 137
Ta 270 142 097 266 141 096 070 101 184 074 107 189 045 031 024 042 030 0.23
Th bd. bd bd 092 048 033 bd bd bd bd bd bd bd bd bd bd bd bd
U bd. bd. bd 033 018 013 bd bd bd bd bd bd bd bd bd bd bd bd
\' 88 95 103 31 33 36 184 242 353 93 119 163 120 121 123 117 119 122
Y 10.36 671 496 391 264 199 866 1238 2165 397 567 992 1397 11.76 1015 12.82 10.73 9.22
Zn 78 70 63 79 64 54 55 58 62 67 69 71 28 26 24 26 25 24
Zr bd. bd bd bd bd bd bd bd bd bd bd bd 112 81 63 110 79 62
La bd. bd. bd bd bd bd 039 049 066 034 044 062 158 122 099 166 1.26 1.02
Ce 417 294 227 bd bd bd 139 175 239 099 129 184 3.03 236 194 159 123 1.00
Pr 066 046 036 039 029 023 028 036 050 017 023 033 029 023 019 024 0.19 0.16
Nd 330 228 174 215 157 123 161 209 299 116 154 232 110 088 073 116 091 0.76
Sm 111 075 056 112 080 062 075 100 153 034 046 074 149 122 103 1.05 085 0.71
Eu 100 086 075 089 079 071 027 029 030 018 020 021 044 042 039 030 028 027
Gd 157 103 077 103 072 055 113 156 255 047 066 1.11 147 122 105 208 1.72 147
Tb 025 016 012 011 007 006 025 035 058 011 015 026 040 0.34 029 028 0.23 0.20
Dy 204 133 099 090 061 046 154 218 377 067 095 166 312 262 226 272 227 195
Ho 039 025 019 023 016 012 034 048 085 015 021 037 057 048 041 059 0.50 043
Er 132 085 063 072 048 036 097 139 249 049 070 124 171 144 124 192 161 1.38
Tm 013 009 006 012 008 006 015 022 039 008 011 020 031 026 022 028 0.23 0.20
Yb 148 094 069 076 049 037 082 118 214 061 087 153 139 116 100 190 159 1.36
Lu 020 013 009 013 008 006 015 022 040 009 012 021 027 023 020 028 023 020

“TMF = trapped melt fraction used in modeling; b.d.= below detection limit; AN=Annieopsquotch; SL=Star Lake
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CHAPTER IV
The structure and geochemistry of the gabbro zone of the Annieopsquotch
ophiolite, Newfoundland: Implications for lower crustal accretion at spreading
ridges

4.1. Introduction

Over the last few decades, the architecture of oceanic spreading ridges has received
increasing attention. In contrast to the large magma chambers (30 x 5 km) that were proposed in the
ophiolite-derived models of the 1970's and early 1980's (e.g., Pallister and Hopson, 1981; Smewing,
1981), modern seismic data rule out the presence of large, long-lived magma bodies beneath mid-
ocean ridges. Fast-spreading ridges appear to have a thin, laterally continuous axial magma lens,
whereas slow-spreading ridges appear to have no steady-state axial melt lens (Vera et al., 1990;
Sinton and Detrick, 1992; Kent et al., 1993). However, geochemical data from both slow- and fast-
spreading ridges require significant fractional crystallization of MORB magmas (e.g., Sinton and
Detrick, 1992), which raises the question of where fractionation occurs, and about the role played by
the axial melt lens in the evolution of ridge basalts. These questions are of fundamental importance
for our understanding of the structural, compositional and thermal evolution of oceanic crust.

This chapter presents field observations and geochemical data and models from the lower
crust of the Annieopsquotch ophiolite, southwest Newfoundland (Canada). | will show that sill
intrusion was by far the most important lower crustal accretion process at this oceanic spreading
center, and that most of the geochemical evolution seen in the lavas can be attributed to fractionation
within these sills. By analogy, this suggests that the oceanic lower crust may be formed largely by
intrusions from below, rather than by subsidence of material crystallized within a high-level axial
magma lens.

4.2. The Annieopsquotch ophiolite

The Annieopsquotch ophiolite (481-478 Ma; Dunning and Krogh, 1985) is part of the
Annieopsquotch ophiolite belt (Annieopsquotch ophiolite belt; Chapter 3), which is situated
immediately to the west of the main lapetus suture zone, known as the Red Indian Line in
Newfoundland (Fig. 4.1). Within the Appalachian tectonostratigraphic framework, the
Annieopsquotich ophiolite belt is part of the Notre Dame Subzone, which comprises rocks of peri-
Laurentian affinity that originated within the oceanic realm of the lapetus Ocean (Williams, 1995).
Prior to 470 Ma, the Annieopsquotch ophiolite was juxtaposed against the Dashwoods Block, which
is interpreted as a detached fragment of Laurentian continental crust (Waldron and van Staal, 2001;
Chapter 5). Due to its behavior as a relatively rigid block, the tectonism and metamorphism
associated with accretion of the Annieopsquotch ophiolite did not produce penetrative intra-ophiolitic
metamorphic fabrics, but led to the formation of amphibolitic high-strain zones along its northwestern
margin (Fig. 4.1), and partial reequilibration of hydrous mineral assemblages formed during seafloor
alteration.

The Annieopsquotch ophiolite comprises a well-exposed, steeply tilted section, with
stratigraphic units striking NE-SW, and generally dipping c. 50°-70° to the southeast (Dunning, 1984;
this study). Poorly exposed, discrete NW-trending breaks in the stratigraphy suggest the presence of
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Structure and geochemistry of ophiolite gabbro zone

faults, but these show only minor displacements. The presence of dykes and late-stage differentiates
of Annieopsquotch magmatic affinity intruding into and crosscutting shear zones and hydrothermal
veins, allow us to interpret many of the structures, textures, and most hydrous assemblages
observed within the ophiolite as original, spreading center-related features (Dunning, 1984, this
study). The base of the lower crust is tectonically bounded, and Moho or mantle rocks are not
preserved. The lowest exposed part of the ophiolite is dominated by medium- to coarse-grained
olivine gabbros and gabbros, which grade upward into well-developed sheeted dykes and pillow
basalts (Fig. 4.1). Within the lowermost 480 m of the exposed crustal section, heterogeneous
gabbros and subordinate pyroxenites contain abundant troctolite enclaves, which are extensively
veined by the intrusive gabbros. Trace element modeling shows that the troctolites had boninite-like
parental magmas (Chapter 1), indicating that they originally formed part of a supra-subduction zone
basement. Most gabbros, fine-grained dykes and lavas formed from tholeiitic magmas with a distinct
arc signature. Consequently, | interpret the entire ophiolite to have formed in a supra-subduction
zone setting (Chapter 3).

4.3. Fast or slow spreading?

Drilling and submersible studies of in-situ oceanic crust have revealed significant differences
in structure between fast-, slow- and ulira-slow-spreading ridges (Dick et al., 2003). Crustal structure
appears to depend largely on the supply of magma relative to the amount of extension (Karson,
1998). If a robust supply of magma to the spreading center is maintained, magmatic accretion keeps
pace with extension, generally leading to a thick, continuous, coherent stratigraphy and little or no
internal deformation. In contrast, the lack of a continuous melt supply at slow-spreading ridges leads
to amagmatic or tectonic extension (e.g., Harper, 1985), characterized by normal faults, large-scale
detachment faults, block rotation, tilting of units, and the formation of core-complexes that expose the
lower crust and mantle on the seafloor (for a review see Lagabrielle et al., 1998). Solid-state
deformation of lower crustal rocks is typically extensive, with the common occurrence of mylonitic
gabbros (e.g., Cannat et al., 1991).

The maijor lithostratigraphic units of the Annieopsquotch ophiolite are well developed, with
>2.7 km of cumulate gabbros, ~1.5 km of sheeted dykes, and >500 m of lavas. The top of the pillow
basalt unit is a younger thrust fault. Units are laterally continuous, and have a fairly consistent
orientation and thickness (Fig. 4.1). Most dykes in the sheeted complex have angles of 70 to 90° with
the gabbro-dyke boundary (average 81°; Fig. 1), although smaller angles have also been observed in
some cases. The uniform strike of the dykes, and their near-perpendicular orientation to major
lithostratigraphic unit boundaries, suggests that crustal block rotations were of minor extent. Notably,
the rotation of dykes in the Annieopsquotch ophiolite is less than that observed at the fast-spreading
East Pacific Rise and the intermediate-spreading Juan de Fuca ridge (Karson et al., 2002ab). Some
unit boundaries are offset by small (generally <1 m wide), poorly exposed faults, that are oriented
parallel to the sheeted dykes. The fault offsets cannot be determined accurately, since their true
sense of motion is unknown, but limited throws of tens of meters to a maximum of a kilometer are
inferred from the location of unit boundary offsets (Fig. 4.1). Where exposed, these faults are marked
by cataclasites and/or sheared rocks with dominantly greenschist-facies assemblages, and probably
represent small normal faults developed near the spreading axis, similar to those occurring at the
East Pacific Rise (Karson et al., 2002a; Bohnenstiehl and Carbotte, 2001). This is consistent with the
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intrusion of late stage differentiates with Annieopsquotch magmatic affinities into some of these faults
(Fig. 4.1). Away from the faults, the rocks display little evidence of deformation and most gabbros
have cumulus and (sub-)ophitic textures with little or no sign of intracrystalline strain. Small-scale
(c.10 cm wide) shear zones of amphibolite to greenschist grade are scattered throughout the gabbro
zone, but form only a minor component (<2%). The limited evidence for deformation in the
Annieopsquotch ophiolite contrasts with slow-spreading ridges and some ophiolites, where sheared
gabbros may form a significant part of the lower crust (Cannat et al., 1991; Bédard, 1990, 1993). No
fault talus is observed in the Annieopsquotch ophiolite, and there is no evidence for seafloor
exposure of sheeted dykes or gabbros. The thickness and continuity of the gabbros and sheeted
dykes, the small throws of spreading-related faults, and the limited amount of early block rotation
allowed by the field data, are consistent with a robust magma supply for the Annieopsquotch
ophiolite spreading center, with only limited amagmatic extension. | therefore interpret the
Annieopsqguotch ophiolite to have formed at an intermediate- to fast-spreading ridge.

4.4. Models for crustal accretion at fast spreading ridges

Over the last fifteen years, it has become apparent that large-scale melt-filled magma
chambers as originally envisaged from early ophiolite studies are not present at any of the spreading
centers investigated to date. In contrast, seismic reflection data of the fast-spreading East Pacific
Rise has revealed the presence of a small, but continuous, axial melt lens, overlying a low velocity
zone interpreted to represent a crystal mush. The axial melt lens is ¢. 0.25-2 km wide and few tens to
few hundreds meters thick, and is situated near the base of the sheeted dyke complex (4, 5, 23). The
axial melt lens is segmented along-axis into 2-4 km long melt pockets separated by 15-20 km long
mush zones (Singh et al., 1998). The low velocity zone extends from ¢. 1.5 km below the seafloor to
the Moho, and is estimated to have a melt percentage varying from a few to c. 18% (Harding et al.,
1989; Vera et al., 1990; Sinton and Detrick, 1992; Crawford et al., 1999; Crawford and Webb, 2002).
Seafloor compliance and seismic tomography data indicate the low velocity zone is 2-7 km wide at its
top, and 7-8 km wide at deeper crustal levels (Crawford and Webb, 2002; Dunn et al., 2000). It
should be emphasized that from seismic and compliance data it is not clear whether melt in the low
velocity zone is distributed along grain boundaries or whether it occurs in small melt bodies
(Crawford et al.,, 1999; Crawford and Webb, 2002). In addition to the axial melt lens, seismic
reflection and seafloor compliance studies have revealed the presence of a second zone of melt
enrichment, located at the Moho (Garmany, 1989; Crawford et al., 1999; Dunn et al., 2000; Crawford
and Webb, 2002). The Moho melt lens is estimated to be ~50-200 m thick, less than 2 km wide, and
appears to be discontinuous along axis (Crawford and Webb, 2002).

The role that the small axial melt lens plays in crustal formation has been a matter of
considerable debate. There are two competing end-member models; the gabbro glacier and the
sheeted sill model. The gabbro glacier model (e.g., Henstock et al., 1993; Phipps Morgan and Chen,
1993; Quick and Denlinger, 1993) infers that the axial melt lens plays a major role in the formation of
the lower crust. Here, partial crystallization within the axial melt lens is followed by subsidence and
outward flow of a crystal mush (the gabbro glacier). This requires extensive ductile deformation
within the low velocity zone. Evidence for magmatic deformation has indeed been observed in the
gabbros of the Semail ophiolite (Benn and Allard, 1989; Nicolas, 1989), and it has been argued that
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that the crystal flow process could explain the observed steepening of the magmatic layering (Quick
and Denlinger, 1993).

In contrast to the gabbro glacier model, the sheeted sill model proposes that magma from
the mantle may directly intrude and fractionate to form the lower crust, which implies a more limited
role for the axial melt lens. These models are mostly based on field studies in Newfoundiand and
Oman. Bédard (1990, 1993) and Bédard et al. (1996) described intrusive contacts marked by the
occurrence of host rock xenoliths, the formation of reaction rims and hybrid rocks in the Bay of
Islands ophiglite, and concluded its lower crust formed essentially by syn-extensional intrusion of
sills. Boudier et al. (1996) and Kelemen et al. (1997a) interpreted the layered gabbros from the
Semail ophiolite, which generally form the lower two thirds of the gabbro section (Nicolas et al.,
2000), as having formed from sills. This interpretation is based on a close resemblance of lower
crustal layered units to gabbroic sills that intrude the Moho transition zone. In support, Kelemen et al.
(1997a) argued that it is unlikely that lower crustal cumulate layers would be preserved if they were
subjected to the large strains required by the gabbro glacier model.

The East Pacific Rise section at Hess Deep preserves evidence for gabbro formation from
both the top and bottom, but the relative importance each process remains uncertain (Coogan et al.,
2002a). The presence of primitive cumulus minerals deep in the section of the East Pacific Rise
indicates in-situ crystallization, since signatures of primitive melts are unlikely to be preserved in
cumulates formed within a well-homogenized axial melt lens (Coogan et al., 2002b). However,
accretion from the top is implied by the presence high in the Hess Deep section of cumulus crystals
generated by primitive melts (Natland and Dick, 1996; Coogan et al., 2002a), and the observation
that the sheeted dykes and basalts at the East Pacific Rise and in Oman are more evoived than the
parental melts of the high level gabbros (Coogan et al., 2002ab).

In the next section, | will present observations from the Annieopsquotch ophiolite that bear
on these models of lower oceanic crustal accretion.

4.5. Structure of the Annieopsquotch gabbro zone

The Annieopsquotch gabbro zone has a minimum stratigraphic thickness of 2.7 km, since its
base is tectonically bounded. This study focuses on a 2.5 km thick section on the southwestern side
of the Annieopsquotch ophiolite, which extends from the lowest exposed part of the gabbros to the
sheeted dyke complex (Fig. 4.1). The pseudostratigraphy of the lower crust of the Annieopsquotch
ophiolite is illustrated in Fig. 4.2. It can be divided into three levels. The lowest of these (c. 480 m
thick) is characterized by gabbroic and minor pyroxenitic rocks that enclose, invade and replace
abundant (~15 %) troctolite enclaves, which typically range in size from 0.5 m to tens of meters.
Upwards, the proportion of these enclaves decreases markedly and only gabbros and subordinate
olivine gabbros occur within the middle level (480-2100 m). The highest level (c. 2100-2500 m) of the
gabbro zone is composed of texturally heterogeneous gabbros that typically have a higher content of
Fe-Ti oxides than the underlying gabbros. Dunning (1984) observed gabbro pods grading into
diabase, and interpreted the upper gabbros as the root zone of the sheeted dykes. Based on the
oxide content, its stratigraphic position, and the presence of diabasic-textured pods, | suspect that
this level is essentially composed of frozen melts and preserves relics of an axial melt lens.

Dykes, usually with well-developed chilled margins, occur throughout the gabbro zone.
Crosscutting dykes generally form <5% of the lower and middle levels, whereas within the upper
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fevel the proportion of crosscutting dykes progressively increases up section to c. 50%, thus marking
the boundary with the transition zone (Fig. 4.1). The transition zone is constituted of equal
proportions of sheeted dyke and gabbro septa, and grades up into the sheeted dyke complex.

4.5.1. Contact and field relationships

We will concentrate on the core of the gabbro zone (¢. 1.6 km), where sill-like intrusive
bodies can best be observed. Although contacts are locally very complex and diffuse, differences in
grain size, texture, and/or contrasting modal mineralogy generally enable the determination of
individual intrusive units (Fig. 4.3). Individual gabbroic bodies may be fine- to medium-grained or
coarse-grained (Fig. 4.3a-c), and are generally about 10-30 m thick, although the lateral extent of
individual bodies is uncertain due to limited outcrop size and the diffuse nature of many sill contacts.
In general, fine- to medium-grained gabbro intruded coarser-grained gabbro, although the opposite
has also been observed (Fig. 4.3a). Finer grain sizes at the margins of the gabbro bodies are
common, and may represent ‘chilled margins’ (see Fig. 4.3b). Away from the contact zones, fine- to
medium-grained gabbro generally coarsens, and eventually becomes indistinguishable from the
coarse-grained gabbro sills. Most contacts are planar, with a mean strike of 083° and dip of 58°
throughout the section; an orientation that is subparallel to the contact between the gabbro zone and
the sheeted dykes (strike 060°, dip 50-70°). Vein-like apophyses (c. 20 cm) may branch off from the
upper contacts of larger gabbroic bodies (Fig. 4.3a). These veins are typically sub-parallel to the
main contacts, and may show inward growth structures from both sides (Fig. 4.3c). The local
presence of crescumulate zones, up to 2 m in thickness and consisting of 5-10 cm long dendritic
plagioclase and clinopyroxene growing down from the upper contacts of sills (Fig. 4.3d), imply
cooling from the top down. Comb structures observed in other sills indicate that, at least locally,
cooling was both from the top and the bottom. The orientation and planar character of these gabbroic
bodies, the presence of upper chilled margins and vein-like apophyses, and of downwardly-growing
crescumulate zones, are compeiling evidence that these bodies represent intra-plutonic sills.

The overall medium to coarse grain size of these bodies and the generally diffuse nature of
the contacts suggest that the entire zone was still hot when most sills were emplaced. Some sills
show modal igneous layering parallel to the sill contacts. Locally, coarse-grained crosscutting
channels have been observed that appear to feed laterally into sills (Fig. 4.4). These feeder channels
have contacts reminiscent of the diffuse sill contacts, and may have formed in an early stage when
the host was only partially solidified. Discrete, fine-grained crosscutting dykes with chilled margins
are also common. The geochemistry of some of these is not significantly different from typical
sheeted dyke or lava compositions (see below), and they may represent melts that escaped
underlying sills in a later stage, when part of the sill complex had already cooled significantly.

4.5.2. Petrography

Gabbroic rocks from the lower gabbroic levels of the Annieopsquotch ophiolite are generally
composed of 40-60% plagioclase (An ss.74) and 30-50% clinopyroxene (En 41.50 WO 3g.46 FS 5.24) (Fig.
5). Olivine (Fo ss68 ) is @ minor constituent (1-10%) in about half the samples throughout the entire
section, but tends to be more abundant (10-30%) in rocks from the lowest 1000 m of the section.
Most gabbros have subophitic to ophitic textures, with some samples containing poikilitic
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clinopyroxene. The common occurrence of large subhedral plagioclase laths indicates that
plagioclase is the dominant cumulate phase, with clinopyroxene both cumulus and intercumuius (Fig.
4.5). Plagioclase laths commonly show lenticular deformation twins, are locally kinked and
occasionally display microstructures typical of grain boundary migration. However, despite the
evidence for intracrystalline strain, the gabbros rarely show any fabric, suggesting that they generally
experienced low strain. Only a few gabbros have a weak shape-preferred orientation of subparallel
plagioclase laths. Minor Fe-Ti-oxides are nearly ubiquitous, forming ~5% of the gabbros from the
upper level, and constitute up to 20% of the crosscutting dykes. Brown hornblende (1-4%) occurs in
about half of the gabbros as rims on clinopyroxene and interstitial grains with oxides (Fig. 4.5).
Apatite is present as accessory phase in one sample, where it occurs between cumulus plagioclase
as euhedral crystals associated with brown amphibole.

Widespread secondary minerals were initially related largely to seafloor and oceanic
hydrothermal metamorphism, but were probably partially reequilibrated during accretion-related
amphibolite-facies metamorphism. The intensity of the seafloor hydrothermalism is irregularly
distributed, but is generally pervasive in the uppermost part of the gabbro zone, and decreases to
50-80 % below this level. The rocks in the lowest 1000 m are generally fresher (0-20% replacement).
Clinopyroxene is replaced by green hornblende, indicative of hydrothermal alteration at amphibolite-
facies conditions. When preserved, clinopyroxene commonly shows exsolved oxides along cleavage
planes. Plagioclase generally remains quite fresh, is commonly turbid due to the inclusion of
extremely small oxides, and is commonly black in hand specimen. In the more intensely altered
samples it is replaced by green amphibole along grain boundaries and cracks. Fresh olivine is rare,
shows incipient alteration to magnetite + colorless amphibole and is surrounded by alteration
coronas of radiating green amphibole when adjacent to plagioclase. Alteration can be extremely
heterogeneous on the scale of a thin section, being preferentially developed adjacent to amphibole-
filled veinlets. Pervasive lower temperature assemblages are not encountered in the gabbros,
although a few epidote veins are present.

4.6. Gabbro geochemistry

4.6.1 Geochemical characteristics

25 samples (20 gabbroic rocks and 5 crosscutting dykes) from the gabbro zone have been
analyzed for major and trace elements (Table 4.1). Analytical methods and precision are described in
Appendix |l and Rogers (2004). All gabbros analyzed, with the exception of sample VL02J341A, are
cumulates, based on their high Mg# (65-81, average 72), positive Eu anomalies (0.97-1.83, average
1.26), and low incompatible element contents (e.g., TiO,; 0.22-1.04, average 0.44). This is consistent
with their cumulate textures (Figs. 4.5 & 4.6). There is no chemical distinction between the coarse-
and medium-grained gabbros. The minimum Mg# reached at a given level decreases with
stratigraphic height, and both minimum and maximum TiO, contents show an overall increase with
height. This suggests that the magmas from which the cumulates formed became more evolved up
section. The highest gabbro sampled (VL02J341A), which is from the relic axial melt lens, is also the
most evolved and enriched gabbro (Fig. 4.6). This is clearly shown by its high TiO, and FeO contents
when compared to the other gabbro analyses. The absence of an Eu anomaly and the similarity of
trace and major element contents between the high-level gabbro (VL02J341A) and the dykes and
basalts, implies that this gabbro is essentially a slowly cooled liquid, supporting the axial melt lens
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hypothesis for its origin. The dykes that cut the gabbros (Table 4.1 and Figs. 4.6 & 4.8) have
compositions indistinguishable from the sheeted dykes and lavas, which indicates that they probably
represent a late stage of the axial sequence. Their composition contrasts with more primitive
Annieopsquotch dykes with distinctly stronger LREE depletion and lower incompatible element
contents that | interpret as off-axis intrusions (Chapter 3).

4.6.2. Parental liquid composition

In order to understand the origin and evolution of the sills, and their role in fractionation and
crustal accretion, some estimate of the composition of the magma from which the cumulates formed
is required. Model liquid compositions were calculated following the method of Bédard (1994), which
calculates the melt in equilibrium with a given cumulus assembiage from whole-rock geochemical
data using partition coefficients (Table 4.2). The mineral mode was estimated from thin sections, and
| used an updated, parameterized partition coefficient dataset (Bédard, in press and in prep.). The
trapped melt fraction was modeled as a phase with partition coefficient of 1 for all elements, and
calculations were repeated for different trapped melt fractions. Constraints on the magnitude of the
trapped melt fraction come from changes in model liquid trace element patterns (e.g., excessively
high LILE contents at low trapped melt fraction, strong LREE depletion at high trapped melt fraction).
In addition, | used the method of Natland et al. (1991) as an independent way to estimate the trapped
melt fraction. For plausible trapped melt proportions, calculated liquid compositions correspond
extremely well with the analysed dykes and basalts (Fig. 4.7), consistent with the hypothesis that the
cumulates were generated by melts very similar to the dykes and basalts, and suggesting that the sil
complex was generated on-axis as part of the same sequence as the dykes and basalts.

There is an overall increase in minimum and maximum concentration of incompatible
elements up section (Fig. 4.8), which, together with decrease of bulk Mg# (Fig. 4.6), suggests that
the magmas in the sills become more evolved up section. Dykes from within the gabbro zone have
compositions similar to the model liquids, which may indicate that the dykes sample liquids parental
to the gabbros, i.e., that they represent liquids expelled from sills occurring deeper in the section. The
most evolved model liquid occurs just above the 2000 m level, where the sill complex gives way to
non-cumulate gabbros, and is somewhat more evolved than the most differentiated lavas and dykes.
The sole sample of the relic axial melt lens (VL02J341A), modeled as a liquid with 15% plagioclase
phenocrysts, has a composition slightly more evolved than average upper crust.

The trapped melt fraction of the cumulates ranges from 4% to 30%, with the majority
between 15% and 25% (Fig. 4.8). There is no clear trend of trapped melt fraction with stratigraphic
height, but the average trapped melt fraction in the lower half of the section is lower (15%) than that
in the upper half (21%). The trapped melt fraction of the Annieopsquotch gabbros are significantly
higher than those obtained for the East Pacific Rise (average 4.4%; Natland and Dick, 1996) and Bay
of Islands gabbros (<10%; Bédard et al., 2003).

4.7. Discussion

The structure of the gabbros of the Annieopsquotch ophiolite shows that a significant part of
the lower crust produced at fast-spreading centers may consist of sills that crystallized in-situ, rather
than remobilized cumulates from the axial melt lens, and as such provides strong support for the
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sheeted sill model. In particular, sills in the Annieopsquotch ophiolite are seen to occur to much
higher levels (c. 400 m below the sheeted dykes), than has been observed in other ophiolites. There
are numerous arguments supporting the interpretation that the Annieopsquotch sills formed at the
spreading axis, rather than as off-axis intrusions into preexisting crust. Firstly, the cumulates within
the sills crystallized from melts similar to the sheeted dykes and basalts (Figs. 2.7 & 2.8). Mass
balance requires a significant volume of liquid to form these cumulates, and, given the chemical
similarity, it is likely that the sheeted dykes and pillow basalts represent the liquids expelled from this
crustal conduit system. Secondly, the dykes crosscutting the gabbroic sills are geochemically
indistinguishable from the sheeted dykes and pillow basalts, suggesting an overall consanguineous
relationship.

The sill complex was emplaced into an older substrate represented by the troctolite
enclaves. The chaotic nature of this lower level, and the observation that the sill complex is
developed immediately above the last of the troctolite enclaves, indicates that the enclaves inhibited
sill formation. The chemical composition of the bulk tholeiitic Annieopsquotch crust is too evolved to
be in equilibrium with the mantle (Fig. 4.6). This suggests that the missing section of lower crust,
from below the enclaves, is dominated by primitive mafic-ultramafic cumulates and that this part of
the crust acted as a fractionation filter, similar to the exposed lower crust. | therefore speculate that
sills may have also been present at the deeper lower crustal levels.

4.7.1. Model for sill-dominated crustal accretion

The chemical data presented above support the field evidence for the formation of the
Annieopsquotch gabbros as a ridge-related sill complex. The wide compositional variability of the
gabbros, within the section as a whole and in individual outcrops, does not seem consistent with an
origin from a well-mixed axial melt lens. Nor is the overall upward trend towards more evolved
compositions in the Annieopsquotch cumulates. The virtual absence of the syn-magmatic and high-
temperature plastic deformation fabrics is also inconsistent with the gabbro glacier model.
Furthermore, the presence of cumulates derived from evolved melts in the lower crust, located well
below the level of the axial melt lens, as well as the presence of both evolved and primitive
crosscutting dykes, indicate that the bulk of crystal fractionation took place below the level of the
axial melt lens. Additional fractionation increments within the axial meit lens are not required by the
data, as the liquid compositions calculated from the gabbros in the sills have the same compositional
range as the sheeted dykes and lavas.

We propose a model in which individual sill-like intrusions formed by the injection of magma
from below (Fig. 4.9). In some cases the magma may have been derived directly from the mantle
(primary melts), but more commonly it appears to have already experienced some degree of intra-
conduit fractionation prior to emplacement into the sills | have studied. After partial crystallization in
the sill-like conduits, the variably evolved residual melt was expelled to form either new, more
evolved sills higher up in the crust, or to feed the axial melt lens and/or upper crustal dykes and
lavas. Such processes are expected to generate a gabbro zone that grades to more evolved
compositions up section, although sills at each level may record any stage of differentiation. Finer-
grained dykes cutting the sills may have tapped melts expelled from deeper sills formed in the late
stages of crustal accretion. | note that the presence of primitive magmas at high crustal levels need
not indicate a minor role for lower crustal sills (cf. Coogan et al., 2002b), as they could conceivably
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represent localized emplacement of less-fractionated magmas. Neither does this require extensive
fractionation within the axial melt lens, since primitive melts (MgO>11.5%) are added to the upper
crust in the Annieopsquotch ophiolite (Dunning, 1984). The geochemical data thus support the
interpretation for the formation of the gabbros as a sheeted sill complex, with significant chemical
evolution by intra-conduit fractional crystallization, and eventual removal of the fractionated magmas
through diffuse channels and, at a later stage, as discrete dykes. Such a model (Fig. 4.9) is similar to
that proposed for the Bay of Islands complex (Bédard, 1993), and the Semail ophiolite (Kelemen et
al., 1997; Korenaga and Kelemen, 1997; Kelemen and Aharonov, 1998).

The formation of sills in the lower ophiolitic and oceanic crust may be favoured by the
presence of permeability barriers, such as the Moho. Magmas rising from the mantle tend to pond,
and form melt-rich zones at or near the Moho. The build up of fluid pressure within this melt body will
cause brittle failure within the low velocity zone, allowing melts to enter the lower crust in narrow
melt-filled conduits (Korenaga and Kelemen, 1997; Kelemen and Aharonov, 1998). Ahead of such
propagating fractures a tensional stress operates parallel to the fracture, that is likely to exceed the
tensile strength of the rocks whenever a mechanical discontinuity, such as a cumulate layer or a
preexisting sill, is encountered (the Cook-Gordon mechanism; Cook and Gordon, 1964), thus leading
to the formation of a horizontal melt filled fracture. Once such a melt rich zone has been established
it would likely act as a trap for subsequent batches of ascending magma and trigger sill development
(cf. Bédard and Hébert, 1996; Kelemen and Aharonov, 1998). This mode of sill formation within the
lower oceanic crust is analogous to the emplacement mechanism invoked for granites in continental
crust (Clemens and Mawer, 1992). Although buoyancy is an important force for fracture propagation,
it appears not to be a dominant factor in magma emplacement within the low velocity zone, since
gabbroic sills intrude at levels far below their horizon of neutral buoyancy, which is estimated to lie
between 1 and 3 km below the seafloor (Ryan, 1994).

4.7.2. The role of the axial melt lens

An axial melt lens is expected to collect and aggregate the melts expelled from lower crustal
sills. Given its proximity to the efficiently cooled upper crust, the axial melt lens is also expected to
crystaliize in part, yielding high-level cumulates and quasi-liquid gabbros. The complexities of the
processes occurring within the axial melt lens and the underlying rocks (mixing of extremely evolved
magmas with primitive magmas, melt percolation, mineral reequilibration; e.g., Natland and Dick,
1996) preclude the drawing of detailed conclusions from the limited data on axial melt lens-type rocks
| have from the Annieopsquotch ophiolite. However, comparing the rocks below the axial melt lens
(i.e. the sill complex) with those above the axial melt lens (the sheeted dykes and basalts) allows us
to extract some general implications about the role of the axial melt lens.

The variety in the observed compositions of lavas and sheeted dykes, ranging from primitive
dykes and basalts (MgO >11.5% and >8.9%, respectively; Dunning, 1984) to evolved dykes
(trondhjemitic), suggest that aggregation and homogenization within the Annieopsquotch axial melt
lens was not very efficient (Figs. 4.6 & 4.8), since even highly evolved melts that occur in small
guantities (Fig. 4.1) were able to erupt without significant modification in an axial melt lens. The fact
that the basalts and dykes record the same compositional range as model liquids from the cumulate
sills, suggests that melts expelled from the sills erupted without having fractionated significantly
within the axial melt lens afterwards (Fig. 4.7). A similar conclusion was reached by Einaudi et al.
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(2003), who show that the upper lava sequence in Wadi Shaffan of the Semail ophiolite is in
equilibrium with the lower gabbros, and consequently interpret the lavas as having formed from the
lower crustal gabbro sills without having resided in the axial melt lens. The limited amount of mixing
within the axial melt lens indicated by the Annieopsquotch data suggests that magmatic cycles at this
level occurred on a short time scale, and that the axial melt lens drained effectively into the overlying
sheeted dykes and basalts. In such a scenario, short residence times of melts in the axial melt lens
precluded significant aggregation and homogenization. This is consistent with the observed
segmentation of the axial melt lens into 2-4 km long melt pockets and 15-20 km mush zones, which
suggests parts of the lens are periodically supplied with melt before eruption, cooling and partial
crystallization (Singh et al., 1998). In an alternative scenario, melts from the wide lower and middie
crustal low velocity zone (c. 5 km) may reach the upper crust by using pathways outboard of a
narrow axial melt lens (0.25-2 km). Using the structure of the Annieopsquotch crust as a guide, it
appears unlikely that all of the melt expelled from the highest-level sills would have been trapped in
an axial melt lens. A small proportion of the melt from the sills may have erupted 1-2 kilometer off-
axis, contributing to off-axis thickening of seismic layer 2a, similar to that observed at the East Pacific
Rise (Christeson et al., 1996). Such off-axis events may be preserved within the Annieopsquotch
ophiolite as dykes crosscutting the fossil axial melt lens level (Fig. 4.2).

4.7.3. Melt extraction

The extraction of the interstitial liquids from the Annieopsquotch gabbroic cumulates was not
very efficient, as shown by the high trapped melt fraction (15-25 %) obtained for many samples. This
contrasts with the East Pacific Rise case, where compaction within the cumulate pile, aided by
pressure solution, is thought to have led to the formation of adcumulates with low residual porosities
(Natland and Dick, 1996). In the Bay of Islands complex and at Hole 735b it has been suggested that
melt expulsion was assisted by shear deformation, leading to significantly lower residual porosities,
typicaily <10% (Natland and Dick, 2001; Bédard et al., 2003). The higher residual porosities of
Annieopsquotch gabbros, and the apparent absence of deformation, together suggest limited
compaction, possibly as a result of the restricted size of the sills. The lower trapped melt fraction
obtained from gabbros in the bottom half of the exposed Annieopsquotch crust is consistent with
more extensive extraction of interstitial melt as a result of a downward increase in the lithostatic load.

in the Annieopsquotch ophiolite, the presence of crosscutting dykes and discordant feeder
channels within some of the gabbroic sills implies that hydrofracturing was an important process in
the transportation of residual melts from the sills to the upper crust, as was proposed for the Semail
gabbros (Korenaga and Kelemen, 1997). Hydrofracturing may be the result of a build-up of magma
pressure within the sills, related to the impermeable nature of overlying rocks (Kelemen and
Aharonov, 1998). Alternatively, it may simply be a response to the overall tensional strain
accompanying seafloor spreading.

4.7.4. Heat removal

The removal of latent heat released during sill crystallization from the lower crust has been
regarded as a problem with the sheeted sill model, since thermal models indicate that conductive
heat loss is insufficient, and hydrothermal cooling is assumed to be restricted to the upper part of the
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crust (<600°C; e.g., Quick and Denlinger, 1993; Chen, 2001). Based on these assumptions, it has
been suggested that no more than 10% crystallization from the melt lens at the Moho can take place
in the lower crust, since the release of latent heat would increase the size of the Moho melt lens
(Chen, 2001).

In the Annieopsquotch gabbro zone, evidence for hydrothermal alteration is widespread.
Alteration veins are cut by dykes, indicating that hydrothermal alteration was, at least in part, coeval
with magmatism. Numerous other studies have demonstrated that hydrothermal alteration can occur
at high temperatures deep in the lower crust (e.g., >700°C at Hess Deep (Manning et al., 1996); up
to 1000°C in Oman (Nicolas et al., 2003)). Recently, Koepke et al. (2004a) showed experimentally
that the ‘“interstitial” pargasite-orthopyroxene-plagioclase assemblages, which are common in
oceanic and ophiolitic gabbros, may form by water-saturated melting of MORB. In addition, these
experiments indicated that hydrous melting at temperatures of 900-940°C may yield plagiogranites
(Koepke et al., 2004b). If interaction between fluid and rock occurs above the stability limit of
hornblende (c. 900-950°C), then metamorphic assemblages will be ‘granulitic’ and may be nearly
indistinguishable from typical cumulate assemblages (e.g., Bird et al., 1988). Oxygen isotope
signatures may be the only clear evidence of interaction with seawater in such rocks (e.g., Stakes et
al., 1992; Lécuyer and Reynard, 1996). This suggests that hydrothermal alteration may be more
widespread and might start at higher temperatures than is recorded by alteration assemblages
(McCollom and Shock, 1998). There is thus abundant evidence for hydrothermal cooling at
temperatures well in excess of the 600°C threshold used in the thermal model of Chen (2001). More
recent models, which incorporate more realistic geological constraints (e.g., hydrothermal cooling up
to higher temperatures, petrological variation throughout the lower crust), indicate that lower crust
dominated by sheeted sills can indeed cool effectively (Cherkaoui et al.,, 2003; MacLennan et al.,
2004).

We conclude that the latent heat argument does not in itself refute the sheeted sill model.
However, it should be noted that the exact mechanisms of hydrothermal cooling within the
Annieopsquotch ophiolite remain enigmatic. The “chilled margins” and the dendritic feldspar and
pyroxene indicate sills intruded into crust that was already solidified and somewhat cooled. This is
hard to reconcile with the presence of a steady state axial melt iens and underlying low velocity zone
that is entirely composed of crystal mush, since the hydrothermal fluids required for cooling are not
expected to penetrate far into a mush zone. A possible solution to the problem lies in the episodic
nature of both sill formation and hydrothermal alteration. Episodic, high temperature hydrothermal
cooling is efficient along the steep sides of the low velocity zone, where isotherms are nearly vertical
(Dunn et al., 2000; Nicolas et al., 2003). Possibly, sills intrude into the periphery of the low velocity
zone, followed by an episode of hydrothermal cooling. This scenario allows for dynamic interaction
between intruding magmas and hydrothermal fluids. It is clear that a detailed study is required to
elucidate the mechanisms of cooling of a sheeted sill complex, in particular the relationship between
the magma plumbing system and the hydrothermal cooling system.

4.8. Conclusions

The internal structure of rocks from the gabbro zone of the Annieopsquotch ophiolite shows
that the lower ophiolitic crust is dominated by 10-30m thick sills, which can be recognized to within
400 m of the sheeted dyke complex. In the lowermost exposed crust, however, the presence of
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numerous relict troctolite enclaves appears to have interfered with the formation of a well-developed
sheeted sill complex. The sills are composed of gabbroic cumulates whose calculated parental
magmas generally become more evolved upwards, and exhibit compositions very similar to those of
the overlying basaltic sheeted dykes and lavas. These data lead to a model where mantle derived
magmas intrude into and fractionate within a crustal sill compiex (Fig. 9). Fractionated melts are
expelled through dyke- or channel-like conduits, and then move up-section where they may: 1) form
new sills; 2) pond at the gabbro/sheeted dyke interface to form a quasi-axial melt lens; or 3) erupt at
the surface. The evidence from the Annieopsquotch ophiolite implies that a persistent axial melt lens
was not a significant site for aggregation, homogenization and differentiation of mantle-derived melts.
Rather, it seems as though most of the fractional crystallization in the system occurred within the
intra-crustal sill complex, and that this intra-conduit differentiation dominates the compositional
evolution of the lavas. If sill complexes also characterize some types of mid-ocean ridges, then they
may play an important role in MORB evolution. | realize that a single, unifying model for crustal
accretion at fast-spreading mid-ocean ridges is unrealistic, and that the relative importance of
different processes probably varies from ridge to ridge. Nonetheless, the evidence from the
Annieopsquotch ophiolite shows that sill emplacement can be a fundamental process in the accretion
of the lower oceanic crust.
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Figure 4.1: Geological map of the Annieopsquotch ophiolite and surrounding rocks of the Notre Dame Subzone of
the Newfoundland Appalachians, modified from van Staal et al. (in press). Inset shows location of the
Annieopsquotch ophiolite belt (AOB) within the Notre Dame subzone (ND), as well as the location of the Bay of Island
ophiolite (BOI). Rose diagram shows the orientation of sheeted dykes (data from Dunning, 1984). The average dyke
orientation (grey arrow) makes an angle of 9° with the pole of the gabbro-dyke boundary (black arrow), and the vast
majority is within 20°. Dashed box shows location of section described in this chapter. RIL=Red Indian Line.
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Figure 4.3: Field photographs illustrating the appearance of intrusive contacts within the Annieopsquotch ophiolite.
(a) Coarse-grained gabbro (right) cuts fine- to medium-grained gabbro (left). Note that coarse veins issue from the
main body of the gabbro, and that the intrusive gabbro does not display any grain size reduction towards the contact,
suggesting that the fine- to medium-grained gabbro was still hot when it was intruded. View to the SW. (b) Fine- to
medium-grained gabbro (right) intruded coarse-grained gabbro (left). Note that, away from the contact, the gabbro
on the right gradually increases in grain size from fine- to medium-grained. (c) Fine-grained gabbro (FGG) intruded
along the contact of a coarse- and medium-grained gabbro (CGG and MGG), and is itself cut by a gabbroic vein.
Clinopyroxene crystals grow inwards from both walls of the gabbro vein, forming a comb structure, and give way to a
plagioclase rich center (see inset), indicating cooling from both top and bottom. Vertical face, view towards the SW.
(d) 5-10 cm long dendritic plagioclase and clinopyroxene growing down from a sill contact (above field of view),
suggesting cooling of the sill occurred from the top down.

50



Figure 4.4: Sketch of discordant gabbo body (white), composed of coarse-grained anorthositic matrix with
clinopyroxene clots, that cuts medium-grained gabbro (grey). The discordant body is subparallel to the sheeted
dykes, and feeds a small, finer-grained sill. The discordant body is interpreted to be a melt channel that transports
melt from lower crustal sills upward, feeding sills laterally. The coarse grain size suggests that the channel formed at
near-solidus temperature.

Figure 4.5: Photomicrograph of a typical coarse-grained Annieopsquotch gabbro. Note the large subhedral cumulus
plagioclase laths (pale grey - Pl) and cumulus clinopyroxene (dark grey - Cpx). Minor brown amphibole (BA) rims
clinopyroxene, and occupies interstices in association with oxides (O). Clinopyroxene is dark due to very fine-
grained exsolved oxides, and is locally replaced by green hornblende (H). Plagioclase is turbid due to inclusion of
micron-scale oxides. The gabbrois unfoliated. Plane polarized light.

51



¢ Gabbro % Crosscutting dyke 0O VL02J341A

I ] [ [ ] ] [
—— —
|- 0 a L
ST 'Y S N N T S
px-g g d
£ * * » ¥
X -
= X ‘0
5 » *e S
[)) - .
T 1- 'Y
- * *
S . SN S N L S
B *® “ T
O | L | | | | |
05 06 0.7 0.8 05 10 15
Mg# TiO, (Wt%)

Figure 4.6: Variation of Mg# and TiO, of Annieopsquotch gabbros and crosscutting dykes with height above the
exposed base of the gabbro zone. The bar indicates the range observed in the sheeted dykes and basalts, with the
average marked by the rectangle. Mg# = Mg/Mg-+Fe™, calculated using Fe*/Fe*'=0.1. T=troctolite-bearing level;
S=Sill complex; L=level with liquid-like gabbros.
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Figure 4.7: REE patterns of the modeled parental magmas of the cumulate gabbros (black, solid circles) compared
with those of sheeted dykes and basalts (grey field). Note that both have similar patterns and span a similar
compositional range. Histogram illustrates the similarity in REE of model liquids (hatched) and sheeted dykes and
basalts (grey). Normalizing values from Sun and McDonough (1989).
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Figure 4.8: Variation of Ti and Ybin model liquids and crosscutting dykes with stratigraphic height above the exposed
base of the gabbro zone. Trapped melt fractions of the cumulates are indicated in the third column. The bar shows
the Ti and Yb range observed in the sheeted dykes and basalts, with the average marked by the rectangle.
T=troctolite-bearing level; S=Sill complex; L=level with liquid-like gabbros.
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Figure 4.9: Schematic model for accretion of the Annieopsquotch ophiolite. Note that sills are not to scale. Melt
ponded at the Moho feeds lower crustal sills, where magmas fractionate to different extents, before moving up
section to: 1) form higher-level, more evolved sills, 2) feed into an axial melt lens immediately below the sheeted
dyke complex, or 3) to erupt. The lower ~1300 m of the section is not exposed at Annieopsquotch, but is tentatively
interpreted to comprise sills as well.
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Table 4.1: Whole-rock geochemical data of the gabbro zone of the Annieopsquotch ophiolite

sample' 2J310c  2Jdm5  2Jdm8 2J423  2J426a 2J426b 2J328a 2J328b 2J328c 2J326a 2J326b 2J317a
Lithology Ol-gabbro Gabbro Ol-gabbro Gabbro Gabbro Ol-gabbro Ol-gabbro Gabbro Ol-gabbro Ol-gabbro Gabbro  Gabbro
Heigth? 153 196 196 480 933 933 1228 1228 1228 1352 1352 1628
utM 3 447899 447938 447938 447806 447835 447835 447480 447480 447480 448207 448207 447450
UTM y 5348092 5348130 5348130 5347628 5347077 5347077 5346503 5346503 5346503 5346760 5346760 5345982
SiO, 48.46 48.36 48.43 48.51 49.50 48.67 47.41 49.91 45.98 49.95 48.21 47.97
TiO, 0.29 0.20 0.25 0.41 0.48 0.30 0.35 0.52 0.22 0.52 0.76 0.36
AlLO; 16.97 16.18 16.73 16.44 14.78 15.99 18.67 15.36 18.60 16.67 16.51 16.86
Fe,05* 7.04 5.95 5.76 6.42 9.02 8.05 7.63 7.74 9.21 7.00 9.01 7.22
MnO 0.13 0.13 0.1 0.13 0.17 0.15 0.13 0.15 0.14 0.12 0.15 0.13
MgO 10.05 10.81 11.00 9.39 9.58 9.78 9.00 8.98 10.23 8.60 9.32 10.21
ca0 15.46 15.12 15.33 15.51 13.90 14,57 13.43 13.88 11.10 13.63 12.75 13.96
Na,O 1.71 1.38 1.54 1.72 2.06 1.76 1.87 2.36 2.30 2.51 224 1.83
K0 0.04 0.11 0.06 0.05 0.07 0.04 0.05 0.06 0.08 0.07 0.10 0.05
P20s 0.02 0.02 0.03 0.03 0.03 0.01 0.02 0.03 0.02 0.04 0.06 0.02
LOI 0.29 1.62 0.69 1.35 0.80 0.87 1.26 1.05 1.98 1.31 1.20 1.24
Total 100.58 99.95 100.04  100.02 100.44  100.26 99.91 100.09 99.94 100.51 100.39 99.95
Trace elements (ppm)

Ba 5.0 13.2 6.9 6.2 53 6.6 6.8 57 7.5 8.3 10.5 4.8
Cr 718 363 545 295 155 349 398 230 384 420 390 450
Cs 0.16 0.20 0.26 0.23 0.13 0.21 0.19 0.16 0.27 0.13 0.13 0.15
Hf 0.30 0.20 0.20 0.50 0.50 0.20 0.40 0.50 0.20 0.70 1.30 0.50
Nb b.d. 0.11 b.d. 0.21 0.20 b.d. 0.15 0.26 b.d. 0.36 0.60 0.13
Ni 148 135 175 108 96 113 141 83 213 100 129 113
Pb b.d. 1.20 b.d. 1.10 0.50 bd. 0.60 0.60 0.40 0.80 1.00 0.50
Rb 0.88 299 2.21 0.81 1.06 0.60 0.65 0.39 1.26 0.99 0.68 0.56
Sc 426 491 50.0 49.7 48.5 45.6 33.4 >50 235 454 387 43.0
Sr 91 104 98 110 93 104 107 97 115 104 95 107
Th b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
U b.d. 0.02 b.d. 0.01 0.01 b.d. b.d. 0.01 b.d. 0.02 0.02 0.01
\% 153 152 156 193 243 180 142 214 97 206 222 162
Y 8.97 5.89 7.62 11.27 12.34 9.04 9.15 13.66 5.20 15.18 18.76 10.06
Zr 9.00 4.30 5.70 13.60 11.80 6.20 11.40 15.00 5.00 20.70 44.80 12.10
La 0.25 0.18 017 0.36 0.38 0.18 0.40 0.51 0.23 0.81 1.14 0.37
Ce 0.94 0.55 0.65 1.27 1.36 0.71 1.41 1.83 0.79 2.66 4.01 1.34
Pr 0.21 0.12 0.17 0.28 0.29 0.17 0.29 0.42 0.16 0.53 0.80 0.29
Nd 1.38 0.87 1.20 1.97 1.87 1.22 1.69 242 1.02 3.17 476 1.84
Sm 0.68 0.43 0.65 0.84 0.93 0.65 0.76 1.14 0.47 1.31 1.77 0.83
Eu 0.39 0.26 0.31 0.47 0.54 0.42 0.44 0.57 0.36 0.58 0.78 0.41
Gd 1.20 0.73 1.04 1.49 1.61 1.25 1.20 1.97 0.78 2.09 2.82 1.39
Tb 0.22 0.16 0.20 0.29 0.29 0.23 0.25 0.37 0.14 0.38 0.54 0.26
Dy 1.55 1.02 1.31 2.02 2.01 1.51 1.59 2.45 0.88 253 3.38 174
Ho 0.35 0.22 0.29 0.43 0.48 0.35 0.35 0.55 0.21 0.58 0.76 0.40
Er 1.05 0.65 0.89 1.26 1.38 1.02 1.06 1.58 0.62 1.62 2.25 1.08
Tm 0.15 0.10 0.13 0.20 0.21 0.14 0.15 0.25 0.09 0.25 0.33 0.16
Yb 0.89 0.55 0.82 1.23 1.26 0.94 0.95 1.49 0.55 1.52 2.04 1.08
Lu 0.15 0.09 0.12 0.18 0.20 0.15 0.16 0.21 0.10 0.24 0.34 0.16
Mg#‘ 0.76 0.80 0.81 0.76 0.70 0.73 0.72 0.72 0.71 0.73 0.69 0.76
Notes:

'Prefix VLO has been omitted from all samples
Height above base of gabbro zone (m)

“UTM in NADS83, zone 21

*Mg# = Mg / Mg+Fe*" assuming Fe*"/Fe*"= 0.1;
b.d. = below detection limit
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Table 4.1 (continued)

sample 2J317b 2J316 2J314a 2J314b 2J339a 2J339b 2J340b 2J341a 1J046c 1J047d 1J049c¢ 1J056e  1J0S6f
Lithology Ol-gabbro Gabbro Gabbro Gabbro Ol-gabbro Gabbro Gabbro Gabbro  Dyke Dyke Dyke Dyke Dyke
Heigth 1628 1737 1795 1795 2050 2050 2059 2253 AN AN AN AN AN

UTM x 447450 447576 447199 447199 447695 447695 448011 447964 449576 460688 459863 456621 456621
UTMy 5345982 5345923 5345629 5345629 5345593 5345593 5345763 5345489 5348776 5357054 5355418 5357789 5357789

Sio, 50.37 46.43 51.04 49.98 47.89 47.80 49.10 50.02 49.26 49.60 51.00 49.84 48.76
TiO, 0.42 0.26 0.41 0.50 1.02 0.58 0.33 1.16 1.23 0.74 0.97 1.29 1.16
ALO, 17.66 16.88 16.52 15.64 13.85 19.78 16.83 17.04 15.68 16.59 16.64 15.85 16.22
Fe,05* 7.51 10.17 6.47 7.91 11.87 7.47 5.83 10.78 11.70 9.11 11.76 11.68 11.84
MnO 0.14 0.18 0.13 0.15 0.19 0.13 0.11 0.15 0.20 0.12 0.19 0.17 0.18
MgO 7.58 10.08 8.27 9.25 10.13 7.39 10.27 5.62 7.78 8.41 6.32 7.28 7.67
Ca0 12.92 13.16 13.77 13.45 11.47 13.86 13.77 11.58 11.84 13.00 10.82 11.42 11.70
Na,O 2.85 1.80 2.73 2.20 2.19 1.92 2.02 3.00 2.64 2.01 2.68 276 2.54
K,0 0.04 0.09 0.06 0.05 0.06 0.06 0.10 0.09 0.07 0.06 0.09 0.09 0.09
P,0s 0.03 0.02 0.03 0.03 0.07 0.04 0.03 0.08 0.08 0.04 0.09 0.08 0.06
LOI 0.68 1.28 0.80 0.82 1.63 0.95 1.80 0.67 0.66 0.62 0.57 0.39 0.88
Total 100.25 100.40 100.27 100.03 100.43 100.08 100.25 100.24 101.16 100.31 101.14 100.85 101.10
Trace elements (ppm)

Ba 4.2 57 6.6 7.5 5.1 57 17.0 11.1 15.1 10.2 31.7 10.3 10.4
Cr 178 285 118 125 211 413 223 97 269 325 139 261 284
Cs 0.13 0.13 0.10 0.10 0.14 0.10 0.22 0.25 0.05 0.04 0.06 0.05 0.05
Hf 0.50 0.20 0.50 0.60 1.20 0.70 0.50 1.40 1.87 0.95 1.44 1.84 1.43
Nb 0.20 b.d. 0.46 0.54 0.64 0.27 0.25 1.10 1.20 0.52 1.21 0.81 0.51
Ni 65 132 73 81 129 128 122 45 73 112 54 94 97
Pb b.d. 1.30 b.d. b.d. 0.70 0.60 0.70 0.40 1.69 1.56 0.15 0.37 b.d.
Rb 0.31 0.74 0.37 0.51 0.32 0.50 227 1.09 0.51 0.56 0.59 0.73 0.68
Sc 416 371 >50 >50 421 32.0 35.4 36.4 435 41.4 434 40.6 425
Sr 108 127 103 92 79 95 137 145 119 108 138 100 90
Th b.d. b.d. 0.11 b.d. 0.06 b.d. b.d. 0.11 0.13 0.16 0.32 0.1 0.07
U 0.01 b.d. 0.02 0.02 0.02 0.01 0.01 0.04 0.04 0.03 0.10 0.04 0.03
\% 183 139 219 233 270 178 143 322 293 250 316 325 331
Y 11.60 7.36 14.35 13.62 24.20 13.00 9.23 25.40 28.58 18.73 23.58 30.65 24.24
Zr 13.80 4.80 15.80 15.80 36.60 23.30 14.00 46.90 61.77 29.09 49.42 59.24 47.31
La 0.50 0.27 0.75 0.65 1.21 0.76 0.41 1.76 2.09 1.13 2.69 1.80 1.37
Ce 1.71 0.87 2.64 2.08 4.40 253 1.37 5.74 6.79 3.60 7.39 6.31 4.60
Pr 0.34 0.19 0.51 0.41 0.90 0.49 0.29 1.06 1.27 0.66 1.24 1.21 0.88
Nd 217 1.24 2.84 2.35 5.19 3.04 1.74 6.26 7.15 3.74 6.40 7.38 5.28
Sm 0.94 0.58 1.25 1.1 2.26 1.20 0.84 2.45 2.66 1.66 2.10 2.90 2.06
Eu 0.55 0.46 0.58 0.55 0.87 0.64 0.42 0.97 1.13 0.65 0.95 1.16 0.95
Gd 1.51 1.01 1.90 1.81 3.37 1.80 1.23 3.78 3.97 2.51 3.16 4.05 3.18
Tb 0.31 0.19 0.38 0.37 0.65 0.34 0.25 0.70 0.73 0.45 0.59 0.77 0.58
Dy 2.05 1.38 2.44 2.29 4.30 2.34 1.63 4.56 478 3.04 3.83 5.18 4.09
Ho 0.46 0.31 0.55 0.53 0.97 0.55 0.35 1.02 1.01 0.67 0.86 1.16 0.92
Er 1.36 0.94 1.63 1.50 2.81 1.68 1.00 2.89 2.96 1.95 2.46 3.37 2.62
Tm 0.20 0.14 0.26 0.24 0.45 0.22 0.15 0.44 0.43 0.29 0.37 0.52 0.39
Yb 1.27 0.76 1.45 1.35 273 1.49 0.95 2.78 276 1.82 2.28 3.26 2.59
Lu 0.20 0.12 0.25 0.22 0.42 0.23 0.15 0.45 0.45 0.29 0.36 0.51 0.38

Mg# 0.69 0.68 0.74 0.72 0.65 0.68 0.79 0.53 0.59 0.67 0.54 0.58 0.59




Table 4.2: Model composition of parental melts of Annieopsquotch gabbros (ppm)

sample’ 310c dm5  dm8 423  426a  426b  328a  328b  328c  326a  326b
Height? 153 196 196 480 933 933 1228 1228 1228 1352 1352
K 1740 5145 4241 1457 2342 2369 2221 2093 4567 1867 2843
P 340 361 887 365 437 413 405 559 416 519 810
Ti 6657 3511 6096 6144 8884 7184 6602 7912 4923 8885 11431
Ba 198 611 403 183 161 335 280 187 341 195 289
cr 334 91 169 100 63 111 118 60 120 215 132
Cs 095 119 263 08 056 173 110 072 219 045 048
Hf 146 077 118 152 18 113 165 163 106 232  3.94
Nb 029 070 052 08 09 042 095 124 041 138 232
Ni 56 283 102 232 58 53 272 162 210 201 264
Pb 053 375 067 242 111 063 163 151 114 141 210
Rb 548 1916 2475 315 500 539  4.11 186 1139 375 262
Sc 163 9.4 121 130 157 125 76 10.6 5.7 182  10.1
Sr 87 129 107 104 75 108 106 95 103 66 80
Th b.d. b.d. 034  bd. bd. b.d. b.d. b.d. b.d. b.d. bd.
U bd. 010 bd. 003 004  bd. b.d. 006 bd 006 006
Y 159 85 112 137 212 132 93 123 69 211 158
Y 3345 1562 2871 2719 3641 3436 2662 3269 1811 41.73 4742
Zr 50.84 21.82 4751 4792 5118 4629 60.02 6097 3586 7558 157.35
La 112 0.81 107 1.1 135 102 173 182 122 233 345
Ce 414 232 38 38 473 38 58 625 399 762 1186
Pr 089 045 093 081 098 08 114 135 076 152 229
Nd 580 314 613 554 620 591 625 737 457 897 1320
Sm 271 134 288 220 292 281 251 310 187 365 459
Eu 073 049 063 075 093 08 078 103 067 08 125
Gd 458 205 417 370 48 499 366 493 285 573 695
o 084 044 076 071 087 08 073 090 049 104 130
Dy 579 272 494 488 595 574 464 580 308 693 811
Ho 131 059 111 104 141 132 103 132 073 158 182
Er 394 172 337 305 410 390 310 380 216 450 544
Tm 056 027 048 048 063 055 046 060 034 070 081
Yb 3.41 151 322 305 383 371 28 368 200 433 504
Lu 057 024 048 048 062 058 048 054 035 070  0.86
TMF® 015 015 008 025 020 010 015 020 010 025 025

TPrefix VLO2J has been omitted from all samples;
Height above base of gabbro zone (m);
*TMF = Trapped melt fraction (see text for details)
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Table 4.2 (continued)

sample’ 317a 317b 316 314a 314b 339a 339 340b 341a
Height? 1628 1628 1737 1795 1795 2050 2050 2059 2253
K 2167 1081 9911 1816 1237 2044 1508 4100 866

P 457 430 631 458 425 692 908 551 396

Ti 6100 7402 5864 5345 6620 10652 13862 7032 8112
Ba 18.8 10.3 447 21.0 18.8 13.4 18.1 58.5 12.4
Cr 138 86 66 27 40 74 177 88 112

Cs 0.88 0.46 224 0.36 0.30 0.43 0.46 1.24 0.29
Hf 1.81 1.70 1.23 1.34 1.56 3.18 2.60 227 1.63
Nb 0.81 0.77 0.93 1.79 1.76 2.09 1.30 1.57 1.28
Ni 161 39 271 135 158 223 361 290 51

Pb 1.29 0.38 521 0.53 0.41 1.45 1.30 1.58 043
Rb 3.51 117 15.43 1.44 1.65 1.04 2.39 14.08 1.26
Sc 7.6 19.2 6.6 9.1 12.9 11.0 9.7 10.7 421

Sr 99 75 146 133 85 78 78 103 123

Th b.d. b.d. b.d. 0.11 b.d. 0.20 b.d. b.d. 0.11

U 0.04 0.03 b.d. 0.09 0.06 0.07 0.07 0.07 0.05
Y 110 182 75 107 154 195 160 122 374

Y 2491 33.39 2517 28.85 28.78 52.49 37.46 30.69 29.43
Zr 56.24 51.05 51.97 52.57 46.99 109.46 100.51 77.44 54.50
La 1.52 1.49 2.14 2.38 1.75 3.30 2.66 1.67 1.99
Ce 5.19 5.08 6.15 7.96 5.46 11.70 8.67 5.48 6.55
Pr 1.05 1.00 1.17 1.43 1.03 233 1.63 1.1 1.22
Nd 6.14 6.39 6.72 7.49 5.77 12.97 9.89 6.58 717
Sm 24 273 2.51 2.91 2.54 5.30 3.69 2.99 2.82
Eu 0.68 0.88 0.97 1.09 0.88 1.34 0.98 0.69 1.01
Gd 3.64 4.33 3.75 4.04 3.94 7.52 5.29 417 4.36
Tb 0.67 0.88 0.68 0.78 0.78 1.43 1.00 0.82 0.81

Dy 432 5.90 4.76 4.94 4.86 9.35 6.73 5.43 5.27
Ho 0.98 1.31 1.06 1.10 1.1 2.10 1.59 1.47 1.19
Er 2.68 3.96 3.23 3.28 3.19 6.12 4.87 3.36 3.36
Tm 0.41 0.59 0.48 0.51 0.51 0.99 0.65 0.51 0.51
Yb 278 3.76 2.74 2.99 2.92 6.06 4.44 3.30 3.23
Lu 0.42 0.58 0.43 0.53 0.48 0.95 0.69 0.55 0.52
TMF® 0.15 0.25 0.04 0.25 0.30 0.30 0.20 0.15 n/a
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CHAPTER V
Assembly of the Annieopsquotch Accretionary Tract, Newfoundland
Appalachians: Age- and geodynamic constraints from syn-kinematic
intrusions

5.1. Introduction

The Annieopsquotch Accretionary Tract is a well-preserved Ordovician accretionary complex
that occurs along the fundamental suture formed by the Ordovician-Silurian closure of the lapetus
Ocean, the Red Indian Line (Williams et al., 1988; van Staal et al., 1998). It comprises several fault-
bounded, west-dipping slices of dominantly mafic arc-back arc complexes and ophiolites that formed
in the upper plate above a west-dipping subducting slab and have been transferred from their original
intra-oceanic setting to the peri-Laurentian Dashwoods microcontinent by underplating. Detailed
mapping, in collaboration with extensive geochemistry and high-precision U-Pb and “CAr/ P Ar
geochronology, have provided a tightly constrained geological framework for the Annieopsquotch
Accretionary Tract, making it one of the best-documented examples of an Early Paleozoic
accretionary complex. The Annieopsquotch Accretionary Tract thus provides a unique opportunity to
study the processes involved in accretionary tectonics, and to evaluate the differences and
similarities between Paleozoic and Mesozoic-Cenozoic accretionary orogeny. Of particular interest
are the relative contributions of oceanic material and recycled continental crust and the sources
involved in magmatism in accretionary tracts. These issues remain a subject of intense research and
debate, particularly because of the role accretionary complexes play in continental growth (e.g.,
Sengdr and Natal'in, 1996; Xiao et al., 2003).

In this chapter, | describe the results of “’Ar/*®Ar geochronology of the shear zones that
separate different units of the Annieopsquotch Accretionary Tract, and U/Pb geochronology and
geochemistry of the plutons that intrude these shear zones. These data provide age constraints on
juxtaposition of the different components of the Annieopsquotch Accretionary Tract, and constrain
the geodynamic evolution of the Annieopsquotch Accretionary Tract. Linking the tectonic and
magmatic events of the Annieopsquotch Accretionary Tract with those that took place in the adjacent
Dashwoods microcontinent provides constraints on the overall tectonic evolution of the peri-
Laurentian portion of the Newfoundland Appalachians during the Early to Late Ordovician Taconic
orogeny (Williams and Hatcher 1983). | will demonstrate that: (1) the majority of the Annieopsquotch
Accretionary Tract was accreted to Dashwoods by 468 Ma, indicating that accretion occurred within
5-10 Ma after formation of the units; (2) the Annieopsquotch Accretionary Tract comprises an
important component of recycled continental crust in addition to accreted oceanic crust, and
sediments are notably absent; (3) plutons intruding the Annieopsquotch Accretionary Tract tapped
variable sources (sub-arc mantle, lithospheric mantle, crust); (4) magmatism in the Annieopsquotch
Accretionary Tract is related to the adjacent Notre Dame Arc, but is chemically more primitive owing
to intrusion into thin, predominantly mafic crust of the Annieopsquotch Accretionary Tract and ascent
along shear zones.
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Assembly of Annieopsquolch Accretionary Tract

5.2. Regional geology

The Newfoundland Appalachians result from the closure of the lapetus Ocean, which
resulted in juxtaposition of Laurentia with several peri-Gondwanan continental blocks. Rocks formed
within the oceanic realm of lapetus are preserved in Newfoundland’'s Dunnage Zone (Williams,
1979). The Dunnage Zone has been subdivided into the peri-Laurentian Notre Dame and
Dashwoods subzones, and the Exploits Subzone, which mainly has a peri-Gondwanan provenance
(Williams et al., 1988; Williams, 1995; Fig. 5.1). The Notre Dame and Dashwoods subzones are
separated from peri-Gondwanan rocks of the Exploits Subzone by the Red Indian Line (Williams et
al., 1988; van Staal et al., 1998). Both the Notre Dame and Dashwoods subzones are dominated by
granitoid arc plutons and associated volcanic rocks of the Notre Dame Arc (e.g., Whalen et al., 1987,
1997), ophiolites, and dominantly mafic arc-back arc complexes. Magmatism in the Notre Dame Arc
was episodic, with major pulses in the Tremadoc, Lianvirn-Caradoc, and Ashgill-Wenlock (van Staal
et al., 2003; Whalen et al., 2003). Ophiolites occur in three distinct belts: the Lushs Bight and Baie
Verte oceanic tracts, which overlie metasedimentary rocks of the Notre Dame and Humber
(sub)zones, respectively (e.g., Swinden et al., 1997), and the Annieopsquotch ophiolite belt
(Annieopsquotch ophiolite belt; Chapter 3). The Annieopsquotch ophiolite belt, along with most mafic
arc-back arc complexes, occurs in a linear belt along the eastern margin of the Notre Dame
Subzone. Together, these rocks are referred to as the Annieopsquotch Accretionary Tract (van Staal
et al., 1998). The Dashwoods Subzone generally exposes a deeper crustal level than the Notre
Dame Subzone and has a larger sedimentary component (e.g., the amphibolite to granulite-facies
Cormacks Lake Complex; Pehrsson et al., 2003), but both share a common Ordovician tectonic
history (Pehrsson et al., 2003).

It has been inferred on the basis of isotopic and geochronological studies (e.g., Swinden et
al., 1997; Whalen et al., 1997), combined with tectonic relationships, that both subzones are
underlain by thinned continental crust, which is interpreted as a ribbon-shaped microcontinent,
referred to as Dashwoods, that rifted-off of the Laurentian margin during the Early Cambrian
(Waldron and van Staal, 2001). During the Cambrian to Early Ordovician the Dashwoods
microcontinent was separated from Laurentia by the Humber Seaway. The Humber Seaway was
closed by east-directed subduction underneath the Dashwoods microcontinent in the Tremadoc,
leading to the first magmatic phase of the Notre Dame Arc, and ended with the collision between
Laurentia and the Dashwoods microcontinent by at least 475 Ma (Waldron and van Staal, 2001).
This collision is thought to have resulted in slab break-off of the oceanic portion of the Laurentian
slab, generating the second pulse of Notre Dame arc magmatism (van Staal et al., 2003; Whalen et
al., 2003), and initiated convergence to the east (i.e. outboard) of the Dashwoods microcontinent,
leading to the formation of a west-dipping subduction zone that was responsible for formation of the
units now preserved within the Annieopquotch Accretionary Tract (Chapter 3).

5.3. The Annieopsquotch Accretionary Tract

The Annieopsquotch Accretionary Tract is the easternmost unit of the Notre Dame Subzone,
and is defined as a complex east-vergent thrust stack of ophiolites and arc-back arc complexes that
is bounded by the Lloyds River Fault Zone (Lloyds River Fault Zone; Chapter 6) and Hungry
Mountain Thrust to the west and by the Red Indian Line to the east (Fig. 5.1; van Staal et al., 1998).
Each thrust slice becomes progressively younger to the east (Thurlow et al., 1992; Zagorevski et al.,
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Assembly of Annieopsquolch Accretionary Tract

subm.), suggesting sequential accretion to the Dashwoods microcontinent (van Staal et al., 1998).
Sedimentary rocks are scarce within the Annieopsquotch Accretionary Tract, allowing detailed
reconstruction of the relationships between the various mafic oceanic complexes. The different
components of the Annieopsquotch Accretionary Tract are mainly separated by northwest-dipping,
amphibolite- to sub-greenschist-grade shear zones, which in many places have been intruded by
plutonic rocks during assembly of the tract. Most of these shear zones are thought to be Ordovician
in age, although some of them accommodated out of sequence movement (e.g., Thurlow et al,,
1992) or Silurian reactivation (Zagorevski and van Staal, 2002). The Annieopsquotch Accretionary
Tract has a structural thickness varying from 8 to 15 km, and comprises, from top to bottom, the
Annieopsquotch ophiolite belt (Chapter 3), the younger Lloyds River Complex ophiolitic sliver
(defined below), the mature arc volcanic sequence of the Buchans Group (Swinden et al., 1997), and
the younger immature arc-back arc succession of the Red Indian Lake Group (Fig. 5.2; Zagorevski et
al., subm.). In addition, the Annieopsquotch Accretionary Tract contains a suite of syn-kinematic
plutonic and syn-orogenic volcanic and associated metasedimentary rocks, termed the Otter Pond
Complex (Figs. 5.1 & 5.2; defined below). The limited structural thickness of the tract suggests parts
of the units are currently missing. This likely resulted from strike slip movements that accompanied
accretion of the Annieopsquotch Accretionary Tract (Chapter 6; Zagorevski and van Staal, 2002),
and possibly from subduction of some elements or parts thereof.

The Annieopsquotch ophiolite belt (481-478 Ma; Dunning and Krogh, 1985) is defined as a
band of ophiolite complexes and fragments that extends for ¢. 200 km along the eastern margin of
the Notre Dame Subzone (Fig. 5.1; Chapter 3). Its main components are the Annieopsquotch, Star
Lake and King George IV ophiolites, all of which lack the mantle section and lowermost crust, but are
otherwise intact (Fig. 5.1). Correlative ophiolitic fragments occur along strike within the Hungry
Mountain Complex (Whalen et al., 1997), and on the north coast of Newfoundland within the Hall Hill
Complex (Bostock, 1988). The ophiolite belt records early boninitic magmatism followed by a
tholeiitic phase, and is interpreted to have formed during initiation of west-directed subduction
outboard of the Dashwoods microcontinent following the Dashwoods-Laurentia collision (Chapter 3).
The Annieopsquotch ophiolite belt is separated from the Dashwoods microcontinent by the Lloyds
River Fault Zone. The Lloyds River Fault Zone is marked by highly strained amphibolites, separated
by lenticular bodies of less deformed plutonic rocks, and comprises three major northwest-dipping
shear zones (the northwestern, central and southeastern shear zones; Figs. 5.1, 5.2, 5.3a). The
three shear zones are characterized by predominantly steeply northwest-dipping foliations with
moderately (40-60°) north to northeast-dipping lineations, and record sinistral oblique underthrusting
of the Annieopsquotch ophiolite belt beneath the Dashwoods microcontinent (Chapter 6). This is
consistent with the sense of motion observed in amphibolite-facies mylonites that define the Hungry
Mountain Thrust, the equivalent of the Lloyds River Fault Zone immediately north of the town of
Buchans (e.g., Calon and Green, 1987).

The structurally underlying Lloyds River Complex is an ophiolitic sliver comprised of gabbro,
anorthosite, sheeted dykes and pillow lava, which are geochemically distinct from the
Annieopsquotch ophiolite belt, and yielded an age of 473 Ma (Zagorevski et al., subm.). It is
interpreted to have originated in a back-arc basin to the Buchans arc (Zagorevski et al., subm.). The
Lloyds River Complex is separated from the Annieopsquotch ophiolite belt by the Otter Brook Shear
Zone (Fig. 5.1). The Otter Brook Shear Zone is a northwest-dipping amphibolite to greenschist grade
shear zone characterized by mylonite, mica schist, and phyllonite with strong northeast-trending
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foliations and north-northeast-plunging lineations (Fig. 5.3b; Zagorevski and van Staal, 2002). It
records an important phase of sinistral oblique underthusting of the Lioyds River Complex beneath
the Annieopsquotch ophiolite belt (Zagorevski and van Staal, 2002).

The Otter Pond Complex is defined herein as a distinct suite of plutonic rocks and associated
highly deformed felsic volcanic and metasedimentary rocks, which is spatially associated with the
Otter Brook Shear Zone. The volcano-sedimentary rocks (rhyolite, amphibolite, garnet-mica schist,
and graphitic schist) are contained within strands of the Otter Brook Shear Zone, whereas the
plutonic rocks intrude both within the shear zone and within surrounding units (Fig. 5.1). The plutonic
rocks of the Otter Pond Complex have been subdivided into a mafic suite, which comprises generally
hornblende porphyritic to oikocrystic gabbros, diorites, and associated mafic dykes, and a
granodiorite suite. The mafic suite predominantly intruded the Annieopsquotch ophiolite, both as a c.
2 by 2 km sized, medium-grained pluton (Fig. 5.1), and as meter wide, (very) fine-grained dykes.
Otter Pond mafic dykes have also been observed to intrude sheeted dykes of the Star Lake and King
George |V ophiolites (Fig. 5.1). The main body of the granodiorite suite intruded the southeastern
margin of the Annieopsquotch ophiolite, forming an elongate body (c. 5 by 0.7 km) parallel to the
Otter Brook Shear Zone (Fig. 5.1). In addition, the granodiorite suite occurs as meter-scale sheets
intruding amphibolites of the Otter Brook Shear Zone and as subordinate aphanitic, locally flow
banded dykes that infrude the Annieopsquotch ophiolite and Lloyds River Complex. The granodiorite
is chemically similar to the aphanitic dykes and rhyolite of the volcano-sedimentary sequence (see
below), suggesting together they form part of a consanguineous suite of shallow plutonic-volcanic
bodies. These relationships suggest the Otter Pond Complex formed by intrusion and local extrusion
and sedimentation along the Otter Brook Shear Zone during thrusting of the Lioyds River Complex
underneath the Annieopsquotch ophiolite belt.

The Lloyds River Complex is separated from the structurally underlying Buchans Group (473
Ma; Dunning et al., 1987) and Red Indian Lake Group (464 Ma; Zagorevski et al., subm.) by a series
of southeast-directed, ductile-brittle thrusts in the Buchans area (Calon and Green, 1987; Thurlow
and Swanson, 1987; Thurlow et al., 1992); similar kinematic relationships have been found
elsewhere along strike (Zagorevski et al., 2003). Geochemical and isotopic data suggest the
Buchans Group (and its northeastern equivalent, the Robert's Arm Group; Bostock, 1988) represents
a volcanic arc that was formed on continental basement (Swinden et al., 1997; Zagorevski et al.,
subm.). It is postulated to have formed on a sliver of continental crust that rifted off of the Dashwoods
microcontinent and was emplaced outboard of the Annieopsquotch ophiolite belt and Lioyds River
Complex by trench-parallel strike-slip movement (Zagorevski et al., subm.). Rifting of the Buchans
arc at 464 Ma produced an ensimatic back arc basin and younger arc phase, both preserved in the
Red Indian Lake Group, which was subsequently thrust beneath the Buchans Group (Zagorevski et
al., subm.). The Red Indian Lake Group is bounded to the southeast by the Red Indian Line, which
separates it from the peri-Gondwanan arc-back arc complexes of the Exploits Subzone (Figs. 5.1,
5.2; van Staal et al., 1998; Zagorevski et al., subm.).

5.4. Plutonic rocks within the Annieopsquotch Accretionary Tract

Several phases of plutonic rocks intrude into the Annieopsquotch Accretionary Tract and its
boundaries, and are concentrated around the Lloyds River Fault Zone and the Otter Brook Shear
Zone. In this section, | will discuss their geological relationships, whole-rock geochemistry and Nd-
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isotope geochemistry. Analytical techniques are described in Appendix 2, and detection limits and
sample locations are given in Rogers (2004). Whole-rock geochemical data are listed in Table 5.1,
and Nd-isotopic data in Table 5.2.

5.4.1. Pierre’s Pond suite

Along the northwestern and southeastern shear zones of the Lloyds River Fault Zone,
mylonitic amphibolites of ophiolitic origin are intimately interlayered with centimeter- to meter-wide
veins and sheets of foliated diorite and subordinate tonalite. In general, the amphibolites and
intrusive rocks are heavily deformed. However, near Star Lake (Fig. 5.1), such tonalite-diorite sheets
have intruded outside of the Lloyds River Fault Zone, directly into ophiolitic gabbro of the Star Lake
ophiolite (Fig. 5.4). The diorite is composed of aligned hornblende and plagioclase with accessory
guartz, biotite, titanite, and oxides, whereas the tonalite is composed of plagioclase, quartz, biotite,
hornblende with accessory titanite and oxides. There is a marked contrast in deformation between
the narrow zones of sheared intrusive rocks, which have foliations striking predominantly parallel to
the southeastern shear zone, and the largely unfoliated host ophiolitic gabbro, which displays a
partial greenschist-facies metamorphic overprint (randomly oriented clinozoisite-actinolite-chlorite) of
an earlier static amphibolite-facies metamorphism. The amphibolite-facies assemblage in turn largely
replaced the original igneous assemblage of clinopyroxene and plagioclase. These relationships
suggest that the diorite and tonalite sheets localized deformation during intrusion, the heat of the
intrusions and associated fluids producing a contact greenschist-facies metamorphism in the
surrounding host gabbro (Chapter 6). Given that the diorites and tonalites also intrude Lloyds River
Fault Zone amphibolites, this suggests they intruded the Lloyds River Fault Zone syn-kinematically. |
interpret these sheets as well-exposed, small-scale examples of less well-exposed larger bodies of
mixed diorite and tonalite that have intruded the northwestern portion of the Lloyds River Fault Zone
and the Star Lake ophiolite at Star Lake (Fig. 5.1), and were defined as the Pierre’s Pond suite by
Whalen et al. (1997).

Geochemically, the Pierre’s Pond suite is composed of both arc rocks, characterized by
enrichment in LILE and Th over Nb, and non-arc rocks, which lack Th enrichment with respect to Nb
(Whalen et al., 1997). The arc-like rocks were further subdivided into La-rich and La-poor groups. |
analyzed several small-scale, syn-kinematic diorite and tonalite sheets on Star Lake. The tonalite
analyses are similar to equivalent rocks of the Pierre’s Pond suite of Whalen et al. (1997; Fig. 5.5a),
with the exception of the higher K,O content in samples VL01J225A and 238C (see Table 5.1). This
is likely related to alkali metasomatism, expressed by replacement of plagioclase by irregular patches
of muscovite. The large negative Nb and Ti anomalies, and the enrichment in Th and LILE (Cs, Rb,
Ba) relative to the REE of the tonalites are typical of arc tonalite (Fig. 5.5a). La/Yby (chondrite
normalized) spans a large range (8 — 71), suggesting the tonalites in the Lloyds River Fault Zone
resemble both the La-rich and La-poor arc-like groups of Whalen et al. (1997). The diorites show
depletion in Nb, Zr and Ti, albeit less than the analysed tonalites, and enrichment in LILE and Th.
La/Yby ranges from 3 to 7, typical of the La-poor arc-like group of the Pierre’s Pond suite (Fig. 5.5b).
Sample VL01J210B deviates from this pattern by its low Th/Nb ratio (Fig. 5.5b), indicative of a non-
arc setting, similar to the non-arc group defined in the Pierre’s Pond suite by Whalen et al. (1997). A
dominantly arc origin for the tonalites and diorites is consistent with the La-Y-Nb (diorites; Cabanis
and Lecolle, 1989) and Rb vs Y+Nb (tonalites; Pearce et al., 1984) tectonic discrimination diagrams
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(Fig. 5.6). One diorite sample was analyzed for Nd-isotopes, and yielded an gyq value of 5.1 (Table
5.2), similar to values previously obtained for the Pierre’'s Pond suite (average —5.0; Whalen et al.,
1997, and unpublished data). Both geochemical and isotopic data thus support the interpretation that
the syn-kinematic sheets belong to the Pierre’s Pond suite.

5.4.2. Portage Lake monzogabbro

The Portage Lake monzogabbro is herein defined as a large sheet (~30 by 5 km) of foliated,
generally medium-grained, K-feldspar porphyritic, hornblende monzogabbro to monzonite, which
occupies a central position within the Lloyds River Fault Zone, between the central and southeastern
shear zones (Fig. 5.1). Accessory phases include biotite, epidote, and titanite. K-feldspar
phenocrysts typically have large aspect ratios (up to ~10), giving the Portage Lake monzogabbro a
very distinct character (Fig. 5.7). It comprises an early, fine-grained facies, which is generally
equigranular, and occurs as decimeter-sized enclaves in the later coarser grained porphyritic facies.
In general, the Portage lake monzogabbro has a solid-state fabric parallel to the foliations of Lloyds
River Fault Zone amphibolites. In low strain zones, however, a foliation subparalle! to the Lloyds
River Fault Zone is defined by the K-feldspar phenocrysts, which are locally tiled (Fig. 5.7). The
phenocrysts are enclosed in a low strain matrix and lack pressure shadows or deformed tails,
suggesting the K-feldspar foliation originated by flow in the magmatic state. A magmatic fabric
parallel to the Lloyds River Fault Zone, along with age constraints (see below), implies the Portage
Lake monzogabbro intruded syn-kinematically into the Lloyds River Fault Zone. This is consistent
with the presence of foliated amphibolite enclaves in a correlative monzodiorite immediately west of
the Annieopsquotch ophiolite (Fig. 5.1). This pluton is generally highly deformed with foliation parallel
to the Lloyds River Fault Zone amphibolites, and has a flaser gabbro-like appearance with
hornblende augen up to 1 cm in length within a plagioclase-K-feldspar-quartz matrix.

The Portage Lake monzogabbro is primitive, with low SiO, (44.6-53.5%), high MgO+Fe,O5*
(11.7-19.6%), and has a remarkably high alkali content (3.9-7.0%), with the majority of the alkalis
being K;O (average K,O / Na,0O = 1.6). The abundance of K-feldspar within the monzogabbro
indicates these high K,O contents are a primary feature. The high K;O defines the Portage Lake
monzogabbro as absarokite (SiO. <52%) to shoshonite (SiO, >52%) (cf. Morrison, 1980). Such
compositions are extremely rare within the Appalachians; to my knowledge, only one other
shoshonitic pluton has been reported (Pavlides et al., 1994). Harker diagrams show well-defined
trends suggestive of fractionation of olivine, clinopyroxene, plagioclase, ilmenite, and apatite. The
Portage Lake monzogabbro is LREE-rich, with somewhat depleted HREE, leading to high La/Yby
(19-24). Its trace element patterns reveal depletion in Nb, Ti, and Zr, and marked enrichment in LILE
(Cs, Rb, Ba, Th, K, Pb), indicating a strong subduction component in their petrogenesis (Fig. 5.5¢).
This is consistent with the La-Y-Nb discrimination diagram (Fig. 5.6a). £yq values of the Portage Lake
monzogabbro range from —-3.4 to —4.9 (Table 5.2), suggesting crustal assimilation or recycling of an
old crustal component into the mantle source. Its primitive composition, combined with an
incompatible element content higher than average upper continental crust and fractionation trends,
suggest limited crustal assimilation. | therefore interpret the Portage Lake monzogabbro to be
derived from a mantle source strongly enriched in alkalis and LREE by hydrous fluids and/or melts
derived from a subducted slab and overlying sediments. This is in keeping with petrogenetic models
for shoshonites elsewhere (e.g., Sun and Stern 2001; Chung et al., 2001).
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5.4.3. Otter Pond Complex

Otter Pond mafic suite

The Otter Pond mafic suite comprises variably deformed predominantly gabbroic-dioritic
bodies that occur along the Otter Brook Shear Zone and intrude the Annieopsquotch, Star Lake, and
King George IV ophiolites, as well as the Lloyds River Complex (Fig. 5.1). The suite is generally
distinct because of its hornblende porphyritic to oikocrystic nature, with the oikocrysts locally having a
diameter of 1 cm. In thin section, brown, igneous, tschermakitic amphibole oikocrysts enclose
crystals of calcic plagioclase, pyroxene, and oxides. Deformed equivalents along the Otter Brook
Shear Zone locally preserve the igneous poikilitic to porphyritic texture as porphyroclastic hornblende
aggregates in schists and mylonites.

Non-cumulate mafic bodies of this suite have basaltic to andesitic compositions (SiO, = 47.1-
56.3 wt%, MgO+ Fe,03* =14.2-21.1%), with moderate LREE enrichment (La/Yby = 2-8, average 5).
LILE were likely remobilized in a post-magmatic stage, but they are consistently enriched. Nb is
strongly depleted (average Nb/Th =0.8), while Zr, Hf, and Ti are slightly depleted (Fig. 5.5d). The
presence of amphibole oiko- and phenocrysts, calcic plagioclase, and oxides in associated
cumulates indicate high water activity and oxygen fugacity. Chemistry and mineralogy of the Otter
Pond mafic suite thus indicate formation in an arc environment, supported by their position in the La-
Y-Nb diagram (Fig. 5.6). eng Values of —0.9 and -1.8 for a gabbro and a mafic dyke, respectively
(Table 5.2), indicate assimilation or recycling of an old crustal component into the mantle source of
the suite.

Otter Pond granodiorite suite

The Otter pond granodiorite suite comprises several granodioritic to tonalitic bodies that
intrude the Annieopsquotch ophiolite and Lloyds River Complex, as well as subordinate rhyolites.
Accessory mineral phases include chloritized hornblende, chloritized biotite and titanite. Several
smaller, highly deformed, fine-grained granodioritic intrusions locally cut Otter Brook Shear Zone
mylonites, and have a strong foliation parallel to those within the surrounding Otter Brook Shear
Zone tectonites (Fig. 5.8). The dykes cut the Lloyds River Complex, Annieopsquotch ophiolite, and
Otter Pond mafic suite, and hence also stitch the boundary between Annieopsquotch ophiolite belt
and Lloyds River Complex (Otter Brook Shear Zone). These relationships suggest the Otter Pond
granodiorite suite intruded the Otter Brook Shear Zone syn-kinematically (Fig. 5.8). The suite must
also postdate intrusion of the Otter Pond mafic suite. The felsic intrusions likely intruded at very
shallow levels, as evidenced by the generally fine-grained nature of the larger bodies and flow-
banding in the associated aphanitic dykes. Chemically similar rhyolitic tuff and flows (Fig. 5.5e),
interlayered with graphitic sediment and mica schist, occur along the Otter Brook Shear Zone and
are interpreted to represent the extrusive equivalents of the shallow level intrusions.

The Otter Pond granodiorite suite is characterized by high SiO, (68.0-73.2%) and alkali (3.7-
6.2%) content, and low to moderate MgO+Fe,O5* (3.0-10.1%). LREE and LILE are enriched
(La/Ybn=6-9, average 7), while HFSE (Nb, Ti) are depleted (Fig. 5.5e). These features suggest
formation in an arc environment, consistent with their position in the Rb vs Y+Nb discrimination
diagram (Fig. 5.6b). The rhyolite has a similar composition (Fig. 5.5e), and yielded an gyq4 value of —
6.8 (Table 5.2).
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5.5. Geochronology

5.5.1. Analytical procedures

Laser “°Ar/*°Ar step-heating analysis was carried out at the Geological Survey of Canada,
with data collection protocols after Villeneuve and Macintyre (1997) and Villeneuve et al. (2000) and
error analysis following Scaillet (2000) and Roddick (1988). Analytical data are presented in Table
5.3 and plotted in Fig 5.9. U-Pb TIMS and SHRIMP |l analyses were conducted at the GSC. U-Pb
TIMS analytical methods are outlined in Parrish et al. (1987) and Davis et al. (1997), with treatment
of analytical errors after Roddick et al. (1987). SHRIMP || analyses were conducted using analytical
procedures described by Stern (1997), with standards and U-Pb calibration methods following Stern
and Amelin (2003). U-Pb TIMS and SHRIMP analyses are presented in Tables 5.4 and 5.5,
respectively, and are plotted in concordia diagrams with errors at the 2o level (Fig. 5.10). Further
details on the *°Ar/**Ar and U-Pb TIMS and SHRIMP analytical techniques are presented in Appendix
2. All of the geochronology sample locations are indicated in Fig. 5.1 and Tables 5.3, 5.4, and 5.5.

5.5.2. “Ar/° Ar geochronology

“Ar/*Ar analyses were carried out on hornblende separates from two amphibolites that
mark the Lloyds River Fault Zone (sample # 1 and 2 in Fig. 5.1) to provide a minimum age of
deformation along the Lloyds River Fault Zone. Sample VLO1J261A is a strongly foliated amphibolite
taken from a zone of amphibolites that defines the southeastern shear zone along the northwestern
margin of the Annieopsquotch ophiolite (Fig. 5.1). Both aliquots of sample VL0O1J261A (z7152; #1)
have fairly consistent Ca/K ratios, and yield a well-defined plateau, comprising 97.4% of the total gas
and defining the age of the sample to be 46816 Ma (Table 5.3, Fig. 5.9a). Sample VL02J368A
(z7586; #2) was taken from a foliated amphibolite that marks the southeastern shear zone along the
northwestern margin of the Star Lake ophiolite (Fig. 5.1). It has a nearly constant Ca/K ratio
throughout most of the heating process, with the exception of the last steps of the two aliquots, which
may indicate degassing of a second, contaminating phase. The two aliquots yield a plateau region,
comprising 98.2% of the gas, which defines the age of the sample to be 47115 (Table 5.3, Fig. 5.9b),
in agreement with the age of VLO1J261A. | therefore conclude that the age of ¢. 470 Ma is
geologically significant, and represents the age at which the amphibolites cooled below the
hornblende closure temperature for argon (c. 550°; Harrison, 1981), providing a minimum age for
ductile deformation of the Lloyds River Fault Zone.

5.5.3. U/Pb geochronology

VL01J120 (27508) — Portage Lake monzogabbro

A sample was collected from the main body of the Portage Lake monzogabbro, north of
Lioyds Lake (#3 in Fig. 5.1). It contained abundant high-quality zircons, which were grouped into
different fractions based on size and morphology (Table 5.4). Three of the analyzed fractions are
near-concordant (-0.1% to 0.5 % discordant), while fraction 5 is slightly discordant (0.8%), suggesting
it has been affected by minor lead loss (Fig. 5.10a). There is no evidence for inheritance in the
sample. A weighted average of the *’Pb/*®Pb ages of all four analyses is 462+2 Ma (MSWD = 0.9,
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probability = 0.45). This date is interpreted to be the crystallization age of the Portage Lake
monzogabbro, and provides an age for syn-kinematic intrusion within the Lloyds River Fauit Zone.

VL01J016 (z7153) — Portage Lake monzodiorite

A sample of the highly strained monzodiorite immediately west of the Annieopsquotch
ophiolite, immediately south of the northwestern shear zone (#4 in Fig. 5.1), contains abundant
zircon ranging in morphology from euhedral stubby prismatic grains to anhedral fragments (Table
5.4). All of the zircon fractions analyzed are somewhat discordant (0.5%-1.2%), and define a
discordia, interpreted to result from recent lead loss (Fig. 5.10b). No cores have been observed, and
there is no isotopic evidence for inheritance. A weighted average of the *°’Pb/*°®Pb ages of all four
analyses is 46412 Ma (MSWD=0.5, probability=0.68; Fig. 5.10b), which is interpreted to be the
crystallization age of the monzodiorite. This age provides a maximum age for the deformation of the
monzodiorite within the Lloyds River Fault Zone.

Four titanite fractions are 0.4% to 3.8% discordant, and one fraction is slightly reversely
discordant (-1.9%; Fig. 5.10b). The titanite analyses, which have large associated errors, define an
array with 2’Pb/*®Pb ages ranging between 465 Ma and 426 Ma. This range could indicate the
presence of distinct age populations within the multi-grain fractions, lead loss during a younger event,
or a combination thereof. Given that the host rock crystallized at 464 Ma (see above), and that the
adjacent amphibolite to granulite-facies Cormacks Lake Complex was juxtaposed along the Lloyds
River Fault Zone during rapid Early Silurian exhumation (Pehrsson et al., 2003), | postulate that the
titanite population reflects a mixture of titanite formed during initial cooling of the host rock following
crystallization, and grains that were reset or crystallized during the ¢. 430 Ma uplift of the adjacent
Cormacks Lake Complex.

VL02J238D (z7524) — Pierre’s Pond suite diorite

A sample from a highly strained syn-kinematic diorite sheet intruding ophiolitic cumulates on
the shore of Star Lake (#5 in Fig. 1) yielded small (50-100 um), colorless to light brown zircons,
which range from subhedral prismatic crystals to anhedral grain fragments with concoidal fractures.
Cracks and inclusions are common, as are dark blurry cores, which likely represent inherited
material. SEM imaging of the grains showed bright domains in the cores of many grains, with rims
characterized by oscillatory zoning, suggesting magmatic overgrowth of inherited zircons. Some
zircons are core-free, however, and are interpreted as entirely magmatic grains. A Concordia age,
calculated from the SHRIMP analyses of magmatic grains (n=18), is 458.6t3.2 Ma (MSWD of
concordance and equivalence = 1.6, probability = 0.014) (Fig. 5.10c, Table 5.5). This age of 459+3
Ma is interpreted as the crystallization age of the diorite, and marks the age of syn-kinematic
intrusion of the Pierre’'s Pond suite within the Lioyds River Fault Zone. One inherited core was
analyzed and yielded an age of 1961 Ma (Table 5.5, not plotted).

VL01A258 — Otter Pond Granodiorite suite

A sample was collected from an elongate (500 by 70m), sheared, fine-grained granodiorite
intrusion that stitches the Otter Brook Shear Zone southeast of the Annieopsquotch ophiolite (#6 in
Fig. 5.1). Two fractions of small, euhedral, prismatic zircons and two fractions of small, euhedral,
equant zircons were analyzed. Fraction A1 is concordant and fractions A2 and B1 are slightly
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discordant (0.9 and —2.0%, respectively) (Table 5.4). A weighted average of the “°Pb/”**U ages of
these three analyses is 4682 (MSWD = 2.1, probability = 0.11), which is interpreted to be the
crystallization age of the granodiorite (Fig. 5.10d). This age provides a minimum age of juxtaposition
of the Annieopsquotch ophiolite belt and the Lloyds River Complex, and hence a minimum age of
formation of the Otter Brook Shear Zone. Zircon fraction B2 (n=74) is concordant at 473+1 Ma
(®*®Pb/?8U). This fraction has a distinct morphology, and its age is statistically distinct from the 468+2
Ma crystallization age of the rock (MSWD=26, probability=0.000). Since the sample is from a narrow
intrusive sheet (~2 x 0.15 km) that intruded at shallow levels, the granodiorite probably crystallized
over a short time perdiod. In addition, the four fractions do not define a linear trend, indicating the two
populations cannot be explained by Pb-loss. Therefore, fraction B2 is interpreted to comprise
inherited zircons.

5.6. Discussion

5.6.1. Assembly of the Annieopsquotch Accretionary Tract

The data presented above impose strong time- and dynamic constraints on the evolution of
the Annieopsquotch Accretionary Tract. The earliest tectonic activity related to assembly of the
Annieopsquotch Accretionary Tract is recorded by ¢. 470 Ma cooling ages of hornblende from
amphibolites deformed within the Lloyds River Fault Zone. This provides a minimum age on ductile
deformation related to accretion of the Annieopsquotch ophiolite belt to the Dashwoods
microcontinent, and suggests the belt was accreted to the Dashwoods microcontinent within 10 Ma
after its formation (480 Ma; Dunning and Krogh, 1985). The Otter Pond granodiorite suite intruded
both the Annieopsquotch ophiolite belt and the structurally underlying Lloyds River Complex, and
hence its age of 468+2 Ma represents a minimum age for emplacement of the Annieopsquotch
ophiolite belt above the Lloyds River Complex. The Lioyds River Complex was thus accreted within 5
Ma of its formation (473 Ma; Zagorevski et al., subm.). The overlap in ages of thrusting on the Lloyds
River Fault Zone (bracketed between ~480-470 Ma) and Otter Brook Shear Zone (~473-468 Ma)
suggests that both shear zones were active around the same time, and may have been genetically
related, implying that that ophiolites of both the Annieopsquotch ophiolite belt and Lloyds River
Complex were accreted to the Dashwoods microcontinent simultaneously. This is consistent with the
similar kinematic histories recorded in the Lioyds River Fault Zone and Otter Brook Shear Zone
(Chapter 6; Zagorevski and van Staal, 2002).

The 473+1 Ma inherited zircon fraction in the Otter Pond granodiorite is the same age as the
Lloyds River Complex (473Ma; Zagorevski et al., subm.), which it cuts, and the structurally
underlying Buchans Group (473 Ma; Dunning et al., 1987). Zircons are rare within the ophiolitic
Lloyds River Complex, and it is isotopically juvenile. in contrast, the ensialic Buchans contains
abundant felsic volcanic rocks and has a non-juvenile eyg signature typical of crustal contamination
(e.g., Swinden et al., 1997). The Buchans group is thus a more likely source for the inherited zircon,
and can in part account for the markedly negative eyg of the Otter Pond granodiorite suite (-6.8). |
thus infer that the granodiorite assimilated rocks of the Buchans Group during its ascent, and/or was
in part generated by partial melting of the Buchans Group and its basement. If correct, this implies
that the Buchans Group was also juxtaposed with the Lloyds River Complex by 468 Ma. This is
consistent with structural relationships west of the town of Buchans, where the Buchans Group is
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interpreted to have been overthrust by a hot thrust sheet comprising ¢. 467 Ma plutonic rocks of the
Notre Dame Arc along the Hungry Mountain Thrust (Thurlow, 1981, Whalen et al., 1987).
Geochronological and structural data thus indicate a significant part of the Annieopsquotch
Accretionary Tract was assembled and accreted to the Dashwoods by 468 Ma, within 10 Ma
(Annieopsquotch ophiolite belt) and 5 Ma (Lioyds River Complex, Buchans Group) after their intra-
oceanic generation.

Convergence between intra-oceanic components of the Annieopsquotch Accretionary Tract
and the Dashwoods microcontinent likely resulted from continued collision between Laurentia and
the Dashwoods microcontinent with its Notre Dame Arc. This collision had started by at least 475 Ma
(Waldron and van Staal, 2001), probably initially along promontories, propagating compression to the
eastern side of the Dashwoods microcontinent, initiating west-directed subduction (Chapter 3).
Extension in the upper plate resulted in retreat of the subduction zone to form the progressively
eastward younging units of the Annieopsquotch Accretionary Tract. However, continued Dashwoods-
Laurentia collision caused the newly formed basins to collapse, and led to underthrusting of the
Annieopsquotch ophiolite belt, Lloyds River Complex and Buchans Group underneath Dashwoods.

The subsequent tectonic history of the Annieopsquotch Accretionary Tract is recorded by
formation of the arc-back arc complexes of the Red Indian Lake Group at 464 Ma, which must have
occupied a position somewhat outboard of the composite Dashwoods microcontinent (Zagorevski et
al., subm.). The Lloyds River Fault Zone was still active during this time, marked by the syn-
kinematic intrusion of the Portage Lake monzogabbro (464-462 Ma) and Pierre’s Pond suite diorite
(459 Ma). Final assembly of the Annieopsquotch Accretionary Tract occurred when the Red Indian
Lake Group was accreted to composite Dashwoods microcontinent as a result of the collision with
the peri-Gondwanan Victoria arc (van Staal et al., 1998; Zagorevski et al., 2004). The age of this
collision is constrained to lie between 454 Ma (the age of the latest volcanism of the Victoria arc;
Zagorevski et al., 2004) and 450 Ma (presence of Laurentia-derived detritus in Upper Caradoc-
Ashgill sedimentary cover of the Victoria arc; e.g., McNicoll et al.,, 2001). Accretion-related ductile
motion on the Lloyds River Fault Zone and Otter Brook Shear Zone had ceased by the Early Silurian,
indicated by the little-deformed Lloyds Lake granite (427+3 Ma, Whalen et al., in prep.) and Boogie
Lake suite (435 +6/-3 Ma; Dunning et al., 1990), which stitch the Lloyds River Fault Zone and Otter
Brook Shear Zone, respectively.

5.6.2. Source of magmatism in the Annieopsquotch Accretionary Tract

Link with the Notre Dame Arc?

The plutonic rocks that intrude into the Lloyds River Fault Zone and Otter Brook Shear Zone
have dominantly arc signatures, and show Nd-isotopic compositions indicative of involvement of an
old crustal component in their petrogenesis. The plutons within the Annieopsquotch Accretionary
Tract share these characteristics with and are coeval with plutons of the second, slab break-off
related phase of the adjacent Notre Dame Arc (469-458 Ma; Whalen et al., 2003; van Staal et al,,
2003). Notre Dame Arc pluton gyg values range from 2.5 to —13.5 (Whalen et al., 1997), and, like the
Pierre’s Pond suite, they contain inherited Proterozoic zircon (Whalen et al., 1987; Dunning et al.,
1989; McNicoll, unpublished data). This suggests an overall consanguineous relationship between
magmatism in the Annieopsquotch Accretionary Tract and the Notre Dame Arc. This is consistent
with the geochronological data presented above, which indicate that the Annieopsquotch ophiolite

68



Assembly of Annieopsquotch Accretionary Tract

belt, Lloyds River Complex and Buchans Group were already accreted to the Dashwoods
microcontinent prior to this magmatic phase.

The role of crustal assimilation

Despite the overall similarities, several notable differences exist between the plutons within
the Annieopsquotch Accretionary Tract and the Notre Dame Arc. First, the absarokitic to shoshonitic
composition of the Portage Lake monzogabbro is unique. Only one other occurrence has been
reported within the Appalachians, suggesting conditions required for shoshonite generation (highly
metasomatized mantle source) and preservation (limited crustal assimilation) were met only within
the Annieopsquotch Accretionary Tract. Second, the plutonic rocks within the Annieopsquotch
Accretionary Tract are volumetrically dominated by mafic compositions, with subordinate
intermediate-felsic rocks (average Mg# 56), whic contrasts with the dominantly evolved nature of the
Notre Dame Arc (average Mg# 45; Fig. 5.11). In addition, the Otter Pond mafic suite and Portage
Lake monzogabbro are as primitive or more primitive than the most primitive Notre Dame Arc suites.
The cause of the more mafic nature of the plutons within the Annieopsquotch Accretionary Tract is
unlikely to be source-related, as they are thought to be consanguineous with the Notre Dame Arc
plutons, and the Portage Lake monzogabbro was likely sourced by mantle of, or mantle derived from,
the Dashwoods microcontinent (i.e., the same mantle source by which the Notre Dame Arc was
underlain; see below). In contrast, | suggest the dominantly mafic character of the Portage Lake
monzogabbro, Otter Pond mafic suite and part of the Pierre’s Pond suite is caused by the tectonic
environment in which they were emplaced. First, the Annieopsquotch Accretionary Tract likely
formed thin crust that was dominantly composed of ophiolites. Second, the close spatial association
between the plutons and the Lloyds River Fault Zone plus Otter Brook Shear Zone indicates the
plutons ascended along active large-scale shear zones, significantly facilitating transport, thereby
limiting crustal assimilation.

The bimodal distribution of plutons within the Annieopsquotch Accretionary Tract, with
dominant mafic and subordinate evolved phases, reflects different petrogenetic processes between
the Portage Lake monzogabbro and the Otter Pond mafic suite on the one hand, and the Otter Pond
granodiorite and Pierre’s Pond suite tonalites on the other. The Pierre’s Pond diorites appear to have
characteristics of both groups. The Otter Pond mafic suite and Portage Lake monzogabbro have high
compatible element contents (MgO, Cr, Ni: up to 9.9%, 413 ppm, and 102 ppm, and 8.5%, 201 ppm,
and 65 ppm for both suites, respectively), suggesting limited crustal assimilation and preservation of
a significant mantle-derived component. In contrast, the magnitude of the negative eyq values (up to -
6.8) and the evolved nature of the Otter Pond granodiorite suite and Pierre’s Pond suite tonalites, as
well as the presence of inherited Paleoproterozoic zircons in the Pierre’s Pond Suite diorite, suggest
that partial melting and assimilation of continental crust was a major process in formation of these
plutons. However, the crustal component of the plutons within the Annieopsquotch Accretionary Tract
cannot be the derived from crust of the Dashwoods microcontinent, as both field- and seismic data
indicate that the Annieopsquotch Accretionary Tract structurally underlies Dashwoods (Fig. 5.2). The
473 Ma inherited zircons in the Otter Pond granodiorite and structural relationships in the Buchans
area are consistent with accretion of the Buchans Group, and by inference, its continental basement,
to the Dashwoods microcontinent prior to magmatism in the Annieopsquotch Accretionary Tract. |
thus infer that the Annieopsquotch Accretionary Tract was underlain by the continental basement of
the Buchans Group during generation of the plutonic rocks in the Annieopsquotch Accretionary Tract.
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This is consistent with seismic interpretations, which suggest that the thrust slices that contain the
Buchans Group are present underneath the entire Annieopsquotch Accretionary Tract, and cut-out
the Annieopsquotch ophiolite belt at depth (Fig. 5.2; van der Velden et al., 2004).

The source of the Portage Lake monzogabbro

The strong enrichment in LREE and LILE and negative eyg of the Portage Lake
monzogabbro, combined with its primitive nature, require a mantle source extensively enriched by an
old crustal component. Given the marked absence of sediments within the Annieopsquotch
Accretionary Tract, it is unlikely that the enrichment is caused solely by subduction of continent-
derived material. In contrast, | propose that the Portage Lake monzogabbro taps old subcontinental
lithospheric mantle of the Dashwoods microcontinent or its derivative, the basement to the Buchans
arc. This is analogous to recent shoshonites and associated high-K magmas in the eastern Sunda
arc and Taiwan, which were produced by melting of enriched subcontinental lithosphere following
arc-continent collision (Varne, 1985; Wang et al, 2004). In the Sunda arc, there is a spatial
relationship between K-enrichment, concurrent with decreasing enq, and proximity to the advancing
Australian plate. Arc-continent collision has caused the arc to tap a dominantly subcontinental
Australian mantle source in the east yielding shoshonites, whereas to the west, where the collision
has not yet occurred, the high-K signature decreases and calc-alkaline and transitional arc tholeiites
erupt (Varne, 1985). The intrusion of the Portage Lake monzogabbro occurred c. 5 Ma after the
Buchans arc-Dashwoods microcontinent collision, suggesting it was generated in a tectonic setting
very similar to the Sunda and Taiwan shoshonites. Limited crustal assimilation within the
Annieopsquotch Accretionary Tract allowed the lithospheric mantle signature to be largely retained,
leading to the unique geochemical character of the Portage Lake monzogabbro.

5.6.3. Accretionary tectonics

The Annieopsquotch Accretionary Tract records a complicated history of generation and
accretion of several intra-oceanic elements within a short time span. Two geochemically and
geochronologically distinct suprasubduction zone ophiolites, the Annieopsquotch ophiolite belt and
the Lloyds River Complex, were formed within a time span of 7 Ma (Zagorevski et al., subm.) above
a west-dipping subduction zone. The formation of the Lloyds River Complex was related to rifting of
the coeval Buchans arc off of the Dashwoods microcontinent (Zagorevski et al., subm.). The
Buchans arc in turn rifted shortly (9 Ma) after its formation to yield the Red Indian Lake arc and
associated back arc (Zagorevski et al., subm.). The Red Indian Lake arc retained its intra-oceanic
position for c. 10 Ma, when it collided with the Peri-Gondwanan Victoria Lake arc along the Red
Indian Line. The accretion of the units to the Dashwoods microcontinent was coeval with the intrusion
of several plutons. The observed complexities, notably the rapid generation and migration of arc-
back arc igneous complexes and the intrusion of plutons into accretionary complexes, are
reminiscent of the current southwest Pacific (e.g., Hall 2002) as well as other Paleozoic (e.g., Kunlun;
Xiao et al., 2003) and Meso-Cenozoic orogens (e.g., Kamchatka; Konstantinovskaia, 2001), and
illustrate the dynamic nature of accretionary margins.

However, the virtual absence of sediments and the importance of recycled continental
basement of the Annieopsquotch Accretionary Tract (basement of Buchans and Red Indian Lake
arcs) contrast with other major accretionary orogens, which are dominated by large, dominantly
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sedimentary accretionary complexes, intruded by arc plutons as a resuit of progressive retreat of the
subducting slab (e.g., Sengér and Natal'in, 1996). These arc plutons are generally isotopically
juvenile, signaling an important depleted mantle component in their petrogenesis (Chen et al., 2000,
and references therein). Such accretionary orogens show little evidence of arc rifting or presence of
rifted continental slivers, and are characterized by long-lived subduction-accretion in the fore-arc,
leading to the formation of large sedimentary prisms (Sengér and Natal'in, 1996), similar to the
Aleutian accretionary complex (Moore et al., 1991). In contrast, the Annieopsquotch Accretionary
Tract results from repeated rifting and rapid accretion of slivers of the Dashwoods microcontinent,
their overlying arcs and intervening basins. The short life span of these basins, as well as the
submarine nature of the Buchans and Red Indian Lake arcs, limited sediment influx, and hence fore-
arc accretion. Plutons intruding the Annieopsquotch Accretionary Tract formed in response to slab
break-off, and tapped not only a sub-arc mantle source, but also an enriched lithospheric mantle and
crustal source, leading to isotopically evolved signatures. The Annieopsquotch Accretionary Tract
thus records a greater ratio of recycied crustal material over newly added mantle-derived material
than most other accretionary orogens.

5.7. Conclusion

The Annieopsquotch Accretionary Tract in Newfoundland is a well-preserved example of an
Early Paleozoic accretionary complex, which formed by the accretion of several arc sequences and
oceanic crust to the composite Laurentian margin. It preserves the record of circa 30 million years of
west-directed subduction beneath Laurentia, providing a unique view of the tectonic proceses during
the Early-Middle Ordovician closure of lapetus. This record is poorly preserved esewhere in the
Northern Appalachians, maily due to the presence of extensive Siluro-Devonian cover sequences
(van Staal et al., 1998). Assembly of the Annieopsquotch Accretionary Tract is recorded by shear
zones that separate distinct units, and syn-kinematic plutonic suites within those shear zones. Age
constraints suggest that the various units of the Annieopsquotch Accretionary Tract formed and were
accreted to the Laurentian margin within 5 to 10 million years of their formation.

Growth of the Appalachian Laurentian margin occurred maily due to the repeated accretion
of oceanic crust and the addition of melts generated in both lithospheric and sub-arc mantle.
However, recycling of continental crust, in the form of continental slivers that formed basement to the
arc sequences, was an important process within the Annieopsquotch Accretionary Tract. The
involvement of this basement, combined with an enriched lithospheric mantle, caused the syn-
kinematic plutons in the Annieopsquotch Accretionary Tract to be isotopically evolved. Sediment
influx during formation of the Annieopsquotch Accretionary Tract was apparently minor, significantly
limiting the role of fore-arc accretion.

The data presented in this paper indicate that tectono-magmatic processes in lapetus
operated over very short time scales. In addition, it presents a record of dynamic interaction between
extension due to subduction rollback and evidenced by the formation of marginal basins and arc-
trench migration, and episodic compression in the abandoned back-arc region, leading to the rapid
closure and accretion of the remnant arc phases and marginal basins.

The role of strike-slip tectonics, particularly the movement of fore-arc continental slivers, was
probably significant during the tectonic evolution of the Annieopsquotch Accretionary Tract, although
its exact role in the development of the Annieopsquotch Accretionary Tract remains to be
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established. The tectonic complexities along the Early Paleozoic Laurentian margin were thus similar
to those operating at present in the Southwest Pacific. in general, the nature of accretionary tectonics
thus appears to have remained unchanged throughout the Phanerozoic.

72



TR T

Silurian-Quaternary PO
volcano-sedimentary cover AR IR T
F.1 Silurian intrusive rocks

Do+
A R
+ + +

[] Pierre’s Pond suite ®
Portage Lake monzogabbro _»— Thrust fault

Annieopsquotch Accretionary Tract

(Ordovician) % U/Pbage
Red Indian Lake Group Y% “Arf°Ar age

E Buchans Group
£ Otter Pond complex

© small intrusive bodies
Lloyds River Complex

Annieopsquotch ophiolite belt

B2 Basalts Fault / Exploits
Il Sheeted dykes obscured.” subzone
M Transition zone by / 7@
m Gabbro, troctolite plutons
48°25'

Dashwoods microcontinent

HZ - Humber Zone

NDS - Notre Dame Subzone
DS - Dashwoods Subzone
ES - Exploits Subzone

GZ - Gander Zone

AZ - Avalon Zone

and

Notre Dame Arc

~ 4810'
King
George IV

Lithoprobe transects

...... Burgeo
........ Meelpaeg
10 15 km AAT * Buchans
(D 46826 Ma; “Arf°Ar homblende amphibolite LRFZ (@  484%2 Ma; U/Pb TIMS zircon Portage Lake monzodiorite
® 4715 Ma; “Arf°Ar hornblende amphibolite LRFZ ® 459+3 Ma; U/Pb SHRIMP Pierre’s Pond suite

@ 462+2 Ma; U/Pb TIMS zircon Portage Lake monzogabbro @ 46842 Ma; U/Pb TIMS zircon Otter Pond granodiorite

Figure 5.1: Simplified geological map of the Annieopsquotch Accretionary Tract, with approximate locations of
samples dated in this study indicated by numbered filled stars (U/Pb) and open stars (“Ar/*Ar). Inset shows
tectonostratigraphic zones of the Newfoundland Appalachians, extent of the Annieopsquotch Accretionary Tract
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Lake ophiolite. Modified from Lissenberg et al. (in press) and van Staal et al. (in press a,b,c).
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Figure 5.2: Schematic cross-sections of the study area (no vertical exaggeration). a) Cross-section based on
Lithoprobe seismic reflection profile along the Burgeo transect, modified from van der Velden et al. (2004). b)
Schematic composite cross-section interpolated between Burgeo and Meelpaeg transects showing structural
relationships and stratigraphy of different components of the Annieopsquotch Accretionary Tract, as well as plutonic
rocks described in this chapter (see text for discussion). 1=Silurian plutons (Lloyds Lake granite & Boogie Lake
suite); 2=Notre Dame Arc plutons; 3= Pierre’s Pond suite; 4= Portage Lake monzogabbro; 5=Otter Pond Complex;
6=Annieopsquotch ophiolite; 7=Lloyds River Complex; 8=Buchans Group; 9=Red Indian Lake Group;
10=Dashwoods. AAT=Annieopsquotch Accretionaty Tract; AN=Annieopsquotch ophiolite; LRC-BG-RILG=Lloyds
River Complex + Buchans Group + Red Indian Lake Group; LRFZ=Lloyds River Fault zone; OBSZ=0tter Brook
shearzone; RIL=Red Indian Line.
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Figure 5.3: Field photographs illustrating the Lloyds River Fault Zone and Otter Brook Shear Zone. a) Highly strained
tectonites of the Lioyds River Fault Zone composed of amphibolites (Am) and intrusive sheets of tonalite (To). b)
Highly strained volcanic rocks of the Otter Pond Complex that mark the Otter Brook Shear Zone. View towards NE.
Scale card divisions are 1 cm.
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Figure 5.4: Sheet of highly deformed diorite (Di) and tonalite (To), correlated with the Pierre's Pond Suite, intrude
unfoliated gabbros (G) of the Star Lake ophiolite on anisland in Star Lake. Note gabbro enclaves in tonalite and large
deformation contrast between host gabbro and intrusive rocks. Penis 15 cm long.
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Figure 5.6: Tectonic discrimination diagrams for plutons within the Annieopsquotch Accretionary Tract compared
with plutons of the Notre Dame Arc (shaded area; NDA). a) La-Y-Nb diagram of Cabanis and Lecolle (1989)
illustrating the arc affinity of the mafic plutons (Portage Lake monzogabbro, Pierre's Pond suite diorites, Otter Pond
mafic suite). BAB=back-arc basin basalt; CAB=calc-alkaline basalt; E-MORB=enriched mid-ocean ridge basalt; N-
MORB=normal mid-ocean ridge basalt; VAT=volcanic arc tholeiite; b) Rb vs Nb+Y diagram of Pearce et al. (1984)
indicating the granitoid plutons in the (Pierre's Pond suite tonalites, Otter Pond granodiorites and rhyolite) are of arc
affinity. NDA data from Whalen et al. (1997) and unpublished data.

Figure 5.7: K-feldspar phenocrysts define a foliation in the Portage Lake monzogabbro. Low strain in the matrix
suggests the monzogabbro was deformed in partin the magmatic state.
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Figure 5.8: Small plug of Otter Pond granodiorite (Gd) contains enclaves of folded mylonitic amphibolite (Am) of the
Otter Brook Shear Zone, and is itself highly deformed, suggesting it intruded the Otter Brook Shear Zone syn-
kinematically. View towards NE. Scale card divisions are 1 cm.
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Figure 5.9: Results of “Ar/°Ar hornblende geochronology. a) Age spectrum of ophiolite-derived amphibolite
VL01J261Ain the Lloyds River Fault Zone near the Annieopsquotch ophiolite. b) Age spectrum of ophiolite-derived
amphibolite VL02J368 in the Lloyds River Fault Zone near the Star Lake ophiolite.
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Figure 5.10: Concordia diagrams and ages of the Portage Lake monzogabbro (a; #3 in Fig. 1), Portage Lake
monzodiorite (b; #4 in Fig. 1), Pierre's Pond suite (c; #5 in Fig. 1) and Otter Pond granodiorite (d; #6 in Fig. 1). ltalic
numbers refer to fraction numbers listed in Table 5.4. Grey ellipse in diagram of VL.02J238D is calculated Concordia
age following the method of Ludwig (1998).
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Figure 5.11: Histograms comparing the Mg# of plutonic rocks of the Notre Dame Arc (NDA) and plutonic rocks within
the Annieopsquotch Accretionary Tract. Cumulates have been omitted. Mg#=100*Mg/Mg+Fe®, assuming
Fe*/Fe*=0.1. NDA data from Whalen et al. (1997) and unpublished data.
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Table 5.1:. Whole-rock geochemical data from syn-kinematic plutonic rocks

sample VLO1 VLO1A VLO1A VLO1A VLO1J VL0O1J VLO1J VLO2A VL02J VL02J VL02J VLO02J VLO2A
084 050 051 349 035¢ 036b 209b 193b 307 323a 339¢c 400 278d
Unit OPm OPm OPm OPm OPm OPm OPm OPm OPm OPm OPm OPm OPm
SiO, 56.28 5545 40.00 51.94 51.94 4890 4897 47.09 4875 5233 5356 5191 5034
TiO5 062 0.53 152 084 063 073 056 064 094 049 047 079 080
AlL,Os 1575 9.88 18.10 16.27 1551 1637 1751 1556 16.93 1395 1432 1470 17.87
Fe,O;* 850 925 1620 994 972 975 888 1201 943 1040 898 925 1180
MnO 0.6 022 018 017 018 019 015 020 015 017 015 0.16 0.21
MgO 567 991 6.07 601 775 816 862 911 640 772 801 835 527
Ca0 586 1252 1270 864 9.67 1218 1067 1210 10.31 1067 1174 858 9.45
Na,O 3.91 183 092 409 284 239 287 210 248 325 236 2.31 347
K;0 033 028 047 116 041 026 024 029 128 019 016 083 030
P,0g 0.11 0.04 0.01 020 010 012 015 013 020 0.08 007 016 023
LOI 340 118 519 124 162 115 180 072 280 081 091 270 087
Total 100.68 101.09 98.60 100.51 100.39 100.19 100.42 100.02 99.76 100.10 100.80 99.85 100.64
Trace elements (ppm)
Ba 119 88 256 282 100 87 58 30 435 61 77 286 43
Cr 121 413 31 117 328 299 315 304 171 145 338 397 52
Cs 1.61 034 033 418 049 046 054 063 060 020 016 1.00 094
Cu 438 190 550 1054 792 1501 255 275 636 5.7 100 113  18.1
Hf 226 125 037 194 167 144 084 090 220 1.00 090 230 190
Nb 227 093 048 320 259 258 082 128 460 102 080 250 364
Ni 45 102 10 64 100 96 141 66 31 42 69 93 14
Pb 2.6 1.3 2.0 25 3.3 2.3 0.9 6.8 12.6 1.5 0.9 11.3 9
Rb 7.9 3.9 23.0 409 137 4.2 5.5 46 62.6 5.9 2.1 23.9 5
Sc 321 592 420 346 384 415 344 480 320 525 413 290 43
Sr 232 159 273 217 268 332 292 669 328 203 148 253 863
Th 420 196 028 402 622 390 121 084 570 258 1.83 380 3.11
\Y 202 252 639 299 238 253 230 318 287 315 240 228 297
U 089 028 005 063 140 110 037 026 150 044 038 1.00 134
Y 184 131 7.6 202 154 167 126 124 239 125 122 189 16.0
Zn 67.1 592 970 653 744 674 566 723 273.0 550 485 69.0 89.0
Zr 85.1 393 110 716 623 554 276 328 765 345 288 626 696
La 16.1 7.3 23 158 144 128 5.6 55 164 105 7.5 13.7 168
Ce 323 146 5.0 33.0 268 255 121 143 327 210 146 269 334
Pr 413 180 080 449 325 321 168 197 428 267 187 317 4.18
Nd 16.1 7.2 3.7 183 128 13.0 7.9 9.0 18.7 107 76 144 175
Sm 348 186 110 400 274 294 200 213 420 225 198 330 379
Eu 1.02 065 049 1.31  0.89 1 077 064 132 062 055 1.16 1.03
Gd 318 222 1.3 376 284 297 216 237 4.5 219 198 3,59 357
Tb 050 035 022 059 044 046 034 037 0.6 038 033 050 054
Dy 3143 227 1.4 353 262 293 208 227 433 221 227 311 294
Ho 066 048 0.3 0.76 0.59 0.6 046 048 081 049 051 065 0.58
Er 202 138 0.81 208 162 166 142 146 203 145 147 184 169
Tm 0.3 022 0.11 033 025 025 0.2 022 038 024 023 027 024
Yb 204 132 072 201 163 161 126 125 217 1.3t 15 1.55 1.56
Lu 032 022 011 033 025 024 0.2 0.2 038 023 024 031 024
Mg# 59 70 45 57 63 65 68 62 60 62 66 66 49
La/Yby 57 4.0 2.3 5.6 6.3 5.7 3.2 3.2 5.4 5.7 3.6 6.3 7.7

Notes: OPm=Otter Pond mafic suite; Mg#=Mg/(Mg+Fe®"), assuming Fe>*/Fe?"=0.1; b.d.=below detection limit
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Table 5.1 (continued)

sample VLO1A VLO1A VLO1A VLO1A VLO1A VLO1J VLO1J VLO1J VLO1J VLO1J VLO1J VLO1J VLO1J
118 258b 267 354b 081 225a 229a 238c 227b 231a 229b 232 238b
Unit OPgd OPgd OPgd OPgd OPr PPSt PPSt PPSt PPSd PPSd PPSd PPSd PPSd
SiO, 72.06 7275 68.04 73.20 7018 7225 67.03 7462 50.08 48.90 4854 5207 48.98
TiO, 028 027 049 021 046 015 036 014 107 057 093 054 1.08
A0, 1411 1376 1524 1402 1176 1438 1660 13.84 1848 17.61 1674 17.36 16.24
Fe203* 265 247 421 209 740 158 363 147 11.22 1092 1050 9.85 10.18
MnO 009 009 008 003 032 002 004 005 024 018 0.18 0.18 0.18
MgO 0.80 0.90 1.23 091 276 058 122 052 369 7.06 730 610 8.11
CaO 1.95 165 394 273 198 312 525 175 913 11.84 1153 1070 10.74
Na,O 469 313 439 45 168 310 361 389 418 159 249 238 277
KO 135 3.07 1.01 094 197 302 091 324 051 040 099 033 1.04
P,05 007 005 010 005 014 006 012 0.04 030 007 022 0.08 027
LOI 2.49 1.60 1.64 114 135 083 091 064 054 08 1.03 074 1.02
Total 100.54 99.83 100.37 99.83 100.02 99.10 99.68 100.21 99.44 99.99 100.44 100.33 100.62
Trace elements (ppm)
Ba 735 818 419 392 503 3185 864 1686 242 176 384 210 395
Cr 1 21 1 34 98 7 8 7 11 67 124 63 308
Cs 1.74 1.60 0.19 164 235 081 103 118 014 064 369 014 1.06
Cu 7.9 3.8 9.2 333 679 274 117 218 489 827 754 583 747
Hf 330 340 299 500 250 28 273 334 075 108 198 138 258
Nb 355 580 312 1089 772 189 204 6.02 227 171 335 177 3.02
Ni b.d. b.d. b.d. 5 51 b.d. 5 b.d. 6 37 73 30 101
Pb 5.0 8.8 3.5 9.5 11.6 9.0 7.8 18.0 3.7 3.7 4.0 4.4 4.1
Rb 338 699 232 508 580 777 301 99.0 5.8 9.4 26.2 3.3 492
Sc 7.5 7.0 10.7 5.3 16.7 2.1 5.3 37 379 430 388 365 362
Sr 221 334 244 285 120 304 329 188 406 377 402 347 279
Th 956 860 550 1306 773 1769 192 664 171 041 379 120 348
\" 27 15 55 24 89 24 45 16 195 286 268 243 221
U 170 2.00 107 213 179 088 051 156 045 012 099 027 1.10
Y 19.2 258 199 356 215 6.7 9.9 187 214 159 202 134 278
Zn 625 360 323 258 572 112 277 183 960 60.7 670 596 698
Zr 1246 1229 1222 1985 90.7 120.7 1262 1158 238 285 856 452 1036
La 276 275 180 345 259 610 211 219 108 107 140 129 175
Ce 495 466 332 692 692 873 329 408 224 253 301 265 374
Pr 558 548 418 860 622 988 334 474 314 347 420 333 517
Nd 19.7 218 163 324 233 307 111 16.0 143 143 183 13.1 224
Sm 354 420 348 625 464 398 163 3.08 362 311 424 279 542
Eu 0.91 0.65 1.19 107 106 095 059 085 141 092 134 089 1.69
Gd 312 395 335 567 419 24 147 251 3.83 2.8 3.95 2.5 5.4
Tb 0.48 0.6 0.54 0.9 065 027 021 04 0.6 042 059 040 0.84
Dy 2.91 409 3.38 5.4 387 125 131 279 374 265 352 232 482
Ho 065 082 0.76 1.14 0.81 023 03 062 082 058 073 048 1.00
Er 1.97 247 211 355 251 061 089 184 228 1.6 202 145 276
Tm 0.31 0.42 033 058 035 009 0.14 0.3 034 025 031 022 04M
Yb 2.2 286 206 39 240 062 088 208 218 161 184 138 253
Lu 0.35 0.4 034 064 037 012 015 035 033 025 0.3 023 039
Mg# 40 44 39 49 45 44 42 44 42 58 60 57 63
La/Yby 9.0 6.9 6.3 6.3 7.7 706 17.2 7.6 3.6 4.8 5.4 6.7 5.0

Notes: OPgd=0tter Pond granodiorite; OPr=Otter Pond rhyolite; PPSt=Pierre's Pond Suite tonalite; PPSd= Piere's Pond Suite diorite
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Table 5.1 (continued)

sample VLO1J VLO1J V0LO1J VLO1J WXNF WXNF WXNF WXNF WXNF WXNF WXNF WXNF WXNF
260b 118 120 016A 108 117 199 216 222 223 224 225 227
Unit PPSd PLIM PLIM PIM PIM PLIM PLM PIM PLIM PLM PLM PLM PWM
SiO, 4917 4460 4982 5174 49.06 5346 50.00 53.30 48.90 48.00 53.10 47.40 43.95
TiO, 071 08 076 070 080 064 091 078 094 103 067 1.01 1.22
AlL,O4 15.85 16.88 16.28 16.93 1650 16.70 1550 16.30 16.30 16.00 16.70 1560 1525
Fe203* 9.69 1052 916 1053 960 7.84 878 7.51 940 1001 748 991 11.15
MnO 017 019 016 019 017 017 016 015 017 017 0145 017 019
MgO 891 771 583 461 549 4.1 582 425 629 6.21 426 636 847
Ca0 12.87 1205 976 864 928 7.76 968 7.71 1047 1079 787 10.83 1257
Na,O 208 149 198 298 208 239 19 240 250 3.00 260 170 1.10
K50 039 273 383 203 369 449 399 464 267 139 434 355 276
P,05 007 09 074 042 071 052 073 053 084 083 053 082 093
LOI 085 156 099 118 090 110 060 050 040 060 080 040 060
Total 100.76 99.49 99.31 99.94 0862 9995 9749 9756 98.18 9732 98.02 97.14 9743
Trace elements (ppm)
Ba 87 1690 1782 646 2092 1720 1900 1700 1400 1000 1400 1800 1300
Cr 342 167 117 73 103 61 105 81 116 116 80 125 201
Cs 088 210 195 113 000 000 190 190 08 098 100 200 265
Cu 831 942 863 857 755 595 990 490 320 480 510 108.0 165.0
Hf 119 276 186 189 312 453 180 720 220 630 410 330 245
Nb 114 1188 590 773 1142 815 570 960 550 1500 740 11.00 14.00
Ni 89 80 42 20 33 22 39 28 41 41 29 42 65
Pb 2.0 5.4 122 165 143 195 14 17 10 9 15 12 8
Rb 81 1238 1364 722 121.0 163.9 140 160 100 49 150 150 150
Sc 442 413 323 300 367 251 32 22 32 33 23 33 45
Sr 307 450 450 450 829 710 701 642 759 768 671 788 644
Th 122 445 572 1514 963 1044 438 11.0 3.8 13.0 120 49 41
\ 253 324 290 217 295 224 259 193 278 276 197 280 332
U 036 085 141 345 000 000 130 280 130 29 290 130 095
Y 171 331 280 276 229 211 270 260 280 310 270 290 320
Zn 50.3 70.1 628 850 63 59 70 65 77 80 68 79 95
Zr 415 1128 612 694 86 137 62 280 85 240 180 150 84
La 6.3 734 530 644 627 584 510 570 510 730 570 630 610
Ce 126 1496 1104 1181 127.0 120.0 1090 116.0 109.0 143.0 1150 1320 1355
Pr 174 2012 1472 1424 1555 1414 1400 13.00 14.00 18.00 14.00 16.00 17.00
Nd 8.1 799 594 532 599 569 560 540 580 700 530 660 695
Sm 223 1521 1123 933 1077 1023 10.00 950 11.00 12.00 9.30 12.00 13.00
Eu 0.83 362 278 224 262 240 240 230 270 270 220 270 260
Gd 266 1111 836 751 837 756 800 720 850 950 730 910 10.00
Tb 045 138 103 099 099 093 100 097 110 130 09 120 130
Dy 29 68 533 529 529 512 510 480 520 590 480 550 6.30
Ho 06t 119 099 103 088 09% 092 089 09 110 089 1.00 1.10
Er 182 283 244 271 234 250 210 210 220 250 220 240 260
Tm 027 038 034 035 030 035 030 031 0.31 036 0.3 033 035
Yb 161 216 198 226 18 206 19 210 200 230 210 210 220
Lu 0.26 0319 0.327 0348 027 0.31 030 033 031 037 033 032 035
Mg# 67 61 58 49 55 53 59 55 59 57 55 58 62
La/Yby 28 244 192 204 241 203 193 195 183 228 195 215 199

Notes: PPSd= Piere's Pond Suite diorite; PLM=Portage Lake monzogabbro
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Table 5.2: Nd isotopic data of syn-kinematic plutonic rocks

Sample Unit Nd Sm (143/144)m (147/144)m  (143/144)i CHURI Age (Ena)t
VL010084 Opm 1559 335 0.512389 +17 0.1299 0.5120 0.512035 468 Ma -0.9

VLO1J036b Opm 1279 296 0.512371 9 0.1399 0.5119 0.512035 468 Ma -1.8

VLO1A081 OPr 2083 421 0.512063 20 0.1222 0.5117 0.512035 468 Ma -6.8
VL01J232 PPSd 1289 267 0.512163 10 0.1254 0.5118 0.512050 457 Ma -5.1

VL01J118 PLM  76.07 1452 0.512145 19 0.1154 0.5118 0.512043 462 Ma -4.8
WXNF117 PLM 5034 925 0.512191 #17 0.1111 0.5119 0.512043 462 Ma -3.7
WXNF216 PLM 4837 882 0512127 16 0.1102 0.5118 0512043 462 Ma -4.9
WXNF227 PLM 6494 1241 0.512190 16 0.1155 0.5118 0.512043 462 Ma -4.0
VL01J016a PLM 5035 921 0.512204 9 0.1106 0.5119 0.512041 464 Ma -3.4

Note: Abbreviations as in Table 1
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Table 5.3: Ar/Ar data of LRFZ amphibolites

# Power® Vol ¥Ar
x10™ cc

BAr A

AP Ar BarAr

A PAr

%*°Ar
ATM

“OArAr

3
fi

(%)

Apparent Age
Ma*

1 VLO1J261A Homblende; J°=.01475990 (Z7152; UTM® 21456448/5355510)

0.2626 £ 0.0409
0.0695 £ 0.0076
0.0183 + 0.0026
0.0017 £ 0.0002
0.0000 £ 0.0008
0.0023 + 0.0009
0.0004 + 0.0002

0.1593 £ 0.0376
0.0593 £ 0.0042
0.0148 £ 0.0039
0.0021 £ 0.0002
0.0009  0.0001
0.0014 £ 0.0012
0.0020 £ 0.0012

3.431£0.305 3.117 £0.156
4.18410.124 0789+ 0.034
4.007 £0.109 0246+ 0.014
12.122 £ 0.101 0.811 £ 0.012
10.835 £ 0.089 0.674 £ 0.013
10.766 + 0.127 0.699 + 0.015
10.450 £ 0.068 0.703 £ 0.011

2713+0.249 2498+ 0.221
2.738 £0.081 0.528 £ 0.021
4.185+0.157 0.26410.015
10.501 + 0.127 0.788 + 0.014
10.210 £ 0.071 0.644 + 0.011
10.212 £ 0.170 0.635 + 0.020
10.912 £ 0.174 0.676 £ 0.015

98.109 + 8.397 79.2
40.890 £ 1.485 50.3
25.460 £ 0.760 21.3

20.596 £ 0.108 2.4
20.143+0.1170

20.772 £ 0.268 3.2
20.183 £ 0.0490.7

66.774 + 7.281 70.6
37.793 £ 0.902 46.4

24,419+ 0.824 18
20.706 + 0.209 3

20.289 £ 0.048 1.3
20.520 £ 0.378 2.1
20.688+0.343 2.8

2 VL02J368A Homblende; J=.02315970 (Z7586; UTM 21485040/5386911)

Aliquot A

24 0.0302
3.0 0.1817
3.9 0.3846
46 9.4429
5.5 4.2294
6.5 1.1513
12.0 15.7649
Aliquot B

24 0.0444
3.0 0.3066
3.9 0.5000
46 8.2369
5.5 16.8504
6.5 0.8522
12.0 0.7505
Aliquot A

3.0 0.6315
3.5 0.3993
4.2 6.1586
46 28.9861
5.0 13.6688
6.0 0.8274
12.0 8.0812
Aliquot B

3.9 1.4655
46 0.5851
5.0 72.2574
6.0 16.1870
12.0 6.7885

0.0292 + 0.0039
0.0187 £ 0.0066
0.0020 £ 0.0005
0.0014 £ 0.0001
0.0008 £ 0.0002
0.0015 £ 0.0035
0.0010 £ 0.0004

0.0264 £ 0.0020
0.0017 £ 0.0048
0.0012 £ 0.0001
0.0000 + 0.0002
0.0006 + 0.0004

5.318 £ 0.262
25491 0.145
6.141£0.112
6.1121£0.102
6.032+0.103
7.33910.262
6.913+0.128

0.575+0.018
0.180£0.015
0.687 £0.013
0.740 £ 0.011
0.731£0.011
0.739 £ 0.023
0.732£0.012

2.459 +0.125
4.325+0.166
5.758 £ 0.101
5.689 £0.103
6.326 £ 0.119

0.412+0.016
0.420 £ 0.019
0.727 £ 0.011
0.722 £ 0.011
0.703 £ 0.012

27.344 + 0.585 32.0
18.590 £ 0.766 29.5

13.728 £ 0.069 4.2
13.491 £ 0.028 3.1
13.105+0.046 1.8
13.782+£0.297 1.9
13.373 £ 0.060 2.0

25.172 £ 0.353 31.1

12,991+ 0.469 0.8
13.154 £ 0.0256 2.8

12.662 +0.039-0.1

12.800 £ 0.055 1.2

20.406 + 12.397 0.1

20.319+2.258
20.040 + 0.892
20.095 + 0.611
20.133 £ 0.615
20.098 £ 0.627
20.048 + 0.521

03
0.7
16.1
7.2
2
26.8

19.614 £ 10.358 0.1

20.268 + 1.275
20.024 £1.315
20.087 + 0.561
20.028 £ 0.509
20.092 + 0.687
20.100 £ 0.684

18.592 + 0.810
13.106 £ 1.433
13.161 £ 0.331
13.077 £ 0.305
12.865 + 0.304
13.527 + 0.844
13.101 £ 0.355

17.334 + 0.469
12.890 + 1.022
12,785+ 0.287
12.671 + 0.289
12.644 + 0.326

0.5
0.9
14
28.7
1.5
1.3

474.98 £ 253.96
473.20 £ 46.26
467.48 + 18.32
468.60 + 12.55
469.39 £ 12.63
468.66 + 12.87
467.63 £ 10.72

458.70 + 214.13
47214 £ 26.13
467.15 + 27.02
468.43 + 11.52
467.22 + 10.46
468.54 + 14.12
468.71 1 14.05

646.01 + 23.65
478.20 + 45.93
479.67 + 10.62
477.28 £ 9.79

47046 £ 9.78

491.66 + 26.85
478.06 £ 11.39

608.89 + 13.99
47128 +32.88
467.90 £ 9.24
464.21 £ 9.33
463.34 £ 10.54

" Number refers to text and Figure 5.1
“ As measured by laser in % of full nominal power (10W)
° Fraction 39Ar as percent of total run
“ Errors are analytical only and do not reflect error in irradiation parameter J
> Nominal J, referenced to PP-20=1072 Ma (Roddick, 1983)

° UTM in NAD83

All uncertainties quoted at 2s level
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CHAPTER VI
Feedback between deformation and magmatism in the Lloyds River Fault
Zone, an example of episodic fault reactivation in an accretionary setting,
Newfoundland Appalachians

6.1. Introduction

Magma extraction, transfer, and emplacement in orogenic belts are often associated with
large-scale shear zones, resulting in an intimate interplay between deformation and magmatism.
However, the genetic relationships between deformation and pluton emplacement remain
controversial: was deformation localized in meit-rich zones as a consequence of the rheological
contrasts between the pluton and the host rock (e.g., Hollister and Crawford, 1986; Brown and Solar,
1998), or were magmas emplaced along active shear zones, as these provide efficient pathways for
pluton ascent and emplacement (e.g., McCaffrey, 1992; Moyen et al., 2003; Rosenberg, 2004)? This
argument persists because criteria to unequivocally distinguish between the two endmembers are
sparse, the positive feedback between deformation and magmatism may make reconstruction of the
original relationships difficult, and because both mechanisms may operate within the same area
(e.g., Vauchez et al., 1997).

The Lloyds River Fault Zone is a fundamental boundary in the Newfoundland Appalachians
that formed during the Ordovician Taconic orogeny. It forms part of a major fault system that extends
for at least 200 km and accommodated convergence between suprasubduction zone, intra-oceanic
elements formed above a west-dipping subduction zone in lapetus and the peri-Laurentian
Dashwoods microcontinent situated further to the west (Fig. 6.1; Waldron and van Staal, 2001).
Specifically, it marked the site of subduction of an infant arc terrane preserved as the
Annieopsquotch ophiolite belt, in analogous fashion to subduction of the fore-arc in Taiwan (e.g.,
Chemenda et al., 2001). The Lloyds River Fault Zone is marked by several amphibolite-grade shear
zones that contain two suites of plutonic rocks. An extensive mapping program in conjunction with
high-precision U/Pb and “°Ar/®Ar geochronological data has provided a well-defined geological
framework for southwest to central Newfoundland. The Lloyds River Fault Zone therefore presents
an excellent opportunity to study the feedback mechanisms between shear zones and syntectonic
magmatism.

This chapter describes the structural characteristics of the Lloyds River Fault Zone, its
relationship to spatially associated plutonic rocks, and the implications of geothermobarometry of
both Lloyds River Fault Zone tectonites and plutonic rocks. | integrate these with U/Pb and *°Ar/*°Ar
geochronological data presented elsewhere (Chapter 5), and derive a model for the evolution of the
Lloyds River Fault Zone. | will argue that the Lloyds River Fault Zone originated prior to 471 Ma
under upper amphibolite-facies conditions. Age and metamorphic constraints suggest the fault zone
cooled significantly before two distinct episodes of intrusion of plutonic rocks. These intrusions
triggered repeated high-temperature reactivation of the Lloyds River Fault Zone and led to local
contact metamorphism of the host rocks. Intrusion of offshoots of the plutons outside the fault zone
localized deformation, forming new small scale shear zones. | conclude that the Lioyds River Fault
Zone channeled magma transport and facilitated pluton emplacement, but pluton emplacement in
turn played an active role in strain localization.
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6.2. Geological Framework

The Appalachian mountain chain formed as a result of the Cambrian-Silurian closure of the
lapetus Ocean (including seaways and marginal basins), and resulted in the juxtaposition of
Laurentia with various peri-Gondwanan continental blocks. In Newfoundland, the Appalachians have
been subdivided into numerous zones with distinct tectonostratigraphic characteristics (Williams,
1979; Fig. 6.1). The Dunnage Zone preserves the remnants of rock assemblages formed within the
oceanic realm of lapetus, and is subdivided into the Exploits Subzone, which comprises rocks of peri-
Gondwanan affinity, and the Dashwoods and Notre Dame subzones, which contain peri-Laurentian
rocks (Williams et al., 1988; Fig. 6.1). The two subzones are separated by the fundamental suture
zone of the Newfoundland Appalachians, the Red Indian Line. Both the Notre Dame and Dashwoods
subzones are dominated by the Late Cambrian to Silurian (488-429 Ma, Whalen et al., 1987; Dubé et
al., 1996) Notre Dame Arc, which was built on Laurentian continental basement (Whalen et al.,
1997), obducted ophiolites of the Lushs Bight and Baie Verte oceanic tracts (Swinden et al., 1997),
and arc-back arc complexes and ophiolites of the Annieopsquotch Accretionary Tract (van Staal et
al., 1998; Chapter 5). Tectonic emplacement of Lushs Bight and correlative ophiolitic rocks occurred
in the Late Cambrian (Swinden et al., 1997), immediately proceeding metamorphism and early
Tremadoc magmatism associated with the Notre Dame Arc. However, the Humber zone, which
represents the Laurentian Grenville basement and its passive margin cover sequence, records the
persistence of passive margin sedimentation until 475 Ma (Waldron and van Staal, 2001). This
disparity between early orogenesis and continuous passive margin development, combined with
paleomagnetic arguments (Cawood et al., 2001) suggests the Notre Dame Arc was built on a
microcontinent, referred to as Dashwoods, which was separated from the Laurentian margin by an
oceanic basin termed the Humber Seaway (Waldron and van Staal, 2001). Closure of the Humber
Seaway by east-directed subduction underneath the Dashwoods microcontinent in the early
Ordovician initiated the Taconic collision between Dashwoods and the Laurentian margin by at least
475 Ma (Waldron and van Staal, 2001).

The most outboard unit of the Notre Dame Subzone is the Annieopsquotch Accretionary
Tract, which comprises a series of east vergent thrust slices dominantly composed of ophiolites and
arc-back arc complexes (Fig. 6.1; van Staal et al., 1998; Zagorevski et al., 2003; Chapter 5). Units of
the Annieopsquotch Accretionary Tract were formed between 480-464 Ma above a west-dipping
subduction zone outboard of the Dashwoods microcontinent, and were accreted to Dashwoods
between 471 and 450 Ma (Chapter 5; Zagorevski et al., 2003). The largest, structurally highest unit of
the Annieopsquotch Accretionary Tract is the Annieopsquotch ophiolite belt, a c. 200 km long, narrow
belt that comprises three nearly complete ophiolites; the King George IV, Annieopsquotch, and Star
Lake ophiolites (Figure 1a). It originated at 481-478 Ma (Dunning and Krogh, 1985) during initiation
of intra-oceanic subduction outboard of the Dashwoods microcontinent (Chapter 3). The
Annieopsquotch Accretionary Tract is bounded to the southeast by the Red Indian Line, which
juxtaposes it with peri-Gondwanan arc-back arc sequences, and to the northwest by the Lloyds River
Fault Zone, which separates it from the Notre Dame Arc and its Dashwoods basement. The Lloyds
River Fault Zone thus constitutes a fundamental tectonic boundary that accommodated the transfer
of intra-oceanic complexes to the composite Laurentian margin.

Plutonic rocks within the Lloyds River Fault Zone comprise two suites, defined as the Pierre’s
Pond suite and Portage Lake monzogabbro (Fig. 6.1; Whalen et al., 1997; Chapter 5). They are
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coeval with the second, voluminous pulse of the Notre Dame Arc (468-456 Ma; Dunning et al., 1989;
Whalen et al., 1997, 2003), and are dominated by arc-like compositions, suggesting an overall
consanguineous relationship (Chapter 5). This magmatic episode generated large volumes of both
arc- and non-arc plutons throughout the Dashwoods and Notre Dame subzones in a short time span,
and occurred c. 10 Ma after the collision between the Dashwoods microcontinent and Laurentia.
Consequently, this magmatism was attributed to slab break-off of the oceanic portion of the
Laurentian plate following closure of the Humber seaway (van Staal et al.,, 2003; Whalen et al.,
2003).

6.3. The Lloyds River Fault Zone

6.3.1. Field description

The Lloyds River Fault Zone separates large ophiolite massifs of the Annieopsquotch
ophiolite belt from the Dashwoods microcontinent and its Notre Dame Arc suprastructure to the
northwest. It is dominated by intrusive rocks of the Pierre’s Pond suite and Portage Lake
monzogabbro, but contains significant amounts of amphibolites and less metamorphosed gabbros,
which are relics of the Annieopsquotch ophiolite belt (Chapter 3). The Lioyds River Fault Zone is 10-
15 km wide north of Lloyds Lake, but narrows considerably to the northeast and southwest, where
the intrusive rocks are less abundant (Fig. 6.1). While deformation is distributed over the entire width
of the zone, three major high-strain zones have been recognized, herein referred to as the
southeastern, central and northwestern shear zones (Fig. 6.1). These shear zones are separated by
relatively low-strain domains dominated by variably deformed and metamorphosed plutonic rocks.
On the Lithoprobe seismic reflection profile, the Lloyds River Fault Zone appears as a northwest-
dipping reflector that can be traced to c. 15 km depth (Fig. 6.2; van der Velden et al., 2004). At depth,
the Lloyds River Fauit Zone appears to be cut off by the Otter Brook Shear Zone, which emplaced
the Annieopsquotch ophiolite belt over the slightly younger Lloyds River Complex of the
Annieopsquotch Accretionary Tract (Chapter 5).

The southeastern shear zone delineates the northwestern margin of the main bodies of the
Annieopsquotch and Star Lake ophiolites, and is marked by a zone at least several hundred meters
thick of numerous, strongly foliated, narrow (c. 0.1-1 m) amphibolitic shear zones. These shear
zones grade over short distances (c. 0.1 m) into less deformed and metamorphosed ophiolitic rocks,
which in many places largely retain their igneous mineralogy. “°Ar/*’Ar hornblende ages suggest the
amphibolites formed and cooled below ¢. 550°C by c. 470 Ma (Chapter 5). Locally, the amphibolites
are intruded by variably deformed veins and sheets of (quartz) diorite and associated tonalite. Where
such intrusions occur, the amphibolites and intrusive rocks are generally strongly deformed, and
intrusive veins are folded and deformed with the amphibolites (Fig. 6.3). The age (c. 459 Ma), arc-like
geochemical signature, negative eNd, and the presence of inherited Paleoproterozoic zircons of the
intrusions (Chapter 5) contrast with the host amphibolite, whose protolith is older (c. 480 Ma;
Dunning and Krogh, 1985) and has a MORB-Ilike, isotopically juvenile character (Chapter 3). These
characteristics, as well as field constraints, indicate the diorite-tonalite sheets are small-scale
offshoots of the Pierre’'s Pond suite (Chapter 5), the main members of which occur between the
northwestern shear zone and central shear zone (Fig. 6.1). Around Star Lake, Pierre’s Pond diorite-
tonalite sheets are particularly abundant, and intruded outside the Lloyds River Fault Zone, directly
into coarse- to very coarse-grained layered gabbro and pyroxenite cumulates of the Star Lake
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ophiolite (Fig. 6.4). The sheets are generally 30-100 cm wide, commonly have steep dips, and
generally strike northeast-southwest. The diorites are highly strained, with strong foliations generally
parallel to the margins of the sheets, and commonly contain intrafolially folded and boudinaged
tonalite veins (Figures 6.4a, 6.5). The highly strained character of the diorites and tonalites is in
sharp contrast with the generally undeformed nature of the host gabbros (Fig. 6.4b), only in a few
outcrops are the host gabbros foliated as well. The host gabbros display relics of primary
clinopyroxene (Ensss:Fs7.sW04047) and plagioclase (Angsgs), that are partially replaced first by
amphibolite-facies assemblages (hornblende rims around clinopyroxene) and then by randomly
oriented greenschist-facies minerals such as actinolite, clinozoisite and chlorite (Table 6.1). This
greenschist-grade metamorphic overprint is present only in the gabbros that occur near the intrusive
sheets, and is absent in the rest of the Star Lake ophiolite. The undeformed nature, random
orientation of the greenschist-facies minerals, and the preserved primary mineralogy suggest the
metamorphic episode that affected the gabbros was static and relatively short lived. These
relationships suggest the diorites and tonalites intruded into the gabbros, localizing deformation in
the intrusive rocks, and triggering greenschist-facies contact metamorphism in the host gabbros.
Since the diorite sheets also intrude into already deformed Lloyds River Fault Zone amphibolites, this
strongly suggests that the diorites and tonalites intruded syn-kinematically into the Lloyds River Fault
Zone after it had already accommodated movement at amphibolite-facies conditions. This is
corroborated by (1) a U/Pb zircon SHRIMP age of 459+3 Ma for a diorite from a syn-kinematic sheet
(Chapter 5), which is younger than the *°Ar/**Ar age of the Lloyds River Fault Zone amphibolites, and
(2) evidence of magmatic deformation in the intrusive rocks (see below).

The central shear zone predominantly marks the boundary between the Portage Lake
monzogabbro and the Pierre’s Pond suite (Fig. 6.1). The Portage Lake monzogabbro is a variably
deformed, elongate (c. 30x5 km), heterogeneous intrusive body that comprises an early fine-grained
facies followed by a voluminous phase of K-feldspar phyric monzogabbro to monzodiorite. The
monzogabbro is generally weakly deformed in the interior of the pluton. The K-feldspar phenocrysts
characteristically have large aspect ratios (5-15), generally define a foliation, and are occasionally
tiled (Fig. 6.6). In the weakly deformed part of the pluton, the phenocrysts have not recrystallized,
occur within a little-deformed matrix and frequently define a shape fabric subparallel to the Lloyds
River Fault Zone (see below). This suggests that the Portage Lake monzogabbro intruded syn-
kinematically into the Lloyds River Fault Zone. This is consistent with the presence of a foliated
amphibolite enclave within the Portage Lake monzogabbro, presumably derived from nearby Lloyds
River Fault Zone amphibolites, with microstructures (see below), and with the high aspect ratio of the
pluton. The northwestern margin of the pluton, along the central shear zone, is marked by an
amphibolite-grade high strain zone of unknown thickness, which is dissected by several narrow (c. 25
cm wide) chlorite+epidote-bearing shear zones. This indicates that deformation localized along the
pluton margin at lower temperatures.

The northwestern shear zone runs from King George IV Lake to northeast of Star Lake, and
separates elongated bodies of variably metamorphosed ophiolitic gabbros and pyroxenites from the
Dashwoods microcontinent and its Notre Dame Arc (Fig. 6.1). The northwestern shear zone is mostly
marked by amphibolitesand amphibolitized gabbro. The amphibolites are best exposed northeast of
King George IV Lake, where they form a mylonite zone that is at least 100 m thick. Locally the
amphibolites contain clinopyroxene, which has straight, clean grain boundaries against hornblende
and plagioclase, commonly with 120° angles, and has a composition distinct (i.e. higher Wo content)
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from primary clinopyroxene of Annieopsquotch gabbros. This indicates the clinopyroxene is of
metamorphic origin. The amphibolites are intimately interlayered with veins and centimeter- to meter-
wide sheets of highly deformed diorite and tonalite (Fig. 6.7). Based on geochemical data of the
larger sheets the diorites and tonalites are correlated with the Pierre’s Pond suite. Rare ultramafic
rocks, enclosed within the amphibolites, were generally transformed into olivine-tremolite, talc-
tremolite-chlorite and serpentine-talc assemblages.

West of Star Lake, ophiolitic gabbros along the northwestern shear zone are transformed
into chloritic phylionites with abundant quartz veins. This suggests that deformation on this part of the
northwestern shear zone continued, or that it was reactivated, at lower temperature conditions. Since
this contact also juxtaposes the Pierre’s Pond suite with contrasting plutonic rocks of the Notre Dame
Arc, its formation postdates the intrusion of the Pierre’s Pond suite. The northwestern shear zone
cannot he traced along its full length; north of Lioyds Lake it disappears within a large foliated tonalite
body of the Notre Dame Arc and is cut by a large body of Silurian gabbro (Fig. 6.1). It is inferred that
the northwestern shear zone was intruded by the voluminous Middle Ordovician tonalite phase of the
Notre Dame Arc (Dunning et al., 1989), which distributed deformation over large areas (Fig. 6.1).

6.3.2. Kinematic interpretations

The foliation of the Lloyds River Fault Zone tectonites generally dips steeply to the northwest
(Fig. 6.8a). Southeast-dipping foliations occur locally, but are restricted to a ~1 km long section of the
northwestern shear zone northeast of King George IV Lake. Lineations on the northwest-dipping
planes commonly plunge c. 40° to 60° to the north or northeast, while they plunge ~40° to 60° to the
south on southeast-dipping planes (Fig. 6.8a). Considering the geometrical constraints imposed by
the regional-scale, linear outcrop pattern of the faults (Fig. 6.1), as well as seismic interpretations
(van der Velden et al., 2004), these data are most consistent with an overall northwest-dipping, shear
zone-related foliation that is locally internally folded into steeply southeast-dipping orientations by
tight, asymmetric macroscopic folds. The presence of macroscopic folds within the shear zones is
consistent with their local occurrence on micro-and mesoscopic scale.

Shear sense indicators are best developed within the northwestern shear zone, where
deformed diorite and tonalite are intimately interlayered with amphibolites, producing a gneissic
layering. | excluded the section with southeast-dipping foliations from kinematic analysis. The
obliquity of the instantaneous extension direction determined from late-kinematic stretched veins,
and locally also by shear bands and asymmetrical boudinage, indicates that the Annieopsquotch
ophiolite belt was thrust beneath the Dashwoods microcontinent (Fig. 6.7). This is in keeping with (1)
the Z-asymmetry of intrafolial folds on vertical faces and the S-asymmetry of such folds on horizontal
faces (Fig. 6.9, 6.10). The interlimb angle of these folds commonly changes rapidly along curviplanar
axial surfaces (Figs. 6.9, 6.10), suggesting that they are drag folds with fold axes at a high angle to
the lineation; (2) shear bands observed in amphibolites of the southeastern shear zone, which also
indicate underthrusting of the Annieopsquotch ophiolite belt (Fig. 6.9). The north to northeast plunge
of the lineations on the northwest-dipping foliation planes, combined with underthrusting of the
Annieopsquotch ophiolite belt, suggests the Lloyds River Fault Zone also accommodated a sinistral
strike slip component. Alternatively, the moderate to steep pitch of the stretching lineation could have
formed in an oblique transpression zone with triclinic symmetry that mainly accommodated strike slip
shear (Lin et al., 1998). However, a significant dip slip component is required to account for the great
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depth to which the Annieopsquotch ophiolite belt was transported (at least 33 km; exposed rocks
represent a paleodepth of c. 18 km (see below) and the belt extends to c. 15 km depth (van der
Velden et al., 2004)). Foliations within the Portage Lake monzogabbro (magmatic and solid-state)
and Pierre’s Pond suite {solid-state) dip to the northwest, similar to the foliation in the amphibolites
(Fig. 6.8b). Foliations in the small diorite-tonalite sheets in the southeastern shear zone near Star
Lake dominantly strike northeast-southwest, conform the general trend of the Lloyds River Fault
Zone, but dip both northwest and southeast because they are generally parallel to the margins of the
intrusions, which have somewhat variable orientations (Fig. 6.8c). The shear zones are generally
steep, as are lineations defined by amphibole, suggesting a dominantly dip-slip motion (assuming
monoclinic flow).

Sinistral oblique underthrusting of the Annieopsquotch ophiolite belt interpreted along the
Lioyds River Fault Zone is consistent on a regional scale with (1) relationships along strike, where
the northeasterly extension of the Lloyds River Fault Zone shows similar thrusting motion. The
Hungry Mountain thrust (Fig. 6.1) records overthrusting of the Annieopsquotch Accretionary Tract by
a hot amphibolite-facies thrust sheet comprising Notre Dame Arc diorites and tonalites (Thurlow,
1981; Thurlow et al., 1992; Calon and Green, 1987; Whalen et al,, 1987). These tonalites contain
numerous mafic to ultramafic enclaves which are interpreted as relics of the Annieopsquotch
ophiolite belt (Whalen et al., 1997); (2) sinistral-oblique reverse motion documented for the Otter
Brook Shear Zone (Zagorevski and van Staal, 2002), which bounds the Annieopsquotch ophiolite
belt to the southeast, and is in part coeval with the Lioyds River Fault Zone (Chapter 5); (3) the
Lithoprobe seismic reflection profile, which shows that the Annieopsquotch ophiolite beit extends
underneath Dashwoods to ¢. 15 km depth (Fig. 6.2).

6.3.3. Microstructures

Tectonites of the Lloyds River Fault Zone preserve a variety of microstructures. Amphibolites
are generally characterized by fine-grained hornblende and plagioclase. Locally, partially to
completely recrystallizated aggregates of small metamorphic plagioclase (0.1-0.3 mm) have
pseudomorphed igneous plagioclase laths. Most amphibolites have a single foliation defined by well
developed shape and lattice preferred orientations of hornblende and to a lesser extent elongate
plagioclase aggregates (Fig. 6.11a). Highly strained amphibolites are generally marked by strong
grain size reduction and elongation (hornblende with aspect ratios up to 15; Fig 11a) compared to
less strained rocks. Relic large plagioclase crystals behaved as rigid objects wrapped by the foliation.
Locally the amphibolites show a crenulation cleavage, with the younger schistosity axial planar to
open to tight microfolds developed in the older hornblende schistosity. Euhedral hornblende crystals
(generaliy 0.5-1 mm) have overgrown both foliations, suggesting shear zone development, folding
and development of a transposition foliation took place under amphibolite-facies conditions,
consistent with them forming part of a progressive deformation that is preferentially localized in the
shear zones. Hornblende porphyroclasts in the relatively low strain domains show subgrains and tails
comprising fine grained aggregates of new grains (Fig. 6.11b), suggesting that rotation
recrystallization (Urai et al., 1986) together with new grain growth contributed to the foliation
development in the shear zones. Some amphibolites in contact with intrusive sheets experienced
high degrees of deformation. These amphibolites have a strong foliation, defined by long axes of
amphiboles, which is locally folded with intrusive tonalite (Fig. 6.11c). While most amphibolites retain
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their shape-preferred orientation, feldspars within some samples have been partly to completely
recrystallized into polygonal aggregates with 120° grain boundaries. This suggests that temperatures
remained high in these rocks or that they experienced reheating after deformation had ceased.

The Portage Lake monzogabbro preserves a range of deformation states from near-
magmatic to completely recrystallized in the solid state. Samples with limited solid-state deformation
preserve aligned K-feldspar phenocrysts (up to 2 cm long) with high aspect ratios (up to 6) that are
recrystallized only along their margins. Internally, the phenocrysts are undeformed, preserve
Carlsbad twins, lack microcline twinning, and enclose euhedral hornblende. The phenocrysts are set
in a hornblende+feldspar+biotite matrix that lacks shape-preferred orientations, and preserves
euhedral hornblende crystals (Fig. 6.11d). These features suggest K-feldspar fabric development
during deformation in the magmatic state (Vernon, 2000). Extensive solid-state deformation has led
to complete recrystallization of phenocrysts into fine-grained K-feldspar aggregates in most samples.

The diorites and tonalites that have intruded the ophiolitic gabbros around Star Lake
generally show large degrees of solid-state deformation characterized by strong shape-preferred
orientations, grain size reduction, formation of S-C fabrics, and foliation that wraps around large,
partially recrystallized relic igneous plagioclase crystals that are now best described as
porphyroclasts. Foliations in these rocks are generally defined by aligned biotite and hornblende, and
to a lesser extent elongate plagioclase + quartz aggregates. In some samples this foliation is
overprinted by shear bands mainly defined by chlorite and/or epidote. Nevertheless, evidence for
deformation occurring while the rock was still partially in a magmatic state appears to be locally
preserved in the syn-kinematic intrusions. Tightly to isoclinally folded tonalite veins in strongly foliated
diorite (Fig. 6.11e) contain elongate plagioclase grains that can be traced around the fold hinges, yet
have locally preserved oscillatory zoning, and show only little to moderate recrystallization only along
their grain boundaries, despite showing abundant deformation twinning (Fig. 6.11f). Quartz grains are
generally equidimensional with minor subgrain formation and recrystallization. This contrast with the
hornblende-plagioclase fabric in the host diorite, which displays a strong hornblende-defined fabric
tracing the fold hinges. The preservation of primary igneous textures such as oscillatory zoning within
aligned plagioclase displaying little internal strain besides twinning, suggest that fabric formation in
the folded tonalite veins did not occur entirely by solid-state deformation, but probably started in the
magmatic state.

6.4. Pressure-temperature conditions

6.4.1. Analytical techniques

Mineral compositions were analyzed by electron microprobe at the Geological Survey of
Canada (Ottawa) using a wavelength-dispersive Cameca SX-50, a mixture of natural and synthetic
standards, and ZAF matrix correction procedures described by Armstrong (1988). Accelerating
voltage and beam current were 20 kV and 10nA, respectively, and counting time was 15 seconds.
Olivine and pyroxene were analyzed with a focused beam, plagioclase and amphibole with a 10um
beam spot. Compositions are listed in Tables 6.1 (amphibole), 6.2 (plagioclase), and 6.3
(clinopyroxene and olivine).
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6.4.2. Geothermobarometry

Temperature constraints on accretion of the Annieopsquotch ophiolite belt are provided by
the amphibolites that mark the southeastern shear zone and northwestern shear zone (Fig. 6.1). The
amphibolites are commonly composed of magnesiohornblende and plagioclase (typically Anssss;
Tables 6.1 and 6.2) that define the main foliation of the shear zones. Grain boundaries are generally
straight, clean, and lack evidence for reaction or alteration, suggesting they were in equilibrium. In
some samples, plagioclase displays reverse zoning, with highly saussuritized cores with anorthite
contents up to 69 to fresh rims with anorthite contents of ¢. 50. This may result from partial
reequilibration of primary high-An cumulus crystals during metamorphism. In other samples, normal
zoning is marked by cores of oligociase (An.4) with epidote inclusions rimmed by zoned plagioclase
(An47.56), and actinolite cores rimmed by magnesiohornblende with increasing Al content towards the
rim. | interpret the oligoclase and actinolite cores as prograde mineral compositions, recording early
greenschist-facies metamorphism partially overprinted by amphibolite-facies assemblages.

Hornblende-plagioclase thermometry (edenite+albite=richterite+anorthite; Holland and
Blundy, 1994) using rim compositions of three amphibolites indicates temperatures of 778°C to
826°C, with an average of 806°C (assuming P=5 kbar). The different temperatures result from small
compositional variations in plagioclase (+4 mole % An) and amphibole (+0.09 A" and +0.04 Na), but
fall within the uncertainty of the thermometer (+40°C; Holland and Blundy, 1994). Despite the high
temperatures, (metamorphic) clinopyroxene is absent in all but one of the amphibolites. This likely
results from (1) the quartz undersaturated nature of the rocks, which increases the stability field of
hornblende such that the cpx-in reaction lies at c. 800°C at P>2 kbar and fO,=QFM (Spear, 1981);
(2) the high Mg# of the amphibole (average 76), which suppresses the appearance of pyroxene to
higher temperatures (Spear, 1981); and (3) high Pyzo within the shear zone, which has a stabilizing
effect on hornblende.

Additional constraints on the temperatures recorded by the amphibolites are provided by a
metadunite, composed of olivine and a small amount of acicular tremolite, which is enclosed within
metagabbros of the northwestern shear zone. Olivine (Fogss7; Table 6.3) in the metadunite is
unzoned to very weakly zoned, and, whereas tremolite shows increasing Al-contents towards the rim,
its Mg# remains essentially constant (Mg#=0.94-0.96; Table 6.1). Fe-Mg exchange between the
olivine and tremolite, calculated using WinTWQ (Berman, 1988, 1991; Mader and Berman, 1992)
indicates temperatures between 740-780°C. These temperatures support the upper amphibolte-
facies temperatures derived from the amphibolites.

Pressure constraints are provided by a clinopyroxene-bearing amphibolite from the
northwestern shear zone. It is composed of magnesiohornblende-diopside (Ensg4,Wo04g.50FSg.13;
Table 6.3)-calcic plagiociase (Angsgs). Pressure conditions during this event are estimated by
intersecting the hornblende-plagioclase thermometer (Holland and Blundy, 1994) with reactions
between hornblende, plagioclase and clinopyroxene calculated using WinTWQ. | used the reaction 5
Fe-tschermakite + 8 diopside + 2 albite = 8 anorthite + 3 Fe-tremolite + 2 pargasite, since this
reaction; (1) has the largest AV, and is thus most pressure sensitive; (2) has diopside as the only
pyroxene end member, and should be more robust since the activity of diopside is much larger than
that of hedenbergite in the pyroxenes analyzed; (3) has pargasite as an amphibole end member,
which is thermodynamically better characterized than the Fe-pargasite endmember used in other
reactions. The intersection between the hornblende-plagioclase-clinopyroxene reaction described
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above and the hornblende-plagioclase thermometer suggest the amphibolite was equilibrated at
~790° and 6 kbar (Fig. 6.12). The uncertainty of P as a result of compositional heterogeneity and
analytical uncertainty was estimated by varying mineral compositions: varying Mg/Fe contents of
clinopyroxene+amphibole and An content of plagioclase by 4 mole % indicates the uncertainty is
~1.5 kbar.

High temperature conditions similar to those of the amphibolites are recorded within samples
of the Portage Lake monzogabbro and Pierre’s Pond suite that have been deformed in the solid
state. Amphiboles in the Portage Lake monzogabbro have Si contents around 1.5 and A-site
occupancy around 0.5, defining the amphiboles as edenite, tschermakite, magnesiohornblende, and
magnesiohastingsite (cf. Leake et al., 1997). Some amphiboles are subtly zoned from edenitic cores
to magnesiohastingsite or magnesiohornblende rims. Plagioclase is ~An,s in cores, and Anyg in rims
and small matrix grains. K-feldspar is generally Orgg.g0, but small grains and rims have orthoclase
contents up to 94. This suggests minor reequilibration of hornblende, plagioclase and K-feldspar
occurred. Therefore, core compositions have been used for geothermometry. Hornblende-
plagioclase thermometry of core compositions yielded temperatures between 757-781°C, with an
average of 770°C (assuming P=5 kbar). Rim compositions yielded temperatures within error (x40°C)
of the core composition temperatures. Two-feldspar thermometry (Fuhrmann and Lindsley, 1988)
yields lower temperatures, due to low orthoclase activity in plagioclase and low anorthite activity in K-
feldspar, suggesting that these feldspars reequilibrated at lower temperatures. These lower
temperatures can be explained by up to 4 mole % K-Na exchange between the two feldspars. | note
that reequilibration of 4 mole % Na changes the results of the hornblende-plagioclase temperatures
by only 10°, well within the uncertainty involved in the thermometer (¥40°C; Holland and Blundy,
1994).

Hornblende from the Pierre’'s Pond suite diorites is weakly zoned magnesiohornblende to
tschermakite, and plagioclase compositions are Ansg.sp in cores, ranging to Ang, in rims (Tables 6.1-
6.2) The Holland and Blundy (1994) geothermometer, using core compositions, indicates the diorites
were deformed at temperatures of 735-765°C (average 748°C, assuming P=5 kbar). Rim
compositions yielded temperatures within error (+40°C) to slightly lower temperatures (~700°C).
Deformation in the Portage Lake monzogabbro and Pierre’s Pond suite continued at lower
temperature, indicated by actinolite and albite rims on some grains and the formation of cleavage
planes marked by greenschist-facies minerals (chlorite+epidote) in some samples.

6.5. Synthesis and discussion

6.5.1. Structural evolution of the Lioyds River Fault Zone

The data presented in this chapter, combined with the geochronological data presented in
Chapter 5, allow the structural evolution of the Lloyds River Fault Zone to be reconstructed in some
detail. The structures and mineral compositions of the amphibolites indicate that the Lloyds River
Fault Zone records undertrusting of the Annieopsquotch ophiolite belt beneath the Dashwoods
microcontinent at temperatures of c. 800°C and at 6 kbar. Underthrusting is consistent with both
interpretations of seismic data and structural relationships along strike to the northwest of the study
area (Dean and Strong, 1977; Thurlow et al.,, 1992; van der Velden et al., 2004), and was thus a
regional tectonic phenomenon. Formation of the Lloyds River Fault Zone during convergence
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between the Annieopsquotch ophiolite beit and the Dashwoods microcontinent probably started in
response to a plate reorganization following the collision between the Dashwoods microcontinent and
the Laurentian margin, which had started by at least by c. 475 Ma (Waldron and van Staal, 2001; van
Staal et al., 2003; Chapter 5). Such a tectonic scenario is consistent with the “’Ar/*Ar ages, which
suggest that underthrusting must have started prior to ¢. 471 Ma, when the rocks cooled below
~550°C (Chapter 5).

Both the preservation of high-temperature fabrics and old cooling ages within Lloyds River
Fault Zone amphibolites indicate that, after 471 Ma, movement on the fault zone was either localized
under lower temperature conditions (<550°C) in narrow shear zone segments currently not preserved
as a result of assimilation into syn-kinematic intrusions, or that movements had ceased all together.
However, a renewed phase of high temperature deformation must have taken place at least locally at
c. 462 Ma when the Portage Lake monzogabbro intruded into the Lloyds River Fault Zone, which
significantly weakened the shear zone. Deformation was initially localized within the weak, not yet
completely solidified pluton, leading to the magmatic alignment of K-feldspar phenocrysts subparallel
to Lloyds River Fault Zone, before an episode of solid-state deformation. The high temperatures
recorded by the metamorphic mineral assemblages in the core of the pluton (c. 770°C), and the local
preservation of magmatic fabrics, suggest this episode was relatively short lived. Solid-state
deformation continued along the pluton margin at lower temperatures, forming a narrow zone of
epidote-chlorite mylonite.

At c. 459 Ma, the diorites and subordinate tonalites of the Pierre’s Pond suite intruded into
the Lloyds River Fault Zone. On a large scale, this magmatism is expressed by the elongated diorite-
tonalite sheet that occurs between the northwestern shear zone and central shear zone. On a small
scale, the Pierre’s Pond suite formed decameter- to meter-sized intrusive sheets and veins within the
amphibolites, and intruded the underformed ophiolitic gabbros near Star Lake (Chapter 5). Like the
Portage Lake monzogabbro, the intrusive rocks localized deformation. Most amphibolites
experienced a renewed episode of deformation to form the amphibolite-diorite-tonalite tectonites.
Where the diorites and tonalites intruded directly into gabbros, they were highly deformed while the
gabbros underwent mainly static contact metamorphism. This is indicated by the large deformation
contrast between the highly strained diorites and the undeformed, contact metamorphosed host
gabbros, as well as the microstructures indicative of magmatic deformation. The greenschist grade of
the contact metamorphism and preservation of high temperatures in the diorites (~750°C) suggests
the regional ambient temperature of the Lloyds River Fault Zone during intrusion was relatively low.
Locally, deformation in the Pierre’s Pond suite continued at greenschist-facies conditions, indicated
by growth of epidote+chlorite along cleavage planes.

In summary, the Lloyds River Fault Zone thus records the high-temperature sinistral oblique
accretion of the Annieopsquotch ophiolite belt to the Dashwoods block, and subsequent periodic
high-temperature reactivation friggered by the intrusion of plutons. Reactivation occurred along the
majority of the Lioyds River Fault Zone within the study area, and led to the formation of most of the
Lioyds River Fault Zone mylonites. Intrusion of the plutons locally caused an increase in the
geothermal gradient, but on a regional scale temperatures were already significantly lower (<5650°C)
than the c. 800°C accompanying the initial accretionary event prior to 471 Ma.

Final movements in the Lloyds River Fault Zone are marked by chloritic phyllonites that
occur along part of the northwestern shear zone. The segment where this brittle-ductile deformation
has been observed coincides with the part of the northwestern shear zone that appears to be
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connected to the Little Grand Lake Fault, which separates the Dashwoods and Notre Dame
subzones (Brem et al., 2003) (see inset Fig. 6.1). The Little Grand Lake Fault was reactivated,
presumably in the Silurian, at shallow crustal levels after Early-Middle Ordovician ductile movement
(Brem et al., 2003). Consequently, | infer that part of the northwestern shear zone and the Little
Grand Lake Fault were reactivated together. Finally, the Lioyds River Fault Zone was stitched by
Early Silurian plutons.

6.5.2. Heat source during initial accretion

Rocks in accretionary complexes are generally subject to high-P, low-T metamorphism since
isotherms are depressed by subduction of coo! lithosphere. While the Annieopsquotch ophiolite belt
occurs in an accretionary setting, and marks the subduction of infant arc lithosphere, it was
metamorphosed at high T (~800°C) and at moderate pressures (~6 kbar) during its initial accretion to
the Dashwoods microcontinent. A likely explanation for these elevated temperatures lies in the fact
that Dashwoods was basement to the Notre Dame Arc after 488 Ma (Dubé et al., 1996), and hence
was characterized by a high geothermal gradient when it was thrust over the Annieopsquotch
ophiolite belt. An inverted geothermal gradient beneath the overriding Dashwoods led to high-
temperature metamorphism along the Lioyds River Fault Zone, which, prior to the intrusion of the
Portage Lake monzogabbro and Pierre’s Pond suite, was likely significantly narrower that its current
width. The temperature gradient underneath the thrust was likely sharp and the thermal pulse short-
lived, which may explain the preservation of seafloor-spreading related features within the interior of
the Annieopsquotch ophiolite (Dunning, 1987; Chapter 4) and the preserved prograde zoning in
some amphibolites. This scenario is consistent with relationships along the Hungry Mountain thrust,
which forms part of Lloyds River Fault Zone-related faults further to the north and accommodated
overthrusting of the Buchans Group by a hot sheet comprising plutonic rocks of the Hungry Mountain
Complex (Thurlow, 1981). Thrusting led to an inverted metamorphic gradient with amphibolite-facies
metamorphism immediately beneath the thrust to (sub)greenschist-facies metamorphism at
structurally deeper levels (Thurlow, 1981). Hence thrusting must have occurred shortly after
crystallization of the Hungry Mountain Complex (4678 Ma; Whalen et al., 1987). Thrusting was
probably coeval with movements in the Lloyds River Fault Zone, but due to the large error on the age
of the Hungry Mountain Complex the initiation of thrusting is at present not as well constrained as in
the Lloyds River Fault Zone.

6.5.3. Feedback between deformation and magmatism

While part of the amphibolites were metamorphosed and deformed synchronously with
intrusion of the c¢. 459 Ma Pierre’'s Pond suite, as is evidenced by the amphibolite-diorite-tonalite
tectonites that mark segments of the northwestern shear zone and southeastern shear zone (Figs.
6.3, 6.8, 6.10, 6.11Db), several arguments presented below suggest that the Lloyds River Fault Zone
was already active when the Portage L.ake monzogabbro and Pierre’s Pond suite intruded: (1) The
cooling age of the amph‘ibolite bounding the Star Lake ophiolite (4715 Ma) and the crystallization
age of the Portage Lake monzogabbro (462+2Ma) and Pierre’s Pond suite (4593 Ma) can be
distinguished at the 20 level. While the cooling age of the amphibolite bounding the Annieopsquotch
ophiolite (468+6 Ma) overlaps with the age of the Portage Lake monzogabbro, the probability of
overlap is very low (0.001). This suggest that this amphibolite preserves the age of initial
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underthrusting, rather than a thermal pulse associated with the intrusion of the Portage Lake
monzogabbro; (2) The Pierre’s Pond suite and the c. 468 Ma Otter Pond suite, which both intrude the
Annieopsquotch ophiolite, have geochemical and isotopic signatures as, well as inherited zircon, that
require a component of crustal assimilation in their petrogenesis (Chapter 5). Hence, the
Annieopsquotch ophiolite belt was already accreted to Dashwoods prior to this magmatism; (3) The
Portage Lake monzogabbro has a high aspect ratio, consistent with intrusion along a preexisting
structural anisotropy.

Hence, | conclude that the Lioyds River Fault Zone was already active prior to intrusion of
the Portage Lake monzogabbro and Pierre's Pond suite, and served as a guide for the ascending
magmas. However, the presence of melt sparked renewed high-temperature deformation, recorded
in the magmatic fabrics of both plutonic suites, and caused thermal softening of the fault zone,
leading to high-temperature solid-state deformation. This deformation was localized mostly within the
plutonic rocks themselves and the immediately adjacent amphibolites; the preservation of the older
Ar/Ar ages indicate that amphibolites further removed from the plutons were not deformed during this
episode. Continued solid-state deformation within the plutons, but not in the amphibolites, is
consistent with the rheologically weaker nature of the hot quartz-biotite bearing plutons relative to the
already cooled amphibolites (cf. Pavlis, 1996).

In the Lloyds River Fault Zone, establishment of the shear zone thus preceded magmatism,
but a positive feedback occurred between deformation and magmatism. Similar relationships have
been documented elsewhere (e.g., Davidson et al., 1992; de Saint Blanquat et al., 1998; Moyen et
al., 2003). in the periphery of the Lloyds River Fault Zone, however, magmatism appears to have
triggered formation of new shear zones; the small-scale diorite-tonalite offshoots of the Pierre’s Pond
suite sheets around Star Lake are highly deformed at amphibolite-facies conditions, while their host
gabbros remain undeformed and are subject to greenschist-grade contact metamorphism,
suggesting deformation nucleated within the intrusive rocks. Thus while the main pluton intruded into
a shear zone, its offshoots intruded outside the shear zone and initiated the formation of new small-
scale shear zones. Deformation, magmatism and metamorphism were thus intimately related, and,
while deformation generally preceded intrusion, locally magmatism preceded deformation. Both
endmembers may thus operate simultaneously within a single fault system.

Whereas a positive feedback between shear zones and magma ascent is generally
accepted, there has been debate as to whether shear zones provide space for pluton emplacement
(e.g., Hutton, 1990; Karlstrom, 1989; Paterson, 1989; Tikoff and Teyssier, 1992). In the Lloyds River
Fault Zone, there is a positive relationship between the presence of plutons and shear zone width;
the Lioyds River Fault Zone is wide in its center, where the Portage Lake monzogabbro and Pierre's
Pond suite are most abundant, but is considerably narrower to the northeast and southwest, where
the Portage Lake monzogabbro is absent and Pierre’s Pond suite less abundant (Figure 1). Whereas
it could be argued that the along-strike thinning of the Pierre’s Pond sulite is in part due to translation
during deformation, the absence of the Portage Lake monzogabbro in the narrower segments
suggests at least part of the observed variability is primary. The Pierre’s Pond suite contains several
map-scale blocks of ophiolitic gabbros, suggesting emplacement at least in part occurred by stoping.
However, it is striking that the plutons are thickest in the segment where the generally northeast
striking Lloyds River Fault Zone curves to the south (Fig. 6.1), which may suggest they were
preferentially emplaced in a dilational jog created during sinistral obligue movement (cf. Hutton,
1988). Whereas we do not have enough data to reconstruct in detail the relative importance of
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stoping, floor subsidence, and roof uplift within the Lloyds River Fault Zone, the fault zone thus may
have played an active role in creating space for pluton emplacement.

6.6. Conclusion

The Lloyds River Fault Zone comprises amphibolites that accommodated sinistral-oblique
underthrusting of the Annieopsquotch ophiolite belt beneath the Dashwoods microcontinent, and two
suites of plutonic rocks. The amphibolites formed during initial accretion (>471 Ma) of the ophiolites
at high temperatures (c. 800°C) and pressures of c. 6 kbar. The Lloyds River Fault Zone was
intruded syn-kinematically by the c. 462 Ma Portage Lake monzogabbro and c. 459 Ma Pierre’s Pond
suite. Intrusion localized deformation in the plutonic rocks, initially in the magmatic state but also at
high-temperatures in the solid-state during cooling (c. 770-750°C). The current configuration of the
Lloyds River Fault Zone thus results from a positive feedback between deformation and magmatism.
However, offshoots of the Pierre’s Pond suite that intruded unfoliated gabbro initiated formation of
small-scale shear zones. This illustrates that channeling of plutons into shear zones and nucleation
of shear zones in melt-rich zones may occur simultaneously within the same fault system. Since
accretionary complexes are commonly intruded by plutons as a result of hinge retreat, this type of
structural evolution may characterize many accretionary margins, indicating that plutons may
significantly facilitate the transfer of oceanic material to continents.
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Figure 6.1: a) Simplified geological map of the Annieopsquotch Accretionary Tract (AAT), modified from Lissenberg
etal. (in press)and van Staal et al. (in press a,b,c), showing the Lloyds River Fault Zone and the locations of samples
used for geothermobarometry (numbers correspond to Tables 6.1-6.3). Inset shows location of the study area,
Hungry Mountain Thrust (HMT), Little Grand Lake Fault (LGLF) and Lithoprobe seismic reflection profiles, as well as
the extent of the Annieopsquotch Accretionary Tract. Ages discussed in this chapter are marked by black (U/Pb) and
white (Ar/Ar) stars (from Chapter 5). b) Cross section through the Annieopsquotch Accretionary Tract (no vertical
exaggeration). An=Annieopsquotch ophiolite; CSZ=central shear zone; ES=Exploits Subzone; KGIV=King George
IV ophiolite; L-B-R=Lloyds River Complex+Buchans Group+Red Indian Lake Group; NDA=Notre Dame Arc;
NWSZ=northwestern shear zone; OBSZ=0Otter Brook shear zone; PLM=Portage Lake monzogabbro; RIL=Red

Indian Line; SESZ=southeastern shear zone; SL=Star Lake ophiolite 101
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Figure 6.2: Schematic results of the Burgeo Lithoprobe seismic transect through southwestern Newfoundland,
modified from van der Velden et al. (2004). Lines mark orientations of major reflectors. See Fig. 6.1 for location.
AAT=Annieopsquotch Accretionary Tract; AN=Annieopsquotch ophiolite; LRC-BG-RILG=Lloyds River Complex,
Buchans Group and Red Indian Lake Group; LRFZ= Lloyds River Fault Zone; OBSZ=0tter Brook Shear Zone;
RIL=Red Indian Line; VLSg=Victoria Lake Supergroup.
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Figure 6.3: Highly strained amphibolite-tonalite mylonite of the southeastern shear zone (top) grades into less well
foliated amphibolite-tonalite tectonite (bottom). Note presence of folds in bottom right corner. Am=amphibolite;
To=tonalite.

Gabbro DTM D

Figure 6.4: a) Typical occurrence of Pierre's Pond intrusive sheets around Star Lake. Deformation is localized in
decameter- to meter-wide diorites (D) and subordinate tonalites (T) that intrude gabbro (G) with igneous layering of
the Star Lake ophiolite. Diorites contain relatively undeformed gabbro boudins, and tonalite veins are stretched and
folded. b) Close-up of the contact between ophiolitic gabbro and intrusive mylonitized diorite and tonalite (DTM) that
grades into less deformed diorite (D). The large deformation contrast between the host gabbro and the diorite-
tonalite mylonite suggests deformation localized in the diorites during syn-kinematic intrusion in the Lloyds River
Fauit Zone. Static greenschist-facies metamorphism in the gabbros is thought to result from contact metamorphism
by the intrusive rocks.
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Figure 6.5: Polished hand sample of mylonitic Pierre’s Pond suite diorite and tonalite from Star Lake, illustrating
highly strained character of the diorite (D) and tonalite (T). Note folding (F) and stretching (arrows) of tonalite veins
within the foliation planes.

Figure 6.6: Foliation defined by K-feldspar phenocrysts with high aspect ratios in the Portage Lake monzogabbro.
Note tiling of the phenocrysts (circled) and the low strain recorded in the matrix, indicative of deformation in the
magmatic state.
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Figure 6.7: Typical gneissic tectonite of the northwestern shear zone, comprised of amphibolite (Am), diorite (Dio)
and tonalite (To). Stretching of late-kinematic felsic vein suggests the Annieopsquotch ophiclite belt, to the
southeast, was moving down with respect to the Dashwoods microcontinent to the northwest. Vertical face, looking
NE.

105



A) LRFZ tectonites B) Syn-kinematic C) Intrusive sheets
N plutons N Star Lake

n$1=41

Figure 6.8: Lower hemisphere equal area plots of structures of the Lloyds River Fault Zone. a) Foliation (crosses)
and lineation (squares) of Lloyds River Fault Zone tectonites. b) Foliation and lineation in syn-kinematic intrusive
sheets. Magmatic foliation of the Portage Lake monzogabbro is indicated by triangles. ¢) Foliation and lineation of
diorite-tonalite hosted shear zones around Star Lake.

Am-Dio-To Am

Figure 6.9: Schematic block diagram summarizing the various structures observed within amphibolites (Am; dark
grey) and amphibolite-diorite-tonalite (Am-Dio-To; dark grey, light grey and white, respectively) tectonites of the
Lloyds River Fault Zone. Stretched late-kinematic vein is indicated in black.
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Figure 6.10: Intrafolial fold in amphibolite (Am)-tonalite (To) tectonite of the northwestern shear zone changes from
tight (in center) to open (in top left corner), suggesting it formed by sinistral drag. Horizontal plane.

107



Figure 6.11: Photomicrographs of microstructures in amphibolites and syn-kinematic plutons of the Lloyds River
Fault Zone. a) Highly strained amphibolite shows extreme grain size reduction and stretching, yielding highly
elongate hornblende and plagioclase. A relic large plagioclase grain (Pl) serves as relatively rigid object, and is
recrystallized into small grains. Plane polarized light. b) Hornblende porphyroclast (H) with tail of recrystallized
hornblende grains. Crossed polars c). Folded amphibolite (Am)-tonalite (To) tectonite. Crossed polars. d) The
Portage Lake monzogabbro shows parallel K-feldspar phenocrysts (Kf) that define a foliation (vertical) within a
matrix that lacks shape-preferred orientations, and preserves euhedral hornbiende (inset). Plane polarized light. e)
Folded tonalite vein in diorite. Crossed polars. f) Close-up of tonalite vein of (e), showing oscillatory zoning in
plagioclase (Pl) and iimited solid-state deformation within the plagioclase (Pl)-quartz (Qtz)-hornblende (Hbl) matrix.
Crossed polars.
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Figure 6.12: Diagram illustrating PT conditions calculated from amphibolite VL02J301. Grey field represents
uncertainty of the amphibole-plagiociase thermometer.
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Table 6.2: Plagioclase compositions of the Lloyds River Fault Zone

Amphibolites
, 78-3 178-4 178-7 178-7 178-7 261-1 264-1 261-2 261-2 261-2 26
im Core Rim Core Int Rim Core Rim Core Int Rim Core Int Rim Rim
Location? 4 4 4 4 4 4 3 3 3 3 3 3 3 3 2
SiO, 56.3 558 550 553 551 554 538 562 56.5 53.8 558 56.1 55.8 50.7 534 551 458
AlLO, 273 27.8 274 277 276 278 283 27.6 278 291 275 282 280 311 290 274 327
Ca0 87 92 92 95 93 94 99 96 96 119 98 99 99 138 11.5 100 166
Na,O 60 57 59 56 58 58 52 56 58 46 57 54 55 33 46 53 10

Sample' {1781 178-3 178

KO 02 01 01 01 041 01 0t O0O1 01 01 01 01 01 Ot 01 01 08
FeO 00 02 09 01 01 01 O0O1 04 01 01 01 01 02 02 02 00 041
SrO 00 00 0O 0O 01 00 01 0O 01 00 01 01 00 00 00 00 00
BaO 1 01 00 00 02 03 01 02 00 00O 02 01 00 00 00 00 02
Total 98.6 988 986 984 982 989 976 993 999 995 991 999 996 991 988 979 972
An 44 A7 46 48 47 47 51 48 48 59 48 50 49 69 58 51 86

261:3 261-4 261-4 2614 304-1

Grey shading marks compositions used for PT calculation;
“Location refers to Fig. 6.1

Portage Lake Monzogabbro Pierre's Pond suite
Sample 2231 223-1 223.2 223-2 223.3 223-3 365-1 365-1 365-1 3652 365-2 365-3 365-3 365-3
Core Rim Core Rim Core Rim Int Rim Core Rim Core Int Rim
Location 5 5 5 5 5 5 6 6 6 6 6 6 6

SiO, 56.2 56.2 55.7 57.0 572 57.2 555 852 557 554 689 548 557 544
ALO; 269 269 268 265 267 26.1 286 286 284 281 197 287 286 2938
CaO 90 88 89 86 88 84 10.2 10.1 101 101 03 103 104 84
Na,O 61 63 62 64 64 63 57 69 59 55 116 55 57 49
K;O 61 01 01 01 01 01 01 02 0t 02 01 01 01 15
FeO 01 01 00 01 00 02 02 02 03 03 04 02 02 03
SrO 03 02 02 02 02 02 01 04 01 01 00 02 02 00
BaO 01 00 00 00 01 01 01 00 01 00 00 01 00 00
Total 98.8 985 981 98.8 996 986 100.6 100.2 100.6 99.7 100.9 99.9 101.0 99.3
An 44 44 44 42 43 42 49 48 48 50 1 50 50 44
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CHAPTER VI
Summary and Conclusions

The Annieopsquotch Accretionary Tract marks an episode of transfer of a series of arc-back
arc complexes and ophiolites from lapetus Ocean to the overriding composite Laurentian margin
during the Ordovician Taconic Orogeny. Due to its good exposure and limited cover sequences it
provides a unique opportunity to study Paleozoic accretionary tectonics, and address outstanding
guestions regarding processes involved in continental growth. The Annieopsquotch ophiolite belt is
the oldest and structurally highest component of the Annieopsquotch Accretionary Tract, and thus
constrains its early evolution. Whole rock geochemical data indicate that all of the different massifs of
the Annieopsquotch ophiolite belt have similar compositions and record similar magmatic histories,
and likely constitute a single accreted oceanic terrane. Geochemical data presented in this thesis
show that all of the ophiolite massifs within the belt have a suprasubduction zone (SSZ) signature, in
contrast with previous interpretations (Dunning, 1987; Swinden et al., 1997) that the Annieopsquotch
ophiolite belt was dominated by NMORB compositions. Field relationships imply that the
Annieopsquotch ophiolite belt was generated in three phases. The first phase, of unknown age,
encompasses troctolites and olivine gabbros formed from boninitic melts. The absence of an
associated coeval intra-oceanic arc suggests the boninites were generated during initiation of
subduction outboard of the Dashwoods microcontinent by shallow melting of a previously depleted
mantle source. Subduction likely initiated in response to initial collision between the Dashwoods
microcontinent and the Laurentian margin. The southeast-vergent configuration of the
Annieopsquotch Accretionary Tract, with southeast-younging units, indicates the subduction zone
was west-dipping. The second magmatic phase comprises the tholeiitic SSZ gabbro-sheeted dyke-
basalt sequence. These rocks were formed at 480 Ma when more fertiie mantle melted by a
combination of decompression and fluid fluxing, thought to be the result of continued roliback of the
subducting slab. The SSZ signature decreases upwards within the basalts. The final magmatic
episode is marked by off-axis dykes that cut the entire ophiolite. These data constrain the timing of
initiation of west-directed subduction outboard of the composite Laurentian margin. This subduction
zone was responsible for formation of the entire Annieopsquotch Accretionary Tract, and thus played
a significant role in Early Ordovician Appalachian orogenesis.

The Annieopsquotch ophiolite belt and structurally underlying complexes were accreted to
the composite Laurentian margin along the sinistral-oblique Lloyds River Fault Zone and Otter Brook
Shear Zone, both of which were intruded by syn-kinematic, arc-like, isotopically evolved plutonic
suites. *Ar/**Ar hornblende ages of amphibolites from the Lloyds River Fault Zone indicate that the
Annieopsquotch ophiolite belt was thrust beneath the composite Laurentian margin prior to ~470 Ma.
Syn-kinematic plutons (46812, 46212 and 45943 Ma) localizated deformation in the plutonic rocks,
initially in the magmatic state but also at high-temperatures (~770-750°C) in the solid state during
cooling. The current configuration of the Lloyds River Fault Zone thus results from a positive
feedback between deformation and magmatism, and indicates that the accretion of oceanic
complexes was facilitated by pluton emplacement. Age constraints indicate that accretion of the
various units to the Dashwoods microcontinent occurred within ¢. 5-10 Ma of their formation. The
rapid formation and accretion of the units of the Annieopsquotch Accretionary Tract, emplacement of
plutons in accreted complexes, and strike slip movements suggest accretionary processes in the
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Paleozoic were similarly complex to those currently operating in the southwest Pacific. In contrast,
recycling of continental crust, in the form of continental slivers that formed basement to the arc
sequences, was an important process within the Annieopsquotch Accretionary Tract. Melting and
assimilation of this basement, as well as melting of lithospheric manle, was responsible for the
isotopically evolved signature of the syn-kinematic plutons. Sediment influx during formation of the
Annieopsquotch Accretionary Tract was very minor, significantly limiting the role of fore-arc accretion.
Growth of the Appalachian Laurentian margin occurred by (1) repeated accretion of oceanic crust
and (2) the addition of melts generated in both lithospheric and sub-arc mantle.

Whether lower oceanic crust forms by remobilization of cumulates from a melt lens situated
near the base of the sheeted dyke complex, or whether it froms by in-situ intrusion of mantle-derived
magmas, has been a matter of considerable debate. The internal structure of rocks from the gabbro
zone of the Annieopsquotch ophiolite shows that the lower ophiolitic crust is dominated by 10-30 m
thick sills, which can be recognized to within 400 m of the sheeted dyke complex. The sills are
composed of gabbroic cumulates whose calculated parental magmas generally become more
evolved upwards, and which exhibit compositions very similar to those of the overlying basaltic
sheeted dykes and lavas. These data suggest to a model in which mantle derived magmas intrude
into and fractionate within a lower crustal sill complex. Fractionated melts are expelled through dyke-
or channel-like conduits, and then move up-section where they may 1) form new sills; 2) pond at the
gabbro/sheeted dyke interface to form an axial melt lens; or 3) erupt at the surface. The evidence
from the Annieopsquotch ophiolite implies that a persistent axial melt lens was not a significant site
for aggregation, homogenization and differentiation of mantle-derived melts. Rather, it seems that
most of the fractional crystallization in the system occurred within the intra-crustal sill complex, and
that this intra-conduit differentiation dominates the compositional evolution of the lavas. If sill
complexes also characterize some types of mid-ocean ridges, then they may play an important role
in MORB evolution.
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APPENDIX |
The origin of mafic-ultramafic bodies in the northern Dashwoods Subzone

A1.1. Introduction

Abundant mafic-ultramafic bodies within the Notre Dame and Dashwoods subzones range in

size from 100 m? to 30 km® Contact relationships of most are uncertain. Dunning and Chorlton
(1985) interpreted all mafic-uliramafic enclaves as remnants of the Annieopsquotch ophiolite belt,
which by their definition included the Long Range Complex, while Currie and van Berke! (1989)
suggested some mafic bodies represent Silurian plutons.
Mafic-ultramafic bodies have been studied in the northern part of the Dashwoods Subzone and in the
Lloyds River Fault Zone. Samples of the Long Range Complex have been studied for comparison.
Major occurrences are summarized in Table A1.1 and Fig. A1.1. Based on compositional differences,
as well as metamorphic grade, the studied bodies can be divided into two types.

The first type is dominantly gabbroic in composition, and rocks are generally fresh and rarely
display penetrative fabrics. Ultramafic rocks are unknown from these bodies, and they are relatively
large in size. The biggest of these is the Puddle Pond complex (c. 10 by 3 km), which occurs along
the boundary between the Dashwoods Subzone and the Annieopsquotch Accretionary Tract (#1 in
Fig. A1.1). This complex is dominated by a layered cumulate sequence, that grades from troctolite
through olivine gabbro to gabbro (Fig. A1.2a,b). Hornblende-bearing gabbro dominates the
southwestern part of the complex. in addition, it contains olivine norite and associated troctolite, the
position of which within the sequence is uncertain. Pegmatitic patches, with grain size up to 10 cm,
are common within gabbroic rocks. The complex is cut by granite of presumed Silurian age. The
cumulate rocks are characterized by ubiquitous presence of generally fresh, subhedral plagioclase.
Olivine occurs in nearly all cumulates as sub- to anhedral grains, and is partly altered to serpentine
or iddingsite. In more evolved cumulates, clinopyroxene is modally abundant, and is generally partly
altered to green amphibole. Igneous brown amphibole is ubiquitous as rims around cumulus
plagioclase, olivine and pyroxene, and locally forms interstitial grains. Minor orange-brown biotite is
locally associated with brown hornblende. The presence of igneous hornblende and biotite suggests
the magmas that generated the Puddle Pond complex were hydrous. Both on a macro- and
microscopic scale, the gabbroic rocks are dissected by small fractures, which are lined with chlorite
and green amphibole. A second large gabbroic body, the John’s Brook Lake gabbro, occurs ¢. 20 km
northwest of the Annieopsquotch ophiolite (# 2 in Fig. A1.1). It comprises undeformed to weakly
deformed gabbro, with local igneous layering and pegmatitic patches, as well as hornblende gabbro.
Contact relationships are not exposed, although it is cut by granite of presumed Silurian age. Several
smaller gabbroic bodies are associated with the John's Brook Lake gabbro, and have similar
characteristics (Fig. A1.1).

The second type recognized in the mafic-ultramafic bodies is dominated by variably
metamorphosed ultramafic rocks (lherzolite, harzburgite, wehrlite, dunite, pyroxenite; Fig. A1.2¢c, d).
They are commonly associated with (meta)gabbro, which appears to be both intrusive into, and
interlayered with, the ultramafic rocks. Their size is generally restricted (< 1 km). The body near
Whaleback Pond (#3 in Fig. A1.1) comprises websterite intruded by deformed lherzolite (Fig. A1.2c),
as well as dunite, wehrlite and minor metagabbro. The ultramafic rocks are composed of variably
serpentinized olivine, clinopyroxene, orthopyroxene and tremolite. The metagabbro is highly
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Onigin of mafic-ultramafic bodies

deformed, giving the rock a flaser gabbro-like appearance. It is composed of hornblende, which
locally forms cm-sized augen, and plagioclase. The body appears to be enclosed in tonalites of the
Notre Dame Arc, aithough direct contact relationships were not observed. West of Silver Pond,
scattered outcrops within an area of ¢. 1 by 1 km consist of (meta)harzburgite and minor dunite with
associated gabbro (#4 in Fig. A1.1). A smaller associated body occurs just to the east of it. These
rocks are dominated by subhedral to euhedral partly serpentinized olivine enclosed in largely
chloritized pyroxene oikocrysts. Minor plagioclase occurs interstitially. Tremolite is common, and
magnesite and chromite occur as accessory phases. The ultramafic rocks are cut by granite of
presumed Silurian age. On the southeast shore of Lake of the Hills, harzburgite and metapyroxenite
(tremolite+chlorite+talc) occur amidst outcrops of Notre Dame Arc plutons (#5 in Fig. A1.1). On the
southeast shore of Padille Pond, several outcrops of variably metamorphosed Iherzolite occur (#6 in
Fig. A1.1). The lherzolite is composed of olivine (mostly altered to iddingsite and serpentine)
enclosed by biurry clinopyroxene oikocrysts. A more metamorphosed variety is characterized by
tremolite in a matrix of serpentine, magnesite and chlorite. Contact relationships are not directly
exposed, but the body is surrounded by Middie Ordovician tonalites of the Notre Dame Arc. North of
Lloyds River, a single outcrop of dunite occurs, which is enclosed in gabbro (#7 in Fig. A1.1). The
dunite is composed of olivine and tremolite, and is partly serpentinized. The ultramafic bodies have
been interpreted as ophiolitic fragments of the Annieopsquotch ophiolite belt (Dunning and Chorlton,
1985).

A1.2. Geochronology

| have dated two of the gabbroic bodies, the Puddle Pond complex and the John’s Brook
Lake gabbro, to test whether their age is compatible with an ophiolitic origin.

A sample of a gabbroic pegmatite from within the layered troctolite-olivine gabbro-gabbro
sequence of the Puddle Pond complex (#1 in Fig. A1.1) contained zircons with varying morphologies,
including colorless to brown anhedral fragments with concoidal fractures and coloriess to light brown
prisms with aspect ratios of 2.5-5 (Table A1.2, Figs. A1.4a,b). A Concordia age calculated utilizing all
four analyses is 432.4+1.0 Ma (MSWD of concordance and equivalence=1.6; probability=0.14; Fig.
A1.3a), which is interpreted to be the crystallization age of the gabbro.

A pegmatitic gabbro of the John's Brook Lake gabbro (#2 in Fig. A1.1), yielded zircons with
both prismatic and anhedral habits (Table A1.2, Figs. A1.4c,d). A total of four fractions were
analyzed, one of which (fraction 5-2) yielded slightly older **Pb/***U and *’Pb/*®U ages, suggesting
the presence of a small amount of inherited material. The other three fractions, which are 0.6-1.5%
discordant, were used to calculate a Concordia age of 429.9+1.2 Ma (MSWD of concordance and
equivalence=1.3; probability=0.26; Fig. A1.3b). This age is interpreted to be the crystallization age of
the gabbro.

A1.3. Discussion

The Silurian ages of c. 432 and c. 430 Ma rule out the possibility that the gabbroic bodies are
part of the Annieopsquotch ophiolite belt as inferred by Dunning and Herd (1980) and Dunning and
Chorlton (1985). Their fresh nature, hydrous character and ages indicate they are part of the Silurian
magmatic event that affected the Notre Dame and Dashwoods subzones between c. 438-427 Ma (cf.
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Origin of mafic-ultramafic bodies

Currie and van Berkel, 1989). This magmatic episode has been attributed to slab break-off of the
oceanic part of the Ganderian plate following its collision with the composite Laurentian margin (van
Staal et al., 2003; Whalen et al., 2003). Silurian magmatism is dominated volumetrically by granites
and rhyolites, but some mafic plutons have been described within the region (the Main Gut and
Boogie Lake suites; Currie and van Berkel, 1989; Dunning et al., 1990). These have been dated at
431+2 and 435 +6/-3 Ma, respectively (Dunning et al., 1990), in agreement with the ages presented
herein. These new data suggest that Silurian mafic plutons are both more widespread and
volumetrically important than previously recognized. In addition, the examples of Silurian mafic
magmatism that | have dated include layered cumulate sequences that are absent in the Boogie
Lake and Main Gut suites.

The dominantly ultramafic bodies are of a different origin, since (1) the gabbroic bodies are
relatively fresh, whereas the ultramafic bodies are metamorphosed, and (2) in general, ultramafic
rocks, especially Iherzolites, are not expected in plutons intruding continental crust. The occurrence
of ultramafic cumulates and intrusive Iherzolite strongly suggests an oceanic lower crustal affinity for
these rocks. An ophiolitic origin is also consistent with their metamorphosed nature; both the Lushs
Bight oceanic tract and Annieopsquotch ophiolite belt are metamorphosed at greenschist to
amphibolite-facies conditions. Petrogenetic grids for ultramafic rocks indicate tremolite is stable
above temperatures of ¢. 500°C, and is commonly associated with chlorite, olivine and talc (Jenkins,
1981). The presence of tremolite in most ultramafic rocks thus indicates they were metamorphosed
at amphibolite-facies conditions. The associated gabbros generally show amphibolite- to greenschist-
facies mineral assemblages.

The ultramafic bodies occur on either side of the Lloyds River Fault Zone, the fundamental
boundary that separates the Dashwoods Subzone from the Annieopsquotch Accretionary Tract (Fig.
A1.1). The bodies at Whaleback Pond and Silver Pond, like those at Dennis Pond, Three Ponds, and
North Fischells Brook (#8-10 in Fig. A1.1), occur within the Dashwoods Subzone, suggesting a
correlation between the two. The latter occur as enclaves in a migmatitic mélange that resembles the
Mischief mélange (Fox and van Berkel, 1988), and they occur along strike of the Long Range
Complex, suggesting that these ultramafic bodies are relics of the Lushs Bight oceanic tract. This
correlation is consistent with the similar metamorphic assemblages observed in the Long Range
complex and the ultramafic bodies described herein (Table A1.1). | thus infer all ultramafic bodies in
the Dashwoods Subzone to be relics of the Lushs Bight oceanic tract. Their widespread occurrence
indicates that the original extent of the Lushs Bight oceanic tract was much larger than currently
preserved. | speculate that these ultramafic bodies are relics of a once continuous sheet of oceanic
crust that was emplaced over the Dashwoods microcontinent. Subsequent burial and intrusion by
Ordovician and Silurian plutons has largely masked the ophiolitic cover, however, and left only
scattered ultramafic bodies in most of the Dashwoods and Notre Dame subzones.

The ultramafic bodies (Lioyds River, Padille Pond, Lake of the Hills) that occur within the
Lloyds River Fault Zone are part of the Annieopsquotch Accretionary Tract, suggesting a genetic link
with the Annieopsquotch ophiolite belt. Ultramafic lithologies are sparse in the Annieopsquotch
ophiolite belt, but do occur within the Star Lake ophiolite and in the large ophiolitic massif to the west
of it. The ultramafic rocks are confined to a thrust slice of the Annieopsquotch ophiolite belt that is
bounded by the northwestern splay of the Lloyds River Fault Zone, and is separated from the main
ophiolitic bodies by plutonic rocks that intruded the Lloyds River Fault Zone syn-kinematically (Fig.
A1.1; Chapter 6). The higher abundance of ultramafic rocks within this thrust slice is consistent with
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Onigin of mafic-ulframafic bodies

the orientation of the pseudostratigraphy of the Annieopsquotch ophiolite, which suggests ultramafic
lithologies should become abundant to the northwest. The olivine-tremolite assemblages observed
within the ultramafic rocks are consistent with the metamorphic grade recorded by amphibolites of
the Lloyds River Fault Zone. | thus infer the ultramafic rocks within the Lloyds River Fault Zone
represent stratigraphically deeper crustal levels of the Annieopsquotch ophiolite belt.
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Figure A1.1: Simplified geological map showing the distribution of pre-Silurian elements in the Dashwoods and
Notre Dame Subzones and the distribution of mafic-ultramafic bodies discussed herein. Inset shows close-up of
study area. 1=Puddle Pond Complex; 2=John's Brock Lake gabbro; 3=Whaleback Pond; 4=Silver Pond; 5=Lake of
the Hills; 6=Padille Pond; 7=Lloyds River; 8=Dennis Pond; 9=Three Ponds; 10=North Fischells Brook; 11=Long
Range Complex. AN=Annieopsquotch ophiolite; KGIV=King George IV ophiolite; SL=Star Lake ophiolite. Modified
from Colman-Sadd et al. (1990), Lissenberg et al. (in press) and van Staal et al. (in press a,b,c).
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Figure A1.2: Field photographs of mafic bodies within the Notre Dame and Dashwoods subzones. a) Layered
troctolite cumulates from the Puddie Pond Complex. b) Layered gabbro from the Puddle Pond Complex. ¢) Fine-
grained lherzolite intrudes very coarse-grained websterite in body near Whaleback Pond. Note the deformed nature
of lherzolite. d) Wehrlite cumulate in body near Whaleback Pond.
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Cc

Fig. A1.4: Photomicrographs of zircon fractions of dated samples. a) Fraction | of the Puddle Pond complex; b)
Fraction IV of the Puddie Pond complex; c) Fraction Il of the John's Brook Lake gabbro; d) Fraction V of the John's
Brook Lake gabbro
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Table A1.1: Occurrences of major mafic-ultramafic bodies in the northern Dashwoods Subzone

# Location Lithology

Mineralogy?

Exposed contact relationships

Source

1 Puddle Pond Troctolite, ol-gabbro, gabbro,

hbl-gabbro, ol-norite

2 John's Brook Lake  Gabbro, hbl-gabbro

3 Whaleback Pond Lherzolite, dunite, websterite,

wehrlite, metagabbro

4 W of Silver Pond Dunite, wehrlite, harzburgite,

pyroxenite, gabbro.

5 Lake of the Hills Metapyroxenite, harzburgite

6 Padille Pond Lherzolite, harzburgite

7 Lloyds River
8 Dennis Pond

Dunite
Serpentinite, metagabbro

9 Three Ponds Serpentinite, metagabbro

10 North Fischells BrookSerpentinite, metagabbro

1

pry

Long Range
Complex

Harzburgite, lherzolite,
pyroxenite, gabbro

Varying amounts of
O+PI+Cpx+Hbl+Opx +/-Bt

Cpx+Pi+Hbl

Relic Ol+Cpx+opx;
Tr+Chi+Srp+Car; Hbi+Pf
Relic Ol+Cpx+0Opx+Cr;
Tr+Chl+Srp+Car; Am+Chl
Tr+Chl+Tlc

relic Ol+Cpx;
Srp+Car+Tr+Chl

O+Tr
Ol+Sip+Tlc+Car+Cr+Chl;
Hb+Ep+Zo+Chi
Srp+Tlc+Chl+Car;
Hbl+Ep+Zo+Qtz
Srp+Chi+Tr+Tlc;
Pil+HbI+Qtz
Ol+Opx+Tic+Tr

Cut by granite of presumed
Silurian age

Cut by granite of presumed
Silurian age

Surrounded by ¢. 460 Ma Notre

Dame Arc plutons

Cut by granite of presumed
Silurian age

Surrounded by ¢. 460 Ma Notre

Dame Arc plutons

Surrounded by c. 460 Ma Notre

Dame Arc plutons

Enclosed in gabbros
Enclaves in metasediments

Enclaves in metasediments
Enclaves in metasediments

Overlies Mischief melange

This study; Dunning and Herd (1980)
This study; Dunning and Chorlton (1985)
This study

This study, Dunning and Herd (1980)

This study, Dunning and Chorlton (1985),

Dunning et al. (1982)
This study, Dunning and Herd (1980)

This study
Fox and van Berkel (1988)

Fox and van Berkel (1988)
Fox and van Berkel (1988)

This study; Hall and van Staal (1999}

7 Nubmers refer to focations in Figure 1

2 Mineralogy of ultramafic rocks in normal font, mafic rocks in italicsAbbreviations (after Kretz, 1983): am=amphibole, bt=biotite, car=carbonate, chl=chlorite,
cpx=clinopyroxene, cr=chromite, ep=epidote, hbi=hornblende, ol=olivine, opx=orthopyroxene, pl=plagioclase, qtz=quartz, srp=serpentine, tlc=taic, tr=tremolite, zo=zoisite
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APPENDIX I}
Analytical procedures

A2.1. Whole rock geochemistry

The VLO1 series were analyzed at the Ontario Geological Survey laboratory (Sudbury,
Canada), with some exceptions (see below). Major elements and selected trace elements were
analyzed by XRF using a Rigaku RIX-3000 WD-XRF; trace element analyses were measured on a
Perkin-Elmer ELAN 5000 ICP-MS. Precision and accuracy are described by Richardson et al. (1996).
Major elements and selected trace elements of the VLO2 series, as well as VL01A081 and 354B,
were analyzed by XRF on fused glass beads at McGill (Montreal, Canada), using a PHILIPS
PW2440 4kW automated XRF, with accuracy within 1%. Trace elements were analysed at the
Ontario Geological Survey. Samples VL01A048, 258B, 260 and VL02J308, 318, 319, 326¢, 380a,
391, 392, 393 and 400 were analysed at ACME (Vancouver, Canada). Major and selected trace
elements were measured using a Jarrel Ash Atom Comp Model 975 ICP-ES. The majority of the
trace elements were measured using a Perkin Eimer Elan 6000 ICP-MS; Pb and Ni were analysed
on a Perkin Elmer Optima DV3000 ICP-ES. Precision and accuracy was generally within 1% for
major elements and within 10% for trace elements. The WXNF series (except 108 and 117), as weil
as VL0O1A051, was analyzed at the Geological Survey of Canada (Ottawa) by XRF (major elements)
and ICP-MS (trace elements), with precision for trace elements generally within 10%. WXNF108 and
117 were analyzed by XRF on fused glass disks (major elements) and pressed powder pellets (trace
elements) at X-ray Assay Laboratories (Toronto, Canada). REE and selected trace elements were
analyzed by ICP-MS at Memorial University of Newfoundland, with precision and accuracy described
in Jenner et al. (1990).

Detection limits of the various geochemical laboratories is listed in Table A2.1. For further
details about analytical procedures the reader is referred to Rogers (2004).

A2.2. Nd isotope geochemistry

Samples VL010084, VLO1A081, WXNF117 and WXNF227 were analyzed at Carleton
University (Ottawa, Canada). Samples were spiked with a mixed '**Nd-'**Sm spike prior to
dissolution. Concentrations are precise to +1%, but "“’Sm/"*Nd ratios are reproducible to 0.5%.
Samples were analyzed on a Finnigan MAT 261 thermal ionization mass spectrometer (TIMS).
Isotope ratios are normalized to "**Nd/"*Nd = 0.72190. Analyses of the USGS standard BCR-1 yield
Nd = 29.02 ppm, Sm = 6.68 ppm, and "“**Nd/***Nd = 0.512668 + 0.000020 (n=4). 32 runs of the La
Jolla standard average "**Nd/"*Nd = 0.511875 + 0.000018.

Samples VL01J036b and VL01J232 were analyzed at Geospec (Edmonton, Canada). The
isotopic composition of Nd was determined in multi-dynamic mode by TIMS. The *Nd /"*Nd ratio of
samples is presented relative to a value of 0.512107 for the Geological Survey of Japan Nd isotopic
standard JNdi-1 (Tanaka et al., 2000), which is equivalent to a value of 0.511850 for the La Jolla Nd
isotopic standard. For Nd, the long-term average value for JNdi-1 is 0.512110 £ 0.000012 (1sd),
equivalent to a value of 0.511853 for the La Jolla Nd isotopic standard, and within the generally
accepted window of La Jolla values (0.511850 £ 0.000010). For Sm, the long-term average value for
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Analytical procedures

“5m/"*Sm determined from a Sm standard solution was 0.60759 + 0.00009 (1sd), identical within
quoted uncertainty to the value determined by Wasserburg et al. (1981) of 0.60750 £ 0.00002.
Samples VL01J118 and WXNF216 were analyzed at the Geological Survey of Canada. Sm-
Nd isotopic ratios were measured using a Nu Plasma multicollector ICP-MS. "*Nd/"**Nd isotopic
ratios are reported relative to the value of 0.51186 in the LaJolla Nd standard. Nine spiked and
unspiked analyses of BCR-1 yielded the weighted average values '**Nd/**Nd= 0512636 =
0.00000¢9.
More details about analytical procedures can be found in Rogers (2004).

A2.3. “Ar/*Ar geochronology

Selected samples were processed for “°Ar/*Ar analysis of hornblende phenocrysts by
standard mineral separation techniques, including hand-picking of clear, unaitered crystals in the size
range 0.5 to 1 mm. Individual mineral separates were loaded into aluminum foil packets along with
PP-20 hornblende (Hb3gr equivalent) with an apparent age of 1072 Ma (Roddick 1983) to act as flux
monitor. The sample packets were arranged radially inside an aluminum can. The samples were
then irradiated for 12 hours at the research reactor of McMaster University in a fast neutron flux of
approximately 3x10'® neutrons/cm?.

Laser *Ar/*Ar step-heating analysis was carried out at the Geological Survey of Canada
(Ottawa, Ontario). Upon return from the reactor, samples were split into several aliquots and loaded
into individual 1.5 mm-diameter holes in a copper planchet. The planchet was then placed in the
extraction line and the system evacuated. Heating of individual sample aliquots in steps of
increasing temperature was achieved using a Merchantek MIR10 10W CO, laser equipped with a 2
mm x 2 mm flat-field lens. The released Ar gas was cleaned over getters for ten minutes, and then
analyzed isotopically using the secondary electron multiplier system of a VG3600 gas source mass
spectrometer; details of data collection protocols can be found in Villeneuve and Macintyre (1997)
and Villeneuve et al. (2000). Error analysis on individual steps follows numerical error analysis
routines outlined in Scaillet (2000), error analysis on grouped data follows algebraic methods of
Roddick (1988).

Neutron flux gradients throughout the sample canister were evaluated by analyzing the
hornblende flux monitors included with each sample packet and interpolating a linear fit against
calculated J-factor and sample position. The error on individual J-factor values is conservatively
estimated at +0.6% (20). Because the error associated with the J-factor is systematic and not related
to individual analyses, correction for this uncertainty is not applied until calculation of dates from
isotopic correlation diagrams (Roddick 1988). No evidence for excess “°Ar was observed in either of
the samples and, therefore, all regressions are assumed to pass through the “°Ar/*®Ar value for
atmospheric air (295.5). All errors are quoted at the 2o level of uncertainty.

A2.4. U/Pb geochronology

U-Pb TIMS analytical methods utilized are outlined in Parrish et al. (1987) and Davis et al.
(1997). Heavy mineral concentrates were prepared using standard crushing, grinding, Wilfley™ table,
and heavy liquid techniques. Mineral separates were sorted by magnetic susceptibility using a
Frantz™ isodynamic separator. Single and multigrain zircon fractions analyzed were very strongly air
abraded following the method of Krogh (1982). Multigrain fractions of titanite were also lightly air
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abraded. Treatment of analytical errors follows Roddick et al. (1987) with errors on the ages reported
at the 2o level.

SHRIMP {i analyses were conducted at the Geological Survey of Canada (GSC) using
analytical procedures described by Stern (1997), with standards and U-Pb calibration methods
following Stern and Amelin (2003). Zircons from the samples were cast in 2.5 cm diameter epoxy
mounts (GSC mount #295 for sample VL02J185 (z7644) and GSC mount #s 295 and 312 for
sample VL02J238D (z7524)) along with fragments of the GSC laboratory standard zircon (26266,
with 2°Pp/2%8U age = 559 Ma). The mid-sections of the zircons were exposed using 9, 6, and 1 pm
diamond compound, and the internal features of the zircons were characterized with backscatter
electrons (BSE) and cathodoluminescence (CL) utilizing a Cambridge Instruments scanning electron
microscope (SEM). Mount surfaces were evaporatively coated with 10 nm of high purity Au.
Analyses were conducted using an 0" primary beam, projected onto the zircons at 10 kV. The
sputtered area used for analysis was ca. 25 ym in diameter with a beam current of ca. 5 nA and 6 nA
for 27644 and z7524, respectively. The count rates of ten isotopes of Zr*, U*, Th*, and Pb" in zircon
were sequentially measured over 6 scans with a single electron multiplier and a pulse counting
system with deadtime of 35 ns. Off-line data processing was accomplished using customized in-
house software. The 1 external errors of 2Pb/**®U ratios reported in Table 5.5 incorporate a +1.0 %
error in calibrating the standard zircon (see Stern and Amelin 2003). No fractionation correction was
applied to the Pb-isotope data; common Pb correction utilized the measured 2*Pb/”*°Pb and
compositions modelled after Cumming and Richards (1975). The 2°°Pb/?®U ages for the analyses
have been corrected for common Pb using both the 204- and 207-methods (Stern 1997), but there is
generally no significant difference in the results. Isoplot v. 2.49 (Ludwig 2001) was used to generate
concordia plots and calculate weighted means.

A Concordia age (Ludwig 1998) is calculated for the samples analyzed by SHRIMP. A
Concordia age incorporates errors on the decay constants and includes both an evaluation of
concordance and an evaluation of equivalence of the data (how well the data fit the assumption that
they are repeated measurements of the same point). The calculated Concordia ages and errors
quoted in the text are at 20 with decay constant errors included.
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Table A2.1: Detection limits of various geochemical laboratories

SiO,
TiO,
A0
Fe203
MnO
MgO
CaO
Na,O
K,0
P,05
Cr,03

Major elements (%)

Trace elements (ppm)

OGS McGill ACME GSC (2)0G0? 2&; McGill ACME GSC
0.01 0.006 0.02 0.5 Ba 5 0.6 n.a. 5 10
0.01 0.004 0.01 0.02 Cr 1 8 n.a. n.a. 10
0.01 0012 0.03 0.4 Cs 0.01 0007 na 0.1 0.02
0.01 0.003 0.04 0.1 Ga 1 0.1 0.5 0.1
0.01 0.003 0.01 0.01 Hf 0.1 0.1 n.a. 0.5 0.05
0.01 0.01 0.01 0.1 Nb 0.08 0.09 1 0.5 0.05
0.01 0.002 0.01 0.1 Ni 5 0.8 3 2 10
0.01 0.008 0.01 0.5 Pb 0.1 0.4 1 5 2.
0.01 0.003 0.04 0.05 Rb 0.2 0.05 1 0.5 0.05
0.01 0.004 0.01 0.02 Sc 0.5 0.6 10 10 0.5
na.  0.002 0 0.02 Sr 2 0.5 n.a. 0.5 5
Th 0.05 0.06 1 0.1 0.02
U 0.01 0.007 1 0.1 0.02
\' 4 1 10 5 5
Y 0.2 0.02 1 0.1 0.02
Zr 6 4 1 0.5 0.5
La 0.2 0.02 n.a. 0.5 0.1
Ce 0.3 0.07 n.a. 0.5 0.1
Pr 0.03 0006 na. 0.02 0.02
Nd 0.2 0.03 n.a. 0.4 0.1
Sm 003 0.01 n.a. 0.1 0.02
Eu 0.004 0005 na. 0.05 0.02
Gd 0.03 0.009 n.a. 0.05 0.02
Tb  0.001 0.003 n.a. 0.01 0.02
Dy 0.01 0.008 n.a 0.05 0.02
Ho 0002 0.003 n.a. 0.05 0.02
Er 0.006 0.008 n.a. 0.05 0.02
Tm 0.005 0.003 na. 0.05 0.02
Yb 0.01 0.01 n.a. 0.05 0.05
Lu 0001 0.003 n.a. 0.01 0.02

n.a.=not analysed
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