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“Admittedly, geoscience cannot flourish without the vitamins and drugs of
tectonofanciful models, but the science receives its basic nourishment from the bread-
and-butter observations of open-eyed field geologists, the foot-slogging infantry who

spare no effort in describing and illustrating the capriciousness of Nature”.

Asger Berthelsen, Preface to “Precambrian Tectonics Illustrated”



Abstract

The hypothesis that Neoarchean crust (~ 3.0 — 2.5 Ga) is the expression of a global
thermotectonic event that led to cratonization of crustal nuclei and the transition to a ‘modern’
style of plate tectonic processes is tested through a multidisciplinary study of the Snare River
terrane, a ca. 2.67-2.56 Ga crustal fragment in the southwestern Slave Province. Integration of
datasets defining the temporal, geochemical, architectural and thermal evolution reveals crust
formation was initiated in an oceanic tectonic regime (TR1) and terminated with collision with an
older Mesoarchean crustal fragment (TR2).

U-Pb zircon crystallization ages for thirteen intrusive units provide tight constraints on
the timing of crust formation and orogenic evolution. Seven metaluminous plutons were
emplaced over ca. 90 M.y. from ca. 2674-2589 Ma, whereas six peraluminous plutons were
emplaced over ca. 15 M.y. from ca. 2598-2585 Ma. Collectively they define four stages of crustal
development: (i) 2674-2635 Ma — proto-arc formation and early turbidite sedimentation; (ii)
2635-2608 Ma — juxtaposition of turbidites and proto-arc; (iii) 2608-2597 Ma — collision of
proto-arc with Central Slave Basement Complex, crustal thickening, metamorphism and
plutonism; and (iv) 2597-2586 Ma — orogenic collapse and mid-crustal exhumation.

Deformation histories of low- and high-grade domains illustrate younging of structural
age with paleodepth and a progression from steep structures in the upper crust to gently-dipping
structures in the mid crust due to diachronous polyphase deformation. A migmatitic transition
zone is characterized by structural elements from both crustal levels. The proposed tectonic
model involves: (i) protracted thin-skinned shortening (D1); (ii) crustal thickening by nappe
tectonics and orogenic plutonism (D2); and (iii) post-orogenic collapse and mid-crustal
exhumation (D3).

Geochemical and Nd isotopic data for magmatic units support initiation of crust

formation by plume-related mafic magmatism, evolution to a protoarc by subcretion, and



establishment of subduction magmatism. Protoarc—continent collision heralded emplacement of
sanukitoid, metaluminous and peraluminous suites, whereas only sanukitoid and peraluminous
magmatism accompanied orogenic collapse. Mantle-melting events demarcate the four stages of
crustal evolution, implying linkage between crustal and mantle tectonics, and a time-space
analysis demonstrates that the oldest magmas occur in the upper crust and younger syn-orogenic
magmas intruded at mid-crustal levels.

Ages of inherited zircon cores are used to isotopically profile Neoarchean crustal
evolution. The datasets illustrate that metaluminous and peraluminous magmas were derived from
discrete lower- and mid-crustal reservoirs at different times. Secular changes in inherited zircon
in metaluminous magmas fingerprint lower crustal growth from both ‘local’ magmatic additions
and intercalated ‘exotic’ material, and the absence of Mesoarchean inherited cores in
metaluminous magmas indicates crust formation was distal from the Central Slave Basement
Complex. With respect to peraluminous magmas, the similarity between their inheritance profiles
and detrital zircon spectra confirm metaturbidites as the source for peraluminous magmatism.

Zircon saturation thermometry is used to constrain the thermal contributions of magmas
to the crustal heat budget, after refinement of the raw data using whole-rock geochemistry, BSE
imaging and petrographic analysis. Results, confirmed by independent metamorphic data, reveal
moderate-temperature magmatism during crustal growth, both low-temperature H,O-rich and
high-temperature H,O-poor magmatism during the orogenic phase, and low-temperature
magmatism in the post-orogenic stage. Low-temperature plutons emplaced into the upper crust
did not significantly affect the existing thermal regime, whereas high-temperature plutons in the

mid crust provided the principal heat source for metamorphism.

Recognition of mid- and upper-crustal levels separated by a transition zone has permitted
reconstruction of a ‘crustal stratigraphy’ that exhibits: (i) depth-dependent magmatic growth, (ii)

compositional zonation; (iii) secular magmatic evolution; (iv) metamorphic zonation, and (v)
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diachronous polyphase deformation. Collectively, these results demonstrate intimate feedback
between crustal levels and the interplay among magmatism, sedimentation, metamorphism and
deformation in crustal evolution. Neoarchean crustal growth in the Snare Rive terrane was
characterized by a prolonged period of lateral accretion in an oceanic realm (TR1), followed by
rapid crustal thickening during accretion of the oceanic terranes to the Central Slave Basement
Complex (TR2). Thus a primary control on the Neoarchean crustal evolution was the presence of

a Mesoarchean nucleus around which cratonization occurred.
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Chapter 1. Prologue

1 PROLOGUE

1.1 Preamble

The research presented in this thesis seeks to provide new insight into several
fundamental aspects of Archean geology, specifically the mode, scale and timing of
crust-formation and subsequent development during the Neoarchean era (~ 3.0 — 2.5 Ga).
Neoarchean rock assemblages, which occur in Archean terranes worldwide, have been
interpreted to represent the crustal expression of a global thermotectonic event that
resulted in widespread stabilization of cratonic regions (Frei et al. 2003) and the
transition to a more ‘modern’ style of plate processes in the Paleoproterozoic. In addition
to major reworking of pre-existing crustal blocks, large quantities of new crust were
generated during this period. Growth of the cratonic nuclei occurred both vertically
through mantle additions and density-driven redistribution of magmas, and laterally by
tectonic amalgamation and accretion of crustal fragments of contrasting age and
provenance.

It has been suggested that the geometry and distribution of the pre-existing Paleo- to
Mesoarchean (~ 4.0 — 3.0 Ga) crustal blocks imparted significant control on the crustal
evolution of the younger Neoarchean terranes (e.g., de Wit et al. 1992; Horstwood et al.
1999; Chadwick et al. 2000; Kramers et al. 2001). However, the nature and extent of this

control, although commonly identified in the evolutionary histories of many cratons,

remains one of the least well understood and documented aspects of Neoarchean geology.
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This study adopts a multidisciplinary approach to analyzing these problems in an
attempt to constrain the timing and mechanisms of crust-formation, growth and evolution
in the Snare River terrane, a ca. 2.67 — 2.56 Ga assemblage of upper- and mid-crustal
rocks exposed in the southwestern Slave Province. The primary datasets presented
include: (1) 1:30 000 scale field mapping, with emphasis on crustal architecture and the
relative chronology of magma emplacement and fabric formation; (2) U-Pb zircon
geochronology of representative magmatic suites, (3) major- and trace-element
geochemistry, (4) Sm-Nd isotopic analyses, (5) zircon inheritance ages of representative
igneous suites and (6) zircon saturation thermometry data. Integration of these datasets
illuminates the nature, diversity, and interconnections among the processes responsible
for crustal growth and evolution in the southwestern Slave Province, which it is hoped

will serve as a model for comparison with other Neoarchean terranes.

1.2 The polarized world of Archean geology: Uniformitarianism

versus secular change

Aside from ongoing isotopic studies related to the search for, and characterization of
the Hadean (~ 4.0 — 4.5 Ga) crust and the effect of its extraction on the Hadean mantle
(e.g., Compston and Pidgeon 1986; Bowring and Williams 1999; Wilde et al. 2001;
Valley et al. 2002; Frei et al. 2004), Archean geology is essentially polarized into two
schools that focus on specific problems in the Paleo- to Mesoarchean and Neoarchean
eras, respectively. Many of the problems addressed are unique to either the Paleo- to

Mesoarchean or the Neoarchean, with only minor overlap of certain issues between the

1-3



two eras, €.g.. tonalite-trondhjemite-granite (TTG) and greenstone genesis. However, one
fundamental problem plagues the interpretation of all Archean geology. namely the
application of uniformitarian (i.e., plate tectonic) principles and whether they adequately
account for the exposed Archean crustal record. Crustal products and average crustal
compositions varied significantly in the Archean compared to the present, and hence the
extrapolation of a plate tectonic framework back to the Archean has sparked vigorous
debate (e.g., de Wit 1998; Hamilton 1998). Apart from the absence of directly
comparable Archean and Palaeozoic (or younger) sequences, one of the principal
arguments against the operation of modern-style plate tectonics in the early Earth is the
inference of hotter ambient mantle temperatures at that time. At least four lines of
evidence imply that the Hadean Earth was hot and extremely energetic (Pollack 1997),
including: (a) the kinetic and gravitational energy associated with planetary accretion and
core formation, (b) the inferred early meteorite bombardment, (c¢) radiogenic heat
production from short-lived nuclides, and (d) the scarcity of crust of Hadean and
Paleoarchean age. Since the Hadean, the Earth’s interior and has been steadily cooling as
a result of the decline in radiogenic heat production (Davies 1992; Pollack 1997).
Radiogenic heat production from the Paleoarchean to the present. and from the
Paleoarchean to the end of the Neoarchean, are estimated to have declined by factors of ~
6-3 and 3-2. respectively (Pollack 1997). The continuing challenge is to constrain the
time at which the Earth attained the thermal and mechanical properties favourable for the

onset of a plate tectonic dynamic.

e



Chapter 1° Prologue

It has been proposed that the elevated mantle temperatures in the Archean would have
resulted in a more voluminous and hence thicker basaltic crust than currently occurs
(Davies 1992). Thick ‘unsubductable’ buoyant basaltic crust is surmised to have been
ubiquitous throughout the Paleo- and Mesoarchean Earth (e.g., Anderson 1979; Vlaar et
al. 1994; Zegers and van Keken 2001), precluding the operation of plate tectonics as it is
understood from the modern record. Thus, if a plate tectonic regime did not exist during
the Archean era, what mode of tectonism did?

Archean literature is replete with both uniformitarian (i.e., plate tectonic) and non-
uniformitarian interpretations of Archean sequences (e.g., Komiya 1999; Chadwick et al.
2000; Zegers and van Keken 2001; Percival et al. 2001; Bédard et al. 2003), with
proportionately more uniformitarian interpretations invoked for late Mesoarchean and
Neoarchean terrains. It seems likely that some form of mobile plate-like tectonics had
evolved at least by the end of the Archean (e.g., Bleeker 2002; Griffin et al. 2003;
Smithies et al. 2003). Three pertinent questions arise in regard to the emergence of this
Archean quasi-plate tectonic regime: (1) Are there any localities where the transition
between the two tectonic regimes can be observed? (2) What crustal products, or perhaps
more correctly, what ‘assemblage and /or sequence of crustal products’ characterize this
change in tectonic regime, i.e., how does Paleo- to Mesoarchean crust differ from
Neoarchean crust? And (3) do any specific relationships exist between the pre-plate
tectonic regime and the onset of the plate tectonic regime? These fundamental questions
represent the central themes examined in this thesis. The following sections briefly

outline the major characteristics and problems associated with the Paleo- to Mesoarchean
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and Neoarchean eras. The purpose is to introduce the necessary background relevant to
the questions addressed above and to provide the broader geological context in which to

assess the research presented in this study.

1.2.1 Paleo- to Mesoarchean geology

Paleo- to Mesoarchean terranes (> 3.0 Ga) are a volumetrically subordinate, yet a
compositionally distinct component of Archean crust. Supracrustal assemblages consist
predominantly of basaltic — komatiitic greenstone belt sequences and minor associated
banded iron formation, clastic sediments and felsic volcanic rocks. In addition to the
classic ca. 3.71 Ga Isua supracrustal belt in West Greenland (e.g., Nutman et al. 1997;
Frei and Kastbjerg Jensen 2003), the ca. 3.7 — 3.3 Ga greenstone belts of the Pilbara
(Western Australia) and Kaapvaal (South Africa) cratons are perhaps the best preserved
and documented successions (e.g., de Wit et al. 1987; Kroner et al. 1992; Buick et al.
1995; Parman et al. 1997; Green et al. 2000). These belts are interpreted as new crustal
additions derived from pre-existing variably depleted/enriched mantle, implying the
occurrence of Hadean crust-forming episodes. Geological and geochemical evidence
from the Coonterunah and Warrawoona greenstones in the Pilbara craton indicate
emplacement on pre-3.5 Ga continental basement (Green et al. 2000), supporting the
potential for more widespread existence of Eoarchean crust. The tectonic setting of, and
the driving forces behind thermal perturbations responsible for early greenstone genesis
are poorly constrained, although mantle plume events, catastrophic mantle overturn, and

lower crustal delamination have all been invoked as potential causes (e.g., Davies 1992,
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1995; Stein and Hoffman 1994; Tomlinson and Condie 2001; Zegers and Van Keken
2001). Similarly, the corresponding crustal tectonic setting remains a controversial issue.
Island arcs, oceanic plateaux, intra-oceanic obduction, and intra-continental extensional
settings have all been proposed to account for greenstone belt tectonics (e.g., de Wit et al.
1992; Condie 1997; Kusky and Polat 1999; Bleeker 2002).

Mid-crustal Paleo- to Mesoarchean assemblages consist of the ‘grey gneiss’ suite
(Martin 1994), which consist of poly-deformed and -metamorphosed assemblages of
tonalite—trondhjemite—granodiorite (TTG) plutonic rocks, interlayered with less abundant
mafic to ultramafic components. The oldest known grey gneiss terrane is the ca. 4.03 Ga
Acasta Gneiss Complex in the Slave Province of northwestern Canada. Other well-
documented Paleoarchean examples include the ca. 3.82 Ga Amitsoq gneisses of West
Greenland and the ca. 3.9 Ga Napier Complex of Antarctica. U-Pb zircon data for the
Acasta gneisses reveal overprinting events at ~3.75, 3.6, 3.36 and 1.7 Ga (Bowring et al.
1989; Bowring and Williams 1999). Isotopic data for the Amitsoq gneisses demonstrate
at least seven resolvable overprinting events between 3.9 and 3.6 Ga (Nutman et al.
1993), and the ca. 3.9 Ga tonalitic orthogneisses from Enderby Land in the Napier
Complex, Antarctica, similarly show evidence for polyphase overprinting, in this case at
ca. 2.95, 2.48 and 1.0 Ga (Black et al. 1986). A comparable overprinting pattern also
exists for Mesoarchean gneiss terranes. For instance, Mesoarchean tonalites (~ 3.27 Ga)
from the Mt. Riiser-Larsen region of the Napier Complex have undergone successive
stages of crustal reworking at ca. 3.07, 2.8 and 2.5 Ga. Collectively, the U-Pb age data

from ancient grey gneiss terranes illustrate that their formation took place over extended
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periods and that they were characterized by several overprinting thermal pulses. Perhaps
most importantly, the data highlight incremental crustal growth, prolonged mid-crustal
residence, and the enduring nature of these TTG-dominant grey gneiss terranes.

It is widely accepted that TTGs formed by partial melting of hydrated basaltic
crust at pressures where garnet and amphibole co-exist and remain in the residue (e.g.,
Martin 1987, 1994; Drummond and Defant 1990; Rapp et al. 1991; Springer and Seck
1997; Smithies 2000). Debate revolves around the tectonic setting in which such melting
took place. Two current models include: (a) dehydration melting of a subducted mafic
slab (e.g., Martin 1986, 1994; Martin and Moyen 2002; Smithies et al. 2003), which
inherently implies the existence of a plate tectonic regime; and (b) melting at the base of
magmatically or tectonically thickened crust (e.g., de Wit et al. 1992; Atherton and
Petford 1993; Turkina and Nozhkin 2003). No clear resolution to this problem is evident
in the literature and both geodynamic settings may be realistic alternatives that apply to
individual cratons.

The Paleo- and Mesoarchean was an interval characterized by intermittent and
progressive crustal growth and the development of protocratons, possibly driven in part
by large mantle overturn events (Stein and Hofmann 1994). Isotopic and geochemical
data from Paleo- and Mesoarchean crust provide evidence for older Hadean crust-
formation and mantle perturbations that resulted in early development of depleted and
enriched mantle reservoirs from which younger crust was subsequently extracted
(Bowring and Housh 1995; Bowring and Williams 1999; Frei et al. 2004). Greenstone

and TTG assemblages appear to have been the predominant crustal products formed
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during this era and together represent the ‘staple’ components of early cratonic nuclei
onto which younger crust amalgamated. Application of uniformitarian plate tectonic
principles cannot be entirely ruled out; however their acceptance a priori is also
inappropriate since the Paleo- and Mesoarchean rock record indicates that both crustal

products and average crustal composition contrast with crust formed subsequently.

1.2.2 Neoarchean geology

Overall, Neoarchean crust predominates the Archean crustal record, most notably
in the abundance of greenstone belts (Condie 1995; Rey et al. 2003; Fig. 1.1).
Furthermore, the Neoarchean era was characterized by a voluminous global
tectonothermal episode (Rey et al. 2003) involving polyphase reworking of the older
protocratonic blocks in addition to the formation of new continental crust. This global
tectonothermal episode is considered to represent a terminal stage of cratonization that
ultimately led to the stabilization of vast regions of continental crust. Estimates of the
combined areal extent of Archean crust exceed ca. 2.6 x 10° km? (Condie 1981; Eriksson
1995) prior to breakup and fragmentation during the Proterozoic.

In addition to the voluminous magmatic products, the Neoarchean also marked
the onset of a more evolved suite of crustal lithotectonic units including thick
sedimentary sequences, heterogeneous polyphase high-grade terranes, and voluminous
syn- to post-tectonic granitic plutonism, including K-rich granite-granodiorite-monzonite
(GGM ) suites and sanukitoid suites. The onset of such diverse crustal products coincided

with a major change in the average composition of Archean crust exposed at the surface
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Proterozoic ‘Neoarchean Mesaarcheanl
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Figure 1.1: Greenstone eruption frequency during the Mesoarchean,

Neoarchean and Paleoproterozoic, after Condie (1994). Diagram
illustrates a major peak in greenstone formation at ~ 2.7 - 2.6 Ga.
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and incorporated into sediments (Taylor and McLennan 1985; Fig. 1.2). In particular, the
K-rich GGM suite has been estimated to comprise ~ 20% of the exposed Archean crust
(Condie 1993).

Clastic sedimentary sequences are a minor component of the Paleo- to
Mesoarchean record, their increased abundance in the Neoarchean being attributed to the
formation of emergent buoyant protocratons that could sustain appreciable loads of
clastic detritus in their flanking submarine basins. Sedimentary successions are
speculated to have increased in abundance and volume from ca. 4.0 to 2.5 Ga in response
to the progressive growth of the continents (Eriksson and Fedo 1994; Windley 1998),
with a notable increase in basin formation and preservation at the onset of the
Neoarchean. A variety of sedimentary associations have been recognized in the
Neoarchean stratigraphic record, including a syn-rift to syn-orogenic association, a calc-
alkaline association, and ‘Timiskaming’ types, which are briefly discussed here.

In regard to syn-rift to syn-orogenic successions, the ca. 3.1-2.8 Ga lower
Witswatersrand and Dominion groups of the Kaapvaal Craton, the Steep Rock Group of
the Superior Province, and the Central Slave Cover Group in the Slave Province, which
represent the best known examples, were all deposited on "protocratonic’ crust (de Wit et
al. 1992; Eriksson and Fedo 1994, Eriksson et al. 1997; Bleeker et al. 1999). Syn-rift
successions are characterized by conglomerate, mudstone, sandstone and intercalated
(ultra-)mafic and/or felsic volcanic rocks, whereas those deposited after rifting on a stable
continental shelf consist of quartz arenite, mudstone, iron formation and stromatolitic

carbonate (Eriksson and Fedo 1994). Extension of the underlying basement is typically
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Figure 1.2: Plots illustrating the change in average composition of continental crust as
sampled in sedimentary rocks through geological time, modified after Taylor and
McLennan (1985). (a) Secular evolution of the Eu/Eu* ratio,
(EwEu* = Eun/(SmyxGdy ) 0-3); (b) and (c) secular evolution of Th and U abundances
in continental shales. Data for the Neoarchean era are highlighted in each figure to
emphasize the distinctive compositions at that time.
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Invoked as the principal basin-formation mechanism, although the ultimate cause of
extension is poorly understood. It has recently been suggested that it may have been due
to enhanced mantle plume activity in response to wholesale mantle overturn (Bleeker
2002).

Sedimentary successions associated with calc-alkaline magmatism range in age
from ca. 2.75-2.65 Ga and are widespread throughout the Superior and Slave cratons,
Canada and the Yilgarn block, Australia (Langford and Morin 1976; Henderson 1981;
Barley and Groves 1990). These successions are typically composed of greywacke —
mudstone turbidite, banded iron formation and conglomerate (Eriksson et al. 1997) and
they have been interpreted as analogues to modern fore-arc basin sequences. Their
similarity with modern sediments and their association with calc-alkaline volcanic rocks
have further been suggested to provide unequivocal evidence for the operation of
subduction-related processes during their sedimentation (Eriksson et al. 1997). However,
Bleeker (2002) invoked vertical diapirism similar to that outlined by Campbell and Hill
(1988) to account for the setting of these sedimentary successions in the Slave Province,
noting that the commencement of turbidite sedimentation coincided with the onset of
TTG magmatism.

The ‘Timiskaming’ association consists of volumetrically minor, but distinctive
assemblages of largely late kinematic conglomerate, cross-bedded sandstone and
mudstone (Bleeker 2002). These sediments occur in elongate structural basins, display
unconformable contacts with the underlying basement and strike-slip contacts with

younger supracrustal rocks (Eriksson et al. 1997). Examples include the ~ 2.7 Ga
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Timiskaming Group in the type location in the Superior Province (Legault and Hattori
1994), the ~ 3 Ga Lalla Rookh Supersequence in the Pilbara Block (Krapez 1989), and
the ~ 2.59 Ga Jackson Lake Formation in the Slave Province (Isachsen and Bowring
1994). Depositional settings invoked for these sediments include pull-apart basins
associated with late tectonic strike-slip faulting (e.g., Krapez and Barley 1987) and
subsidence basins peripheral to regions of doming in granite — greenstone belts (e.g.,
Bleeker 2002).

Mid-crustal high grade terranes, although not absent from the Paleo- and
Mesoarchean (e.g., ~3.65 Ga granulites, southern West Greenland; Nutman et al. 1993),
are widespread in Neoarchean crust. These exhumed granulite-facies terranes typically
exhibit evidence for high temperature / low to medium pressure (H7/L.P) metamorphism
and retain average peak P-T conditions of approximately 7.5 + 1 kbar and 800 + 50°C,
respectively (Harley 1989). Voluminous plutonism coeval with high-grade
metamorphism is typical of some belts, as is a record of polyphase metamorphism and
deformation. Kramers et al. (2001) demonstrated in their analysis of the Limpopo belt
that Neoarchean high-grade terranes exhibit a high degree of lithological, structural, and
metamorphic heterogeneity such that each one is unique. However, Percival (1994)
distinguished two end-member types: (a) terranes that formed in response to juvenile
crust-forming processes (e.g., southern west Greenland; Nutman et al. 1993); and (b)
terranes resulting from crustal reworking, particularly in collisional orogenic settings
(e.g., Limpopo Belt; Kamber et al. 1996). Neoarchean granulite formation is thus

considered to be intimately associated with the same diverse array of processes that
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operated on the low grade, upper crustal sequences. With increasing acceptance of an
incipient mobile plate regime in the Neoarchean, recent tectonic interpretations of the
granulite terranes have largely been uniformitarian in approach, for example, an inferred
collisional setting for the Limpopo belt (Kamber et al. 1996) and a magmatic arc setting
for the Neoarchean rocks exposed in the Kapuskasing Uplift of the Superior Province
(Percival 1994). The marked increase of granulite genesis, as is preserved in the exposed
Neoarchean crustal record, is surmised to reflect the shift in the prevailing tectonics in
place at that time. The onset of dynamic plate interaction tectonics greatly influenced and
controlled the processes responsible for the production and exhumation of these high-
grade mid- and lower-crustal fragments.

Interpreting the geothermal gradients recorded in mid-crustal granulite terranes is
perhaps the foremost contentious issue surrounding these belts. Initially, the widespread
occurrence of H7/LP metamorphic terranes in the Archean record was inferred to directly
reflect the elevated heat production levels of the early Earth. Comparison of gradients
calculated from P-T estimates in the high-grade terranes and the present-day stable
continental geotherm revealed that granulite geotherms were strongly perturbed above
those of the stable continental crust (e.g., Harley 1989; Mezger 1992). Subsequent
discussion revolved around physico-chemical conditions and tectonic settings compatible
with such elevated geothermal gradients. End-member models include those that add heat
to the lower- and mid-crust by magmatic under-plating, intra-plating, and accretion (e.g.,
Harley 1989; Bohlen and Mezger 1989; Ashwal et al. 1992) and those in which the

excess heat is generated internally in the crust due to increased radioactive decay induced
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by a variety of tectonic thickening mechanisms that result in redistribution of heat-
producing material (e.g., England and Thompson 1984; Harley 1989; Sandiford 1989a;
Ashwal et al. 1992; Percival 1994; Jamieson et al. 1998).

Neoarchean Granites: GGMs comprise up to ~ 20% of the currently exposed
Neoarchean crust (Condie 1993) and are considered to have played a leading role in
crustal stabilization due to their propensity to remove the heat producing elements U, Th
and K from deeper crustal levels and transport them to the mid- and upper-crust, thus
promoting crustal cooling (Bohlar 2001). They are compositionally diverse, typically
ranging from quartz-rich compositions such as granodiorite, alkali feldspar granite and
syenogranite to quartz-poor compositions such as monzogranite and syenite (Sylvester
1994), but also including relatively anhydrous magmas (charnockite suite) and Mg-rich
types (sanukitoid association). Individual suites may exhibit calc-alkaline, strongly
peraluminous or peralkaline affinities and generally show evidence for syn- to post-
tectonic emplacement with respect to major orogenic compressional deformation
(Sylvester 1994; Rey et al. 2003). On average, the time lag between greenstone formation
and granite emplacement in many cratons is ~ 20-40 M.y. (Rey et al. 2003).

Moyen et al. (2003) subdivided Neoarchean granites into five groups: (1) Na-rich
TTGs (discussed above); (2) K-rich biotite granite; (3) two-mica granite; (4) sanukitoid
suite; and (5) volumetrically minor peralkaline granite. Biotite granite, including
charnockitic types, and two-mica granite represent crustal melts of TTG and
metasedimentary sources, respectively. Sanukitoids were initially identified in the

western Superior Province (Shirey and Hanson 1984; Stern et al. 1989), but have been
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subsequently recognized as an important component of the Neoarchean plutonic record
elsewhere (e.g., Krogstad et al. 1995; Smithies and Champion 1999). The suite has been
suggested to represent partial melting of metasomatized mantle (Shirey and Hanson
1984; Stern and Hanson 1991; Stevenson et al. 1999), with subsequent fractionation and
crustal assimilation producing the evolved granodioritic to granitic members of the suite.
Sanukitoid genesi, however, remains a widely debated issue, with some authors
preferring a multistage model involving an initial TTG slab melt that hybridized with
mantle peridotite before final fractionation in the crust (e.g., Rapp et al. 1999; Moyen et
al. 2003). Regardless of the exact mode of origin, the sanukitoid suite is unique amongst
the Neoarchean melts of the GGM suite in that it formed by initial extraction from the
mantle. Charnockitic suite magmas, which range from granitic to tonalitic in composition
and contain igneous orthopyroxene, are intimately associated with mid- to lower-crustal
high-grade metamorphic terranes. Mid-crustal emplacement of these dry and hot (e.g.
>1000 °C; Kilpatrick and Ellis 1992) magmas, provides a mechanism for advection of
excess heat through the crustal column and initiation of partial melting in the adjacent
host rocks (Percival 1994).

Neoarchean granites differ in composition from their Phanerozoic counterparts,
indicating secular evolution of magmatic processes, which may partially reflect the
change in average crustal composition over time (Sylvester 1994; Fig. 1.2). In part, these
differences are also surmised to result from the elevated geothermal gradients present
during the Archean (Sylvester 1994). The anatectic biotite and two-mica granites are

recognized to have modern correlatives, whereas TTGs and sanukitoids are not
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commonly identified in the Phanerozoic record (Moyen et al. 2003). Geochemical
similarities between the Neoarchean intracrustal anatectic suites and Phanerozoic calc-
alkaline granites that occur in collisional settings (Sylvester 1994) imply a plate tectonic
framework may be applicable for these older suites. Tectonic settings of the TTG and
sanukitoid suites are less well constrained, but petrogenetic interpretations requiring slab-

melt and mantle interaction, if correct, dictate a plate tectonic paradigm.

1.2.3 Summary

Crustal growth mechanisms evolved throughout the Archean, in parallel with the
inferred secular change in crustal heat production. The variation in crustal processes over
this interval led to a corresponding increase in the diversity of crustal products (Fig. 1.3).
Tonalite-trondjhemite-granodiorite and greenstone belt genesis occurred throughout the
Archean and is considered to be the ‘staple’ crust-forming mechanism. Arguments for
both uniformitarian and non-uniformitarian interpretations of TTGs and greenstone are
numerous, but in the opinion of the author a plate tectonic scenario less than adequately
accounts for the Paleo- and Mesoarchean geological record. In an Archean context, the
deposition of thick sedimentary sequences, formation and exhumation of mid-crustal
granulite belts, and emplacement of voluminous K-rich magmas are processes unique to
the Neoarchean and imply a change in the tectonic regime controlling crust formation and
growth (Fig. 1.3). A plate tectonic interpretation most readily accounts for many of the
first-order characteristics of these belts, but parallels between modern plate tectonics are

not exact and require variations of standard uniformitarian models (e.g., shallow
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subduction; Smithies et al. 2003). Collectively, these observations imply that the
Neoarchean represents a window that images a transitional tectonic stage in Earth history
where the pre-plate tectonic, Paleo- to Mesoarchean TTG —greenstone dynamic evolved

into the Neoarchean incipient plate-tectonic regime.

1.3 Crustal cross-sections: A four-dimensional understanding of

Archean crustal evolution.

Our understanding of the continental crust and the way it has evolved since its
origin in the Hadean has been significantly advanced by information obtained from
crustal cross-sections, oblique sections through tilted continental crust exhumed to the
Earth’s surface. They are characterized by an increase in metamorphic grade with depth
and provide a surface view of the lithological and structural constitution of the crust at
different levels and times. Crustal cross-sections are relatively rare, particularly those
exposing Archean crust, but two in particular, i.e., the Kapuskasing structure in the
Superior Province (Percival and Card 1983) and the Vredefort structure in the Kaapvaal
craton, (Hart et al. 1981; Lana et al. 2003), have provided invaluable information about
the vertical constitution of Archean crust and the processes involved in its formation
(Percival and West 1994). Temporal, structural and metamorphic data presented in this
thesis support the interpretation that a partial crustal section, (i.e. from upper- to mid-
crustal levels) is exposed in the Snare River terrane. The information that such terranes
reveal is reviewed in the text that follows.

The importance of crustal sections is three-fold:
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1. They allow the variations in composition, structure and metamorphic grade to be
mapped out as a function of depth, which, in turn, provide the necessary data to
reconstruct the crustal-scale stratigraphy (e.g., Fig. 1.4) and interpret key
tectonometamorphic relationships among crustal levels;

2. Comparison of the observed crustal stratigraphy with reflection and refraction
seismology, where available, permits extrapolation of geophysical interpretations of
deep crustal structure away from the region of the exposed crustal section;

3. Crustal cross-sections provide a unique opportunity to investigate lateral and vertical
variations in pressure, temperature and the timing of evolution at different crustal
levels. Integration of such datasets allows for a four dimensional understanding (three
spatial dimensions and time) of Archean crustal evolution. Importantly, the protracted
histories recorded in Archean crustal cross-sections are windows into the processes of
cratonization, i.e., the formation and stabilization of thick sialic continental nuclei.
For instance, multidisciplinary data obtained from the Kapuskasing structure not only
validated the presence of a continuous crustal section down to ~ 35 km depth, but also
provided constraints on the sequence of Archean evolution and subsequent

Proterozoic cooling and uplift.

Crustal sections (Fig. 1.4) are distinguished by their second-order metamorphic fabric
imposed on the first-order lithological architecture (Fountain and Salisbury 1981).
Studied sections exhibit an increase in pressure from ~2 kbar at the highest structural

levels to ~12 kbar at the base (Kapuskasing structure; Percival et al. 1992; Percival et al.
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Figure 1.4 : Schematic crustal stratigraphy of the Kapuskasing Uplift,
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Moser 1994). Diagram illustrates second-order structural - metamorphic
layering of the crust, subvertical in the upper crust, subhorizontal in the lower
crust, superimposed on the broad first-order compositional stratification that
comprises a predominantly felsic upper crust to mafic to ultramafic lower-
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1997), with granulite-facies assemblages in the lower- and mid-crust giving way to
amphibolite- and greenschist-facies assemblages in the upper mid- and upper-crust
respectively (Fig. 1.4). Peak temperature estimates at the base of the crustal profiles range
from 750 °C to > 850 °C, but these should be regarded as minimum values due to the
possible effects of diffusional resetting of geothermometers during cooling (i.e., the
granulite uncertainty problem; Frost and Chacko 1989). Where detailed isotopic datasets
are available, mineral U-Pb ages systematically decrease with increasing paleodepth (e.g.,
Corfu 1987; Krogh 1993). However, such datasets are relatively few in number and it is
not known if this is a general phenomenon.

Exhumation of crustal sections has been reported from three tectonic settings: (a)
compressional exhumation along deep-rooted thrust faults, typically in convergent plate-
margin settings(e.g. Kapuskasing Uplift, Percival and West 1994); (b) extensional
exhumation along crustal-scale detachment faults in orogenic settings (e.g. Cordilleran
core complexes, Henry and Dokka, 1992); and (c) impactogenic uplift due to crustal
rebound after a bolide impact (e.g., Vredefort Dome, Lana et al. 2003). In (a) and (c), the
crust is tilted to provide a relatively intact cross-section upon erosion, whereas in (b) the
upper crust is displaced laterally from the uplifted mid-crust along detachment faults and
two possible crustal geometries can result. In the first scenario, contrasting crustal-levels
are juxtaposed in the hanging- and footwalls of a steep crustal-scale fault system. In
contrast, if a low angle detachment fault exists, such that extensive preservation of the

footwall occurs, then a continuous crustal section will be preserved.
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A review of the literature pertaining to exposed crustal sections demonstrates that
individual crustal levels represent heterogeneous collages of crustal- and/or mantle-
derived material that have undergone pervasive polyphase deformation and
metamorphism. Magmatic components typically dominate, with upper-crustal felsic
compositions grading into intermediate, mafic and/or ultramafic compositions at mid-
and lower-crustal levels (e.g. Percival et al. 1992). Supracrustal relics are widespread at
middle and lower structural levels of several sections, emphasizing the importance of
tectonic juxtaposition of crustal components of dissimilar origin and burial of
supracrustal rocks (Fountain and Salisbury 1981).

A fundamental structural dilemma in several terranes, notably including those of
Archean age, is the contrast between steep structures observed in the upper-crust and the
sub-horizontal structures characteristic of the mid- and lower-crust that have been widely
imaged in deep seismic reflection experiments. This dilemma has been termed the
‘structural versus seismic paradox’ by Culshaw et al. (2004). Low-angle structures in
mid-crustal terranes have often been attributed to orogenic extension (e.g., Sandiford
1989b; Moser et al. 1996) or crustal-scale thrusting (e.g., Kelly et al. 2000; Culshaw et al.
2004) in different orogens. The challenge is to systematically correlate structures both
temporally and kinematically throughout the crustal profile in order to understand the role

of deformation during orogenesis.
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1.4 Geological setting of study area

1.4.1 Slave Province.

The Slave Province, located in the northwestern Canadian Shield (Fig. 1.5), is a
small Archean craton of approximately 190 000 km? (Padgham and Fyson 1992) that
preserves a record of crustal growth and reworking spanning more than 1.5 Ga. It consists
of three chronologically distinct domains: (a) ca. 4.031 - 2.8 Ga (Henderson et al. 1982;
Frith et al. 1986; Bowring and Williams 1999; Bleeker et al. 1999) inliers and xenoliths
of sialic basement that predominantly occur in the western half of the province and
structurally underlie and predate the Meso- and Neoarchean supracrustal assemblages.
The pre-2.8 Ga rocks, typically of TTG affinity, have collectively been termed the
Central Slave Basement Complex (CSBC) and are overlain by a thin cover sequence
termed the Central Slave Cover Group (CSCG; Bleeker et al. 1999a, b; Ketchum and
Bleeker 1999, 2000; Sircombe et al. 2001); (b) ca. 2.71 — post-2.65 Ga (Mortensen et al.
1988; Isachsen et al. 1991) greenstone - supracrustal belts, comprising greywacke -
mudstone and volcanic lithologies sequences (collectively referred to as the Yellowknife
Supergroup; e.g., Henderson 1998) that crop out over ~ 33% of the province; and (c)
widespread ca. 2.63 - 2.58 Ga granitic plutons constituting ~ 65% of the province (Davis
and Bleeker 1999). The oldest known sialic basement is the Acasta Gneiss complex,
located in the west of the province in a basement culmination associated with the
Proterozoic Wopmay Orogen. The extent of the sialic basement terranes in the western
half of the province is roughly demarcated by the Pb and Nd isotopic boundaries (Fig.

1.5). The Pb boundary of Thorpe et al. (1992) is based on data from estimates of initial
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Pb compositions of galena in syn-volcanic sulphide deposits, whereas the Nd line (Davis
and Hegner 1992) was determined from initial eNd values of lower-crustally-derived
granitoid rocks. Both indicate that the sialic basement in the eastern Slave Province is
younger than that in the west (Davis and Hegner 1992), compatible with the outcrops of
old sialic basement in the west and implying growth of the Slave craton during the
Archean. Specifically, with respect to Nd, supracrustal sequences and Neoarchean
plutonic rocks from east of the Nd boundary yield positive eNd values (eNd = +0.3 to
+3.6) implying derivation from juvenile sources, whereas those from west of the Nd line
yield negative initial ENd values (eNd = -1.0 to -5.3) compatible with derivation from, or
contamination by, pre-2.8 Ga basement (Davis and Hegner 1992). Complementary Pb
isotopic studies of granitoid plutons support the Nd isotopic studies, with plutons in the
east - central regions having initial 2*’Pb/**Pb compositions of 14.8 - 14.9, suggesting
derivation from juvenile source material, whereas those in the west have 2*’Pb/**Pb =
15.1 - 15.2, demonstrating recycling of pre-2.8 Ga crust (Davis et al. 1996).

Three major periods of deformation have been identified in the Slave Province:
(a) pre-2.7 Ga polyphase deformation preserved in basement rocks; (b) craton-wide
compressional deformation at ca. 2.64 - 2.58 Ga, associated with local deformation
related to pluton emplacement and late extension (King and Helmsteadt 1997); and (c)
overprinting Proterozoic deformation. Pre-2.7 Ga deformation in the basement terranes is
poorly constrained and is not considered further here. Deformation of Neoarchean (ca.
2.64-2.58 Ga) supracrustal rocks resulted in multiple sets of isoclinal folds, foliations and

faults that were refolded by regional open cross-folds (Davis et al. 1996). Large turbidite

1-27



Chapter 1' Prologue

domains preserve polyphase, tight to isoclinal folds, multiple cleavages and layer-parallel
faults, all of which indicate major horizontal shortening. Proterozoic deformation
overprints the eastern and western flanks of the province and predominantly involved
crustal-scale open refolding of the underlying and adjacent Archean rocks. Narrow brittle
and mylonitic fault zones related to ~1.84 - 1.74 Ga conjugate transcurrent faulting occur
locally within the craton and delineate its southeastern and northeastern margins (King
and Helmsteadt 1997).

Low pressure, andalusite - sillimanite metamorphism at ca. 2.6 Ga was associated
with compressional deformation throughout the Slave Province. Estimated maximum
temperature conditions in the greenstone belts vary from ca. 400 °C to 750 °C (Thompson
1978; Relf 1992). Early Proterozoic metamorphism related to the Wopmay and Thelon

orogens overprints both the eastern and western margins (King and Helmsteadt 1997).

1.4.2 Snare River terrane

Until the work of Henderson (1994, 1998), the limited recognition of granulites in
the Slave Province was considered inconsequential to the broader tectonic development
of the craton. Since then, several workers (e.g., Stubley et al. 1995; Pehrsson 1998; Emon
et al. 1999; Cairns et al. in press; Bennett et al. in press), have demonstrated the
occurrence of considerable areas of high-temperature - low pressure (H7-LP) granulite-
facies rocks in the Slave Province, of which the Snare River terrane represents one of the

largest and best exposed. Additionally, the Snare River Terrane represents part of a larger
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entity, the Snare domain (Pehrsson et al. 2000) consisting of discontinuous exposures of
high-grade rocks and associated plutons, juxtaposed against low-grade supracrustal belts.
The Snare River terrane is situated in the southwestern Slave Province,
approximately 150 km NNW of Yellowknife, 100 km north of the Lithoprobe SNORCLE
transect line, and west of the Nd and Pb isotopic boundaries (Fig. 1.5). The western
margin of the terrane is defined by the onlapping and fault-bound Proterozoic Wopmay
orogen, whereas the eastern margin is defined by a curvilinear fault system (Eastern
Boundary Fault; EBF) at least in part also of Proterozoic age. Approximately 100 M.y. of
crustal growth and development, about 7% of the temporal history of the Slave Province,
is recorded in the Snare River terrane (Fig. 1.6). It consists of a high-grade mid-crustal
core, comprising H7-L P granulite- and amphibolite-facies grade rocks outcropping in
Ghost and Bigspruce subdomains, surrounded by the greenschist- to amphibolite-facies
Kwejinne Lake (KLSB), Labrish Lake (LLSB) and Russell-Slemon (RSSB)
supracrustal belts (Fig. 1.7). A 1:30 000 scale geological transect was completed by the
author across the contiguous low- and high-grade domains in conjunction with a multi-
year 1:50 000 mapping project carried out by the NWT Geoscience Office (Jackson
2003). The transect was staggered so as to incorporate key representative components of
the Snare River terrane and mapping was conducted over the course of three summers
(1998 — 2000). The Snare River terrane is significant in that it represents one of the few
places in the Slave Province where the mid-crust is exposed and where Neoarchean
crustal evolution can be documented and correlated with that in the adjacent supracrustal

belts.
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Initial mapping of the Snare River terrane was completed by Lord (1942) at a
scale of 1 inch to 4 miles. Lord and co-workers grossly subdivided the region into two
broad domains consisting of an arcuate supracrustal package partially surrounding an
undifferentiated granite domain. Wright (1950, 1954) mapped the Ghost Lake area in
more detail (1 inch to 1 mile) and M°Glynn and Ross (1962) documented the overprinting
effects of the Proterozoic Wopmay orogen on sedimentary rocks at Basler Lake and
northwest of the Kwejinne Lake supracrustal belt. The earliest records of the high-grade
metamorphic assemblages were by Folinsbee (1940, 1941a and b), who reported on gem
quality cordierite (iolite) from the Ghost Lake area. Robertson and Folinsbee (1974)
carried out a Pb isotope study on granulite gneisses from the Ghost Lake area and
obtained an age of 2540 :I:-SO Ma, which they interpreted as the time the gneiss became a
closed system during the last metamorphic event to affect the area.

Henderson (1994, 1998) conducted 1:50 000 scale mapping of the Wijinnedi Lake
area and was able to subdivide the region into four main fault-bound blocks, which he
termed the Wijinnedi, Hinscliffe, Ghost and Dauphinée domains (Fig.1.7). The Wijinnedi
domain consists of greenschist- and amphibolite-facies metasedimentary and volcanic
rocks that adjoin the northern part of the Kwejinne Lake supracrustal belt. The Hinscliffe
domain, which consists of granitic plutons and amphibolite-facies gneisses, is separated
from the Wijnnedi domain by a curvilinear high strain zone. The Ghost domain
represents the northernmost exposure of the larger unit referred to as Ghost subdomain by

Pehrsson et al. (2000). It is located to the southeast of the Wijinnedi and Hinscliffe

domains and consists of heterogeneous and highly deformed granulite grade rocks. The
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Dauphinée domain is separated from the Ghost domain by a prominent cataclastic shear
zone and consists of a heterogeneous assemblage of massive to weakly foliated granitoid
rocks that truncate the Ghost domain at a high angle (Henderson and Schaan 1993).
Float-plane reconnaissance was carried out by Henderson and Chacko (1995) to better
define the regional extent of granulite-facies assemblages south of Ghost Lake.

U-Pb age dating of representative magmatic rocks in the Wijinnedi map area,
reported by Villeneuve and Henderson (1998), indicated that magmatism took place in
the interval ca. 2.67 to 2.58 Ga. Initial quantitative P-T work on metapelitic and
migmatitic rocks from the Ghost domain (Farquhuar et al. 1993) suggested maximum
pressures of 5.2 kbar and a thermal peak of 850 - 870°C. Farquhuar and Chacko et al.
(1995) subsequently revised these estimates to 5.9 - 7.4 kbar and 845 -920 °C. Pb isotopic
data for ca. 2.6 Ga plutonic rocks near MacNaughton Lake, southwest of the Ghost Lake,
were used to suggest the involvement of crust older than 3.2 Ga in the source regions
(Yamashita et al. 1999), compatible with their location west of the Pb boundary of
Thorpe et al. (1992). In contrast, Sm-Nd isotopic data from the same study imply
significant input from juvenile crustal sources. The authors explained the discrepancy by
surmising that the melt regions from which the granites were derived consisted of
mixtures of juvenile and pre-2.8 Ga material. Finally, Perks (1997) revealed some of the
complexity of the mid-crustal rocks at Forked Lake south of Ghost Lake in an integrated
mapping and isotopic (U-Pb and Sm-Nd) analytical study on magmatic and

metasedimentary rocks.
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1.5 Study objectives and thesis outline

1.5.1 Objectives

This thesis is an investigation into the formation, growth and evolution of Neoarchean
crust in the Snare River terrane, southwestern Slave Province. It is primarily an
examination of evolving tectonic styles and an analysis of the corresponding increased
diversity of crustal products. The three core objectives of this study are:

1. To produce multidisciplinary datasets that constrain the chronological, structural,
geochemical and thermal evolution of the Snare River terrane, and to utilize these
to elucidate the processes characterizing the transition from an early TTG —
greenstone regime to a granite-granulite regime with turbidites as the most
abundant supracrustal lithology, or more simply to evaluate the transition from
classical Paleo- to Mesoarchean tectonics to an incipient neo-plate-tectonic
regime;

2. To evaluate the relationships, if any, that may exist among the Paleo- to
Mesoarchean ‘protocratonic’ blocks of the Central Slave Basement Complex and
the Snare River terrane and to determine to what extent these older blocks
controlled the sequence of crustal evolution in the Snare River terrane.

3. To investigate the juxtaposed low- and high-grade domains of the Snare River
terrane in the context of present understanding of crustal sections and to
investigate, using the multidisciplinary datasets, the associations that exist

between the two crustal levels. A major focus is to document the sequence of
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crust-formation and subsequent reworking as it occurs within the contrasting mid-
and upper-crustal levels;

Six principal datasets are presented in this study: (a) the results of 1: 30 000 scale
mapping across from the upper-crustal Kwejinne Lake Supracrustal Belt to the Eastern
Boundary Fault Ghost sub-domain; (b) detailed zircon U-Pb crystallization ages of 13
magmatic rocks selected on the basis of well-defined cross-cutting relationships observed
in the field; (c¢) structural data that constrain the deformational and fabric-formation
history of the Snare River terrane; (d) geochemical and Sm-Nd isotopic datasets for the
principal magmatic suites; (e) inherited zircon age data determined for a suite of nine
plutons that punctuate the different stages of evolution of the region, and (f) the results of
zircon saturation thermometry determined for representative magmatic suites to
characterize thermal behaviour of magmatism during crustal evolution. The six datasets
serve to characterize the major temporal, geochemical, architectural, thermal and tectonic
conditions that prevailed during crustal evolution. Moreover, each chapter provides an
independent analysis of each of these features / processes in order to (i) assess the degree
of reproducibility in the sequence of crustal evolution as revealed by each dataset, and (ii)
to investigate the interconnections between each dataset.

Finally, it is hoped that the research presented will highlight a spectacular, previously
little-known, Neoarchean H7-LP crustal terrane in which some of the deepest and hottest
exhumed exposures of mid-crustal rocks in the Slave Province have retained their first-
order compositional, temporal, geochemical and geometric relationships to adjacent

exposures of the upper crust.
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1.5.2 Thesis outline

The thesis is arranged into seven chapters and related appendices. Field and
analytical datasets collected for the Snare River terrane are presented in chapters 2 to 6
and major conclusions and impacts of this study in addition to suggestions for future
work are provided in chapter 7.

Chapter 2 presents the results of 1:30 000 scale field mapping and U-Pb zircon
geochronology from 13 representative magmatic units and a detrital zircon study. The
chapter serves as a broad overview of the geology and field relationships in the Snare
River terrane and establishes the absolute time frame for the major deformation and
metamorphic events. With respect to the zircon geochronology, all samples were
extensively imaged prior to analysis by one of two methods, conventional isotope
dilution - thermal ionization mass spectrometry (ID-TIMS) and/or laser ablation
microprobe inductively coupled plasma - mass spectrometry (LAM ICP-MS), in order to
constrain crystallization ages in the complex zircon populations. Integration of the
relative sequence of pluton emplacement from field observations with the absolute ages
derived from U-Pb geochronology field provides the necessary data to construct the
crustal stratigraphy for the Snare River terrane.

Chapter 3 examines the polyphase deformation history and deformation
mechanics that account for the structural evolution of the upper- and mid-crust in the
Snare River terrane, with particular attention paid to the significance of metamorphic

isograd patterns, the contrast between the steep upper-crustal and shallow mid-crustal
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structures, and metamorphic and structural diachroneity between different crustal levels.
Deformation histories are documented for the upper and mid crust and the intervening
transition zones. The chapter concludes by presenting a model that resolves the
seemingly disparate structural behaviour of the exposed crustal levels in the Snare River
terrane.

Chapter 4 presents major- and trace-element geochemistry and Sm-Nd isotopic
data for the plutons that intrude the Snare River terrane in order to investigate crustal and
mantle evolution during crust formation and subsequent orogenic evolution. All analysed
samples were previously dated, adding a temporal dimension to the understanding of the
chemical evolution of the various suites. The aim is to employ a systematic geochemical
evaluation of magmatism at different times and crustal levels to define the processes that
controlled early TTG — greenstone genesis and subsequent granitic magmatism during the
ensuing incipient plate tectonic regime. Secular variations in €éNd are used to evaluate the
role played by Paleo- to Mesoarchean basement during the Neoarchean magmatic
evolution of the Snare River terrane.

Chapter 5 presents a new method to characterize the evolution of both the cryptic
(unexposed) lower crust and orogenic mid-crust by studying inherited zircon populations
in plutons that intruded at different stages of crustal development. U-Pb analyses of the
inherited cores of zircons by LAM ICP-MS from five metaluminous and four
peraluminous plutons are presented in order to evaluate the secular evolution of the lower
and mid crust with time, and to determine linkages with the Central Slave Basement

Complex on the basis of published geochronological data. The chapter concludes with a

1-37



Chapter 1. Prologue

demonstration of how inherited zircon datasets may be applied to enhance interpretation
of magmatic eNd values.

Chapter 6 utilizes the zircon saturation thermometer of Watson and Harrison
(1983), whole-rock geochemical data from magmatic suites across the Snare River
terrane, and zircon Back Scattered Electron (BSE) and transmitted light image database
to determine magma crystallization temperatures. Integration of these results with U-Pb
age data and the crustal stratigraphy constructed in Chapter 2 permits: (i) an assessment
of the secular magmatic variations that occurred during crustal evolution and a
consideration of the implications with regard to magma petrogenesis, and (ii) an
evaluation of the controls of H7-LP metamorphism at different crustal levels, specifically
a qualitative understanding of the magnitude of heat advection at different crustal levels.
Together, these temporal and spatial observations allow for a first-order characterization
of the thermal stratigraphy the Snare River terrane.

Chapter 7 summarizes the main contributions and conclusions of this study with
regard to the current understanding of Neoarchean geology and suggests where future
work in the Snare River terrane will enhance and build on the major findings presented in

this thesis.

1.5.3 Appendices

A comprehensive suite of appendices (A — R) is provided with the thesis. Unless

otherwise indicated, all digital appendices are provided in PDF format.
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Appendix A presents LAM ICP-MS zircon crystallization U-Pb age data for
samples discussed in chapter 2. Appendix B provides supplementary information on the
phenomenon of reverse discordance in some of the LAM ICP-MS analyses. U-Pb dating
by LAM ICP-MS is an actively evolving field of research in geochronology and the data
presented in this study provide novel documentation on the phenomenon of reverse
discordance and its possible causes. Appendix C provides detail on the construction of a
size-weight reference chart designed by the author, which became crucial to estimate
zircon grain weights after BSE imaging and prior to dissolution during the ID-TIMS
procedure. Appendix D outlines the analytical techniques used to generate major- and
trace-element and Sm-Nd isotopic data presented in Chapter 4. Detailed petrographic
descriptions of the magmatic rocks discussed in chapters 2, 4 and 5 are given in
Appendix E. Inherited zircon U-Pb age data tables and inherited zircon age populations
descriptions, the subject of Chapter 5, are presented in Appendices F and G. Appendix H
outlines the methodology for eNd modelling using inherited zircon and geochemical
datasets. Appendix | provides supplementary data on metamorphic assemblages, isograd
reactions, petrogenetic grids and P-T data for metamorphic rocks across the Snare River
terrane. Description of zircon saturation thermometry results is given in Appendix J.
Appendix K provides descriptions and UTM co-ordinates of all samples collected during
the study. Appendix L is a supplementary report completed during the course of LAM
ICP-MS data collection. Significant advances were made as a result of this study to
increase the precision, accuracy and spatial resolution of the laser dating technique

conducted at Memorial University of Newfoundland. The report addresses some of the
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problems that were encountered and the developments that were achieved during the
period of data collection. Appendix M is an integrated digital database that presents all
BSE images, laser pit localities and representative SEM images of laser pit morphologies
for the zircon grains analyzed by the LAM ICP-MS technique during the course of this
study. Appendix N includes the two versions of the original Ph.D. project proposal
submitted in at the onset of the research. Appendix O integrates all field data, related
field photographs, polished slab and thin section images into an integrated digital
database. Appendix P outlines the current (at time of writing) publications related to the
Snare River terrane, including conference abstracts and associated poster and oral
presentations. Appendix Q presents two INAC reports, compiled by the author, which
were completed to accompany the 1:50 000 scale government mapping project. Appendix
R (in the map pocket at the back of the thesis) is a 1:125 000 copy of the NWT open file

2003 — 2004 Compilation of the Geology of the Snare River Area (1998 — 2002 results).
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2.1 Abstract

U-Pb zircon crystallization ages determined by isotope dilution — thermal
ionization mass spectrometry (ID-TIMS) and laser ablation microprobe — inductively
coupled mass spectrometry (LAM ICP-MS) for thirteen intrusive units in the Neoarchean
Snare River terrane (SRT) provide tight constraints on the timing of crust formation and
orogenic evolution. Seven metaluminous plutons were emplaced over ~80 M.y. from ca.
2674-2589 Ma, whereas six peraluminous bodies were emplaced in a ~15 M.y. interval
from ca. 2598-2585 Ma. A detrital zircon study yielded an age spectrum with peaks
correlative with known magmatic events in the Slave Province, with the ca. 2635 Ma age
of the youngest detrital population providing a maximum estimate for the onset of
sedimentation. This age contrasts with evidence for pre-2635 Ma sedimentation
elsewhere in the SRT, indicating that sedimentation was protracted and diachronous.
Evolution of the SRT can be subdivided into four stages: (i) 2674-2635 Ma — formation
of a metaluminous proto-arc in a TTG/granite-greenstone tectonic regime (TR1), coeval
with early turbidite sedimentation; (ii) 2635-2608 Ma — continued turbidite
sedimentation, D1/M1 juxtaposition of turbidites and proto-arc lithologies prior to ~2608
Ma, and metaluminous granitoid plutonism; (iii) 2608-2597 Ma — onset of TR2, collision
of Snare proto-arc with Central Slave Basement Complex, D2/M2 crustal thickening and
mid-crustal granulite-facies metamorphism synchronous with voluminous metaluminous
and peraluminous plutonism; (iv) 2597-2586 Ma — orogenic collapse, D3/M3 mid-crustal

uplift, granulite-facies metamorphism, and waning metaluminous and peraluminous
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plutonism. The distribution of igneous rocks yields an ‘orogenic stratigraphy’ with an
older upper crust underlain by a younger synorogenic mid-crust. These data can be used

to provide constraints for the interpretation of the SNORCLE Lithoprobe transect.

Key Words: Snare River terrane; Neoarchean; Slave Province; evolving tectonic regimes; ID

TIMS; LAM ICP-MS; crustal stratigraphy.

2.2 Introduction

The Neoarchean is a critical period in Earth evolution in which fundamental
changes in the styles of tectonism, crust formation and reworking took place. For much of
the Paleo- and Mesoarchean, crustal growth principally occurred in a tectonic regime
dominated by episodic formation and accretion of tonalite-trondhjemite-granodiorite
(TTG) complexes and granite-greenstone terranes, referred to here as proto-arcs, with
subordinate formation of thin platformal supracrustal sequences composed of ultramafic
volcanics, fuchsitic quartzite and banded iron formation (e.g. Eriksson and Fedo 1994;
Buick et al. 1995; Horstwood et al. 1999). The gradual accumulation of buoyant crust is
inferred to have culminated in the stabilization and emergence of differentiated crustal
blocks that acted as nuclei for further crustal growth during the latest Neoarchean and
into the Proterozoic. It appears likely that these crustal blocks were responsible for the
change from the prevailing TTG / granite-greenstone styles of tectonism to an incipient
plate tectonic regime involving the formation and reworking of crust through subduction,
collision and extensional processes. Correspondingly, crustal products also changed.

Thick successions of turbidites, bimodal volcanic sequences, voluminous granitic
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plutonism and exhumed mid-crustal, high-grade terranes first appear abundantly in the
Neoarchean. Although this change in tectonic regime probably took place over a period
of several hundred million years across the Archean Earth as a whole, there is evidence
locally, where appropriate parts of the geological record are preserved, that the change
was geologically quite rapid. One such area is the Slave Province in northwestern
Canada, in which an extensive record of Archean crustal growth is preserved.

In this paper we examine the Neoarchean evolution of the Snare River terrane,
southwestern Slave Province, with the aim of documenting chronologically the transition
from crustal growth in a TTG / granite-greenstone proto-arc regime to the emergence and
interaction of stable crustal blocks that became nuclei for subsequent crustal growth in an

incipient plate-tectonic regime.

2.3 Geological Setting

The Slave Province (Fig. 2.1) is a small Archean craton that preserves a record of
crustal growth and reworking spanning more than 1.5 Ga. It consists of three
lithologically and chronologically distinct crustal elements: (i) inliers and xenoliths of
4.06 - 2.8 Ga sialic basement terranes (Henderson et al. 1982; Frith et al. 1986; Lambert
and van Breemen 1991; James and Mortensen 1992; Isachsen and Bowring 1997; Relf et
al. 1994, 1999; Bleeker et al. 1999a; Emon et al. 1999), including the Acasta gneisses
(Bowring et al. 1989; Stern and Bleeker 1998; Bowring and Williams 1999) and a

sedimentary cover sequence known as the Central Slave Cover Group (Bleeker et al.
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Figure 2.1: Simplified geological map of the Slave Province (modified after Bleeker et
al. 1999) showing location of Snare River terrane and Figs. 2.2a and b.
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1999a, b; Ketchum and Bleeker 1999, 2000; Sircombe et al. 2001); (ii) 2.71 - 2.65 Ga
greenstone belts (Mortensen et al. 1988; Isachsen et al. 1991; Villeneuve et al. 1997); and
(iii) widespread 2.62 - 2.58 Ga granitic plutons (Davis 1992; Davis et al. 1994; Davis and
Bleeker 1999; van Breemen et al. 1992; Villeneuve et al. 1997). The Slave Province has
been broadly subdivided on the basis of Pb and Nd isotopic signatures (Fig. 2.1; Thorpe
et al. 1992; Davis and Hegner 1992; Davis et al. 1996) into a western domain composed
of inliers and xenoliths of pre-2.8 Ga sialic material in 2.7-2.5 Ga crustally-contaminated
magmatic rocks with negative eNd values and high **’Pb/”*Pb ratios, and an eastern
domain lacking pre-2.8 Ga basement inliers or contaminated geochemical signatures and
characterized by juvenile or positive éNd values and low 2*’Pb/2**Pb ratios.

Much of the Slave Province is underlain by greenschist- to upper amphibolite-
facies metamorphic rocks, thus the occurrence of granulite-facies terranes west of the Pb
and Nd isotopic boundaries is of particular interest. Work by Stubley et al. (1995) and
Stubley and Cairns (1998) in the Nardin metamorphic complex, by Pehrsson and Chacko
(1997), Pehrsson (1998), Pehrsson and Villeneuve (1999), Pehrsson et al. (2000) in the
Cotterill gneiss complex (Fig. 2.1), and by Henderson (1994, 1998, 2004), Henderson and
Chacko (1995), Chacko et al. (1995a and b), Perks (1997), Yamashita et al. (1999),
Jackson (1998a,b, 1999, 2000a-c, 2001, 2002a,b), and Bennett and Dunning (1998), and
Bennett et al. (2000, 2002) in the Snare River terrane has highlighted two features
suggesting that the crustal architecture and evolutionary history of the southwestern Slave
Province are different to those elsewhere in the craton: (i) the granulite-facies rocks are

fault-bounded and are juxtaposed against low grade supracrustal and / or granitic rocks;
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and (ii) in the southwestern Slave Province, they lack significant evidence of > 2.8 Ga
basement at the erosion surface and/or analytical evidence of significant (> 10-30 %)
basement contamination (Pehrsson and Villeneuve 1999, Yamashita et al. 1999), despite
their locations west of the Pb and Nd isotopic boundaries.

The significance of these granulite-facies terranes has not previously been
considered in tectonic models of the Slave Province. Their relatively recent discovery and
widespread exposure in the southwestern Slave Province provides an opportunity to: (i)
examine the mid-crustal response to Neoarchean orogenesis, an aspect previously
addressed only in lower crustal xenolith studies (e.g. Davis 1997); and (ii) assess their

relationship to the adjacent Mesoarchean, pre-2.8 Ga crustal blocks.

2.4 Metamorphic gradients and relationship to the Lithoprobe

SNORCLE transect.

Exceptional exposure and unified regional aeromagnetic coverage significantly
aided in mapping the Snare River terrane (SRT), which consists of a greenschist- to
granulite-facies metamorphic terrane with an apparently unbroken metamorphic
transition from the upper-crustal northern and southern regions towards a mid-crustal
core. Understanding of Archean crustal growth and evolution has been significantly
advanced by information gleaned from areas where different crustal levels are juxtaposed
at the Earth's surface. Such areas are significant because they allow the variations in
composition, structure and metamorphic grade to be directly mapped out as a function of

depth, thereby providing the data to reconstruct a crustal-scale 'orogenic stratigraphy'.
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Comparison of such a stratigraphy with seismic and magnetotelluric data allows
geologically realistic constraints to be placed on interpretations of crustal-scale sections
constructed from these datasets. This is particularly relevant in the case of the SRT,
which lies less than 100 km north of the Lithoprobe SNORCLE transect (Fig. 2.1).
Furthermore, metamorphic gradients that correspond to different crustal levels are
windows into the processes of cratonization, i.e., the formation and stabilization of thick
sialic continental nuclei, providing a natural laboratory in which to observe temporal and
spatial changes in crustal growth processes and products.

The purpose of this paper is to present the findings of recent geological mapping
in the southwestern Slave Province, integrated with a geochronological dataset resulting
from U/Pb analyses of intrusive phases that bracket the main stages of deformation and
evolution of the SRT as determined from field relationships. In so doing, it is hoped that
this study will shed light on the origin of the southwestern Slave Province and

concurrently, advance understanding of Neoarchean crustal growth mechanisms.

2.5 Snare River terrane

1:50 000 scale mapping of the Snare River terrane (Henderson 1998; Jackson
2003 and references therein; Appendix R), integrated with regional aeromagnetic
coverage (GSC 1963; Robinson et al. 2002), has revealed a plutonic-gneiss core with
high-grade supracrustal remnants and encircling low-grade supracrustal belts (Figs. 2.2a,
b). The plutonic core can be subdivided into the granulite-facies Ghost subdomain

(Henderson and Schaan, 1993; Pehrsson et al. 2000) and the amphibolite-facies
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Bigspruce subdomain (Fig. 2.2a), and the low grade rocks are subdivided into the
Kwejinne Lake, Labrish Lake and Russell-Slemon supracrustal belts.

A 1:30 000 scale geological transect (Figs. 2.2a, b, and 2.3) across key localities of
the SRT was undertaken to better define the nature of and relationships among the wedge
of high temperature — low pressure (H7-LP) granulites, associated plutonic rocks and the
adjacent supracrustal belts (Bennett and Dunning 1998; Bennett et al. 2000, 2002). The
transect consists of 5 staggered segments that cross the greenschist- to mid-amphibolite-
facies rocks of the Kwejinne Lake supracrustal belt and the upper amphibolite- to
granulite-facies Bigspruce and Ghost subdomains. A complete database of field

observations is presented in Appendix O.

2.5.1 Geology of the Snare River terrane

The broad subdivision of the SRT into supracrustal belts and plutonic complexes
is used as the context for the description of important field relationships. Well-preserved
supracrustal sequences occur in all three belts, but the Kwejinne Lake belt was selected
for study as it contains all representative lithologies. The three main protolith groups in
the supracrustal belts are: bimodal volcanic rocks, syn-volcanic plutons and sedimentary
rocks, principally greywacke — mudstone turbidites. Remnants of metasedimentary and
metavolcanic units that occur as lensoid and irregular bodies throughout the Ghost
subdomain are interpreted as high-grade equivalents of the low-grade rocks.
Thermobarometric studies on samples from Ghost Lake (Chacko et al. 1995a, b) revealed

that the thermal peak of the M2 metamorphic event (ca. 850 — 900 °C) was attained at
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pressures of approximately 6.5 to 7 kbar, implying a midcrustal origin for the granulite-
facies rocks and, hence for the coeval interlayered magmatic rocks in the Ghost
subdomain. The presence of supracrustal rocks that can be correlated with reasonable
confidence across the SRT due to excellent exposure (70 — 80%) provides a rare
opportunity to correlate tectonic evolution across a metamorphic gradient.

Supracrustal rocks: Turbidites, composed of greywacke-mudstone and
discontinuous iron formations are the dominant supracrustal lithology. They commonly
display sedimentary structures (e.g., graded bedding, flame and load structures, cross-
bedding) in the low-grade part of the belt, some of which (e.g., graded bedding) are
locally preserved in granulite-facies rocks, aiding lithological correlations. Contacts with
adjacent volcanic units are both conformable and faulted. Metavolcanic lithologies were
derived from mafic pillow and sheet flows, mafic to intermediate hyaloclastic breccia,
rhyolite lava domes, andesitic to rhyodacitic pyroclastic flows, lapilli and ashfall tuff.
Primary volcanosedimentary features, including pillows, brecciated flow tops,
stratification in tuffs, and cross-bedding in volcaniclastic rocks, are common. Mafic to
felsic gneisses that occur as discrete lenses and irregular bodies throughout the Ghost
subdomain are inferred to be related to these volcanic protoliths. Two ages of felsic
volcanism in the SRT have been determined: 2658 + [1.2/-0.8] Ma in the Russell Lake
belt (Mortensen et al. 1992) and 2673 + [1.5] Ma in the Kwejinne Lake belt (Villeneuve
and Henderson 1998) [square brackets indicate that uncertainties in U decay constants are

not included in the error estimate].
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Syn-volcanic intrusions: A polydeformed assemblage of mafic — tonalitic
orthogneiss occurs in a prominent high strain zone in the Kwejinne Lake supracrustal
belt. The orthogneiss unit is spatially associated with a finely banded amphibolite schist,
which is considered to represent highly strained mafic - intermediate volcanic rocks. On
the basis of field relationships and geochemical data (chapter 4), the orthogneiss is
interpreted as a syn-volcanic intrusive package. The high-strain orthogneiss—schist
package mantles the trondhjemitic to granodioritic Hinscliffe plutonic complex
(Henderson and Schaan 1993; Figs. 2.2, 2.3), which has a U/Pb age of 2654 + [4] Ma
(Villeneuve and Henderson 1998).

Younger plutons: Younger plutons in the SRT have been divided into nominal
‘metaluminous’ or ‘peraluminous’ groups on the basis of their varietal mineralogy.
Intrusions are denoted as metaluminous if their mineralogy lacks muscovite and consists
predominantly of hornblende and/or biotite, or peraluminous if muscovite, cordierite or
garnet occur as varietal phases. No inference with respect to the geochemistry or
petrogenesis of the groups is implied by the usage of this terminology. The two groups
have important cross-cutting and overprinting field relationships that bracket the main
stages of evolution of the SRT from crust formation through collision to post-orogenic
collapse.

Three metaluminous suites are recognized (Fig. 2.3): (a) a suite of heterogeneous,
ultramafic to granodioritic complexes; (b) a biotite-hornblende granite suite; and (c)
biotite-hornblendexorthopyroxene granodiorite/granite of the Disco Intrusive suite

characterized by abundant mafic enclaves. Four peraluminous suites have been identified
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(Fig. 2.3): (a) a homogeneous, enclave-free, biotite-muscovite granite; (b) a muscovite-
dominant, two-mica granite with abundant metasedimentary enclaves; (c) a coarse-
grained, foliated K-feldspar megacrystic to porphyritic granite; and (d) late stage bodies
of cordierite-muscovite granite and dykes of unfoliated, pegmatitic granite. For additional
lithological information, the reader is referred to the reports of Jackson (1998a, 1999,

2000a, 2000b, 2002a).

2.5.2 Tectonic history of the Snare River terrane

The complex history of magmatism, polyphase deformation and metamorphism of
the SRT was investigated by dating critical cross-cutting and structural overprinting
relationships among the metaluminous and peraluminous suites observed in the field.
Metaluminous bodies were particularly useful because of their protracted intrusive
history and multiple overprinting relationships. Field evidence indicates that
peraluminous magmas clearly post-date the early structures and intruded relatively late in
the evolution of the SRT. The summary of the tectonic evolution that follows is based on
the work of Jackson (1998a,b, 1999, 2000a-c, 2001, 2002a,b), Bennett and Dunning
(1998), and Bennett et al. (2000, 2002).

Three widespread deformation episodes, D1 — D3, have been recognized in the
SRT. D1, which is inferred to have taken place in a proto-arc tectonic regime, spans the
interval from the formation of the early bimodal volcanic-plutonic sequence to the onset
of D2. D1 was a protracted event culminating in the assembly of the volcanic and

sedimentary components of the supracrustal belts and greenschist- and amphibolite-facies
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metamorphism (M1). D2 was a crustal shortening episode that resulted in structural
reworking of the supracrustal sequences assembled during D1, major crustal thickening
and medium-P, high-T granulite-facies metamorphism (M2). Evidence for an episode of
post-orogenic collapse, D3, is inferred from a third metamorphic episode (M3) that
overprints D2 features in the Ghost subdomain and the lower structural levels of the
Kwejinne Lake and Russell-Slemon supracrustal belts. M3 metamorphism has a low-P,
high-T character, but preservation of D3 structures is limited. This chronology of
deformation and metamorphism was used as a framework in which to place the relative

sequence of pluton emplacement (Fig. 2.4).

2.6 U-Pb Geochronology

In this study, two geochronological approaches were adopted. First, U-Pb zircon
igneous crystallization ages were determined on selected intrusive bodies, inferred from
field relationships to punctuate the tectonic evolution of the SRT, using both ID-TIMS
and LAM ICP-MS methods. Second, LAM ICP-MS U-Pb data were collected from the
detrital zircon population of a low grade turbidite to determine provenance ages and the
maximum age of sedimentation.

Samples from seven metaluminous and six peraluminous intrusions were selected
from across the transect (Figs. 2.2a, 2.3) on the basis of: (a) crustal level of the intrusion;
(b) observed age relationships with respect to other intrusions and major structural and
metamorphic events; and (c) so as to obtain a representative selection of the principal the

intrusive suites. Figure 2.4 outlines the sequence of emplacement and relative timing of
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the thirteen intrusive units with respect to the polyphase deformation and metamorphism,
as determined from field relationships.

Metaluminous intrusions (Figs. 2.5a-c) punctuate various stages of the D1 event.
Syn-D1 plutons have undergone at least two episodes of folding and metamorphism,
depending on their crustal level, and were subsequently intruded by younger plutons
during D2 and D3. Magmatism during D2 was both metaluminous and peraluminous, the
latter predominating. Syn-D2 magmatism for the most part occurred at mid-crustal
levels. Truncation of upper-crustal D2 structures by intrusions with syn-D2, mid-crustal
correlatives that have D2 fabrics suggests that D2 was a diachronous event. Late
metaluminous and peraluminous intrusions were syn-D3. These small-volume bodies are
variably affected by the M3 metamorphic episode, with mid-crustal intrusions in the
Ghost subdomain being recrystallized, whereas upper-crustal counterparts in the
Kwejinne Lake belt exhibit no significant metamorphic overprint. The youngest
intrusions in the SRT are the undeformed, peraluminous, pegmatitic dykes and irregular
bosses that postdate D3 structures. The metasedimentary sample selected for the detrital
study comes from the lower-amphibolite-facies part of the Kwejinne Lake supracrustal

belt. Sample locations are shown in Figs. 2.2a and 2.3.

2.7 Analytical Procedures

Zircon separates were extracted using standard crushing techniques, and heavy
mineral concentrates were produced using a Wilfley™ table, heavy liquids and a

Frantz™ isodynamic separator before hand-picking in ethanol under a binocular
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microscope. All extraction and analyses were conducted at the Department of Earth
Sciences, Memorial University of Newfoundland.

ID-TIMS: 1sotope Dilution — Thermal Ionization Mass Spectrometry was the first
technique employed to establish emplacement ages of the 13 intrusive bodies. The
occurrence of multiple complex zircon populations in all samples necessitated rigorous
grain characterization before selection of target fractions. Subdivision of zircon
populations was initially carried out using a binocular microscope and standard optical
criteria (i.e., colour, morphology, inclusion characteristics). The highest quality zircon
crystals from populations considered on the basis of these criteria to have crystallized
during emplacement were then air abraded for 12-24 hours to remove high U rims that
may have suffered low-temperature Pb loss, following the method of Krogh (1982). In an
attempt to better understand the zircon populations in the samples and thereby increase
the chances of selecting appropriate grains that would yield precise crystallization ages
using ID-TIMS, a maximum of ten high quality abraded grains, together with
representative unabraded grains, was selected for back-scattered electron (BSE) imaging
to investigate their internal structures. The grains were mounted in epoxy resin, polished
to expose their central regions, and carbon coated prior to BSE analysis. Back scattered
electron imaging reveals contrasts in mean atomic number that, in the case of zircon, are
typically a result of Hf and to a lesser extent U, Th and Y zoning (Hanchar and Miller
1993). This procedure, which until recently was not commonly employed in standard U-
Pb TIMS studies, considerably enhanced the quality of the resultant dataset as it provided

an independent source of information with which to interpret the U-Pb data.
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Following grain characterization, the decision as to whether to analyse single or
multiple grains was made. Where zircon populations appeared relatively straightforward,
multigrain fractions, composed of between 3 and 15 grains, were prepared. In other cases,
abraded imaged single grains were carefully plucked from the grain mount and placed in
cleaned glass petri dishes for cleaning and dissolution. In order to minimize handling of
these small, single grain fractions, individual grain weights were estimated using a size-
weight table constructed in-house (Appendix C). Grain weight estimates using the table
were within error of sample weights measured with an electronic balance. All fractions
were washed in 4N HNOj; and doubly distilled H,O and distilled acetone before loading,
under a microscope, into teflon™ bombs. Each zircon fraction was spiked with a mixed
205pp/235U tracer solution and dissolved with 8 N HNO; and concentrated HF for at least
5 days at 210 °C. Ion exchange chemistry was completed using the method of Krogh
(1973), but with ion exchange columns and reagent quantities '/jgth the volume (see also
Emon et al. 1999). The purified U and Pb were mounted on Re filaments with silica gel
and H3PO,. Isotope ratios were measured on a Finnigan-Mat 262 thermal ionization mass
spectrometer in static mode with faraday cups calibrated against the NBS 981 standard.
2¥Pb and the majority of the single grain fractions were measured by peak jumping using
the secondary electron multiplier-ion counter, which was calibrated using known faraday
data. Measured isotopic ratios were corrected for U and Pb fractionation at 0.1%/AMU
using repeated measurements of NBS standards, and for laboratory blanks (2-12 pg Pb, 1
pg U; Cox et al. 1998). Stacey and Kramers’ (1975) model Pb isotopic compositions were

used to correct for common lead in excess of the laboratory blank. Uncertainties in
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isotopic ratios were calculated using an in-house error propagation program. Linear
regressions follow the method outlined in Isoplot v2.06 (Ludwig 1999). Estimated
uncertainties on the U decay constants are presented graphically in concordia plots, and
decay constants used are those of Jaffey et al. (1971).

LAM ICP-MS: Complex U-Pb systematics in seven of the thirteen samples analysed by
ID-TIMS resulted in a spread of ages, from concordant to slightly discordant, likely a
result of inheritance, variable Pb loss, and/or new metamorphic zircon growth. The
spread of data for these samples made it difficult to confidently infer their crystallization
ages, so additional U-Pb data were collected using the LAM ICP-MS (approximately 20-
50 grains per sample). Prior to LAM analysis, the target grains were examined by BSE
imaging. In order to define crystallization ages, distinctive populations were singled out
and core-rim relationships characterized; in particular, an attempt was made to select
undisturbed, growth-zoned portions of grains. Zircon samples and standards to be
analyzed were polished to a 0.25 pm finish, washed in ethyl alcohol and placed in an
ultrasonic bath for 2-5 minutes before removal to a positive-pressure clean box. The
sample cell was disassembled in the clean box, soaked in warm 2N HNOj3 and washed in
doubly distilled H>O. The cell pieces were air-dried before reassembly and sample
loading. The sample and standards to be analyzed were washed in doubly distilled H>O,
polished surfaces to be ablated were washed in 4N HNOj3 and double distilled H,O and
left to air-dry before loading into the sample cell. Handling of the cell and samples was
minimized and clean techniques were employed during the loading process to reduce

surface contamination to a minimum. After cell assembly, the ends were sealed with
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parafilm prior to attachment to the LAM ICP-MS. Isotopic ratios (U/Pb and Pb/Pb) of
the zircon standards and samples were measured using a VG PlasmaQuad 2S+ mass
spectrometer coupled to an in-house custom built, Q switched Nd:YAG ultraviolet 266
nm laser. Most operating conditions were similar to those described by Kosler et al.
(2001, 2002). Zircon surfaces were ablated using a 10-20 um diameter laser beam
focused 100 um above the surface and operating at a repetition rate of 10 Hz. The sample
cell was mounted on the computer-driven, motorized stage of an optical microscopic, and
the stage was moved beneath the stationary laser beam at variable speeds (0.00075 to
0.0015 mm s™'). Laser energies varied from 0.15 to 1.2 mJ/pulse, depending on the spatial
resolution required and U and Pb isotope concentrations. The sample surface was passed
under the laser beam once only, as this technique was observed to result in very efficient
ablation. Slower velocity rastering was found to increase spatial resolution and
significantly reduce elemental fractionation at the ablation site. Pit depths varied from 5-
15 pm, dependent on laser energy, and were therefore close to the depth of penetration of
the electron beam during acquisition of the BSE images. The sample introduction system,
modifed after Horn et al. (2000), enabled simultaneous nebulization of an internal
standard tracer solution and laser ablation of the solid sample. The tracer solution,
consisting of a mixture of natural T1 TI/2T1 = 2.3871) and enriched 2**U, ?*Bi and

- "Np (concentrations of ca. 10 ppb per isotope) transported in a mixed Ar-He carrier gas,
was employed to correct for instrumental mass bias. Time-resolved data acquisitions
(180-340 s experiments) consisted of ca. 60 s measurement of the Ar-He gas blank and

aspirated tracer solution prior to introduction of ablated material. Data were collected on
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unknown zircon samples and two zircon standards, 02123 (ca. 295 Ma) and VB165 (ca.
2674 Ma) whose U-Pb and Pb-Pb ages had been previously determined by ID-TIMS.
VB165, a sample initially treated as an unknown and analyzed by ID-TIMS in this study,
was selected as a secondary internal standard due to its abundance and near concordant
behaviour. Typically 7-8 unknowns were collected for every 3-4 analyses of the
standards to monitor instrument variability and drift in operating conditions during a
session. Laser ablation analyses of internal standards 02123 and VB165, calculated ages
and comparisons with their ID-TIMS ages are presented on concordia diagrams in Figure
B1 in Appendix B. During ablation, U and Pb isotopes and tracer solution signals were
acquired in time-resolved peak-jumping, pulse-counting mode with one point measured
per peak using PQVision v. 4.30 software. The range of masses measured for each
analysis was: 201 (flyback), 202(Hg), 203(T1), 205(TI), 206(Pb), 207(Pb), 209(Bi),
233(U), 237(Np), 238(U). Three oxide masses, 249(UO), 253(NpO) and 254(UO) were
measured to correct for oxide formation. Quadrupole settling time was 1 ms for all
masses and dwell time was 8.3 ms for all masses except 207 for which it was 24.9 ms.
Raw counts were corrected for electron multiplier dead time (20 ns) and gas blank.
Isotopic ratios were calculated from the average integrated counts using the natural
28U/A3U ratio of 137.88. The intercept method of Sylvester and Ghaderi (1997), which is
commonly used to correct for Pb/U fractionation of LAM analyses, was not readily
applicable to the slow raster analyses performed in this study due to the minimization of
elemental fractionation at the ablation site. Li et al., (2001) also noted the reduction in U

and Pb fractionation in a study utilizing similar slow, linear single pass ablation protocols
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and estimated elemental fractionation to be less than 5% for the 206pp/238 and <1% for
207pp/2%Pb isotopic ratios, respectively. Similar fractionation rates were observed in this
study (see Appendix B). ID-TIMS analyses suggested common Pb was in low enough
concentrations within individual grains so as not to pose a significant problem for
reduction of the LAM ICP-MS dataset. *°’Pb/”**U and *°°Pb/**®U ratios were corrected
for mass bias using the tracer solution and internal standard 02123 and were cross-
calibrated with the known intercept age (ca. 2674 Ma) of internal standard VB165.
207pp/2%Pb ratios were corrected for mass bias using the tracer solution and internal
standard VB165. Isoplot v. 2.06 of Ludwig (1999), in conjunction with the LAMdate
Excel spreadsheet program (Kosler et al. 2002), were used to calculate U-Pb ages of
unknowns.

Detrital zircon methodology: Sample preparation, instrumentation and data
reduction for the detrital zircon study were as described above for LAM ICP-MS. A total
of 104 grains were analyzed, and one analysis per grain was acquired in an attempt to
sample the full range of provenance ages and not bias the results. A cumulative frequency
diagram based on the 1o errors in the 2’Pb/?’°Pb ages was employed to analyze the
results. Provenance ages presented on concordia plots are at the 95% confidence interval
and also consider the U decay constant uncertainties.

Reverse discordance: A noticeable feature of the LAM dataset is the occurrence
of reversely and normally discordant analyses from a single grain. Two features may
account for the data; (a) The results may be real and occur as a result of within-grain

diffusion of U and/or Pb during secondary recrystallization of zircon; or (b) the reversely
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discordant data are an artifact of the LAM ICP-MS method. A discussion is provided in
Appendix B. For all LAM ICP-MS results, where a concordia age was not able to be
calculated, the 2°’Pb/*®Pb age is considered to be the most robust age calculation as this
ratio exhibits limited time-resolved elemental fractionation. All ID-TIMS and LAM ICP-

MS data points are presented in concordia plots and data tables.

2.8 Results

Isotope dilution — thermal ionization mass spectrometry analytical results are
presented in Tables 2.1 and 2.2 for both metaluminous and peraluminous magmatic
suites, and LAM ICP-MS data for seven plutonic samples and the detrital zircon study
are presented in Appendix A (Tables A1, A2 and A3). Uncertainties reported for ID-
TIMS data in Tables 2.1 and 2.2 and plotted on associated concordia diagrams are at the
26 uncertainty level unless stated otherwise. LAM ICP-MS uncertainties are reported at
both 1 and 2¢ values in Tables A1-A3 for isotopic ratios and calculated ages for
individual analyses are quoted at 1o levels. Calculated LAM ICP-MS ages presented on

concordia diagrams are reported at 26 confidence levels unless otherwise stated. Ellipses

are plotted at 2¢ for ID-TIMS data and 1o for LAM ICP-MS data. For both data sets, two
error estimates are given for each age determination, excluding and including U decay
constant uncertainties respectively. Decay constant uncertainties are plotted graphically
on concordia plots and reported in the text. The concordia age that includes U decay
constant uncertainties is considered the best estimate of the crystallization age of a

sample. Where a concordia age cannot be calculated, the weighted mean of the
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207p/2%pp age, calculated on the basis of the measurement error, or the intercept age is
considered the best estimate of the crystallization age. Uncertainties associated with the
U decay constant are typically ignored when calculating U-Pb age data, however we
believe that these uncertainties are significant (Ludwig 2000; Begemann et al. 2001) and
should be included as they effect accuracy of the resultant datasets and hence, associated
interpretations. Table 2.3 summarizes the ID-TIMS and LAM ICP-MS concordia,
intercept and weighted mean 2*’Pb/*Pb ages (both ignoring and including U decay
constant uncertainties) that correspond to the emplacement ages of the 13 intrusive
samples. In the following text and associated concordia diagrams two errors are quoted,
one including U decay constant uncertainties (not in square brackets) and the other
ignoring decay constant uncertainties (in square brackets), the latter to facilitate
comparison with results in the published literature. The complete database of BSE grain
images and associated laser pit locations, in addition to selected secondary electron (SE)
images of pit morphologies, is presented in Appendix M. A detailed account of the
deformation history of the Snare River terrane is provided in Chapter 3. Hence, only a
brief summary of the crosscutting relationships is given for each of the following

samples.

2.8.1 Metaluminous Intrusions
Synvolcanic tonalitic gneiss - VB165: Sample VB165 is from a ~ 1 m wide body
of medium-grained, biotite-hornblende tonalite gneiss (Fig. 2.5a) enclosing the Hinscliffe

plutonic complex. The unit occurs in a high-strain zone and has a well-developed
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Table 2.1: U-Pb ID TIMS Analytical Results, Metaluminous Intrusions

Concentration Measured “Corrected Atomic Ratios

“Fraction Weight U Pbaa PO Xpb “Pp Th Th X7pp 26 "_"’_P_b 26 Xpp 26 4 Ligh.  20pb, Ziph “Disc %
. (mg) (ppm) (ppm)* (pg) _*“Pb_Pb (medelU U =y o e W

VB 165 - syn voleanic tonalite (115° 39.1 E, 63° 51.1' N)

Z] sgl abr pm 0.011 158 914 9 6225 0.1298 719 0.46 12.8767 0226 05123 0210 0.1823 0.062 0.9622 2671 2666 2674 04
Z2 sgl abt pm 0.008 94 54.7 8 3093 0.1328 439 047 12.9244 0252 05140 0256 0.1824 0.118 0.8922 2674 2673 2675 0.1
23 sgl abr pm 0.006 163 943 8 4007 0.1353 80.1 0.49 12.8071 0310 05095 0314 0.1823 0.116 09310 2666 2654 2674 0.9
Z4 sgl abr pm 0.006 153 86.3 ¢/ 4284 0.093 50.1 033 12.8971 0.298 05129 0312 0.1824 0.138 0898 2672 2669 2675 0.3
VB 166 - syn-volcanic Gabbro (115° 39.1 E, 63° 51.1' N)

Z1 mit abr (9) 0.0018 200 TIs.7% 28 517 0.1373 95.8 0.48 12.7953 0402 05091 0.4200 0.1823 02120 0.8679 2665 2653 2674 1.0
Z2 mit abr (11) 0.0003 409 2359 1S 265 0.1513 2127 0.52 12.6625 0904 05029 0.9060 0.1826 0.2300 09677 2655 2626 2677 23
Z3 sgl unabr imgd 0.002 136 75.8 14 659 0.1507 68.1 0.50 122168 0460 04855 0.4640 0.1825 0.1520 09459 2621 2551 2676 S
Z4 sgl abr imgd 0.002 140 79.2 11 778 0.1399 66.6 048 12.5476 0402 04989 0.3980 0.1824 0.1100 09622 2646 2609 2675 30
VB 1363 - biotite-homnblende granodiorite (115° 22.2' E, 63° 36.5' N)

Z1 sgl abrd imgd 0.004 137 74.1 9 2024 0.0985 46.7 0.34 11.9009 0.3520 04916 03200 0.1756 0.1940 08375 2597 2578 2611 1.6
Z2 gl abrd imgd 0.004 222 120 44 701 0.0646 50.8 0.23 12.4241 0.3160 0.5059 03120 0.1781 0.1380 09035 2637 2639 2635 -0.2
Z3 sgl abrd imgd 0.003 130 64.7 6 1958 0.1012 422 0.32 10.8387 0.3400 0.4519 03580 0.1740 0.1740 0.8770 2509 2404 259 89
VB 1359A gabbro (115°41.6'E, 63° 47.4'N)

Z1 mit abr ndl (8) 0.003 403 2371 26 1529 02523 3425 0.85 11.5273 0.3320 04792 0.3260 0.1745 0.0960 0.9576 2567 2524 2601 36
Z2 mit abr ndl (6) 0.003 405 2305 12 2991 0.2181 295.1 0.73 11.4083 0.3120 04753 03140 0.1741 0.1140 09337 2557 2507 2597 42
23 sgl abrimgd pm  0.004 178 95.2 26 950 0.0687 43.0 0.24 12,0381 0.2820 0.4984 0.2760 0.1752 0.1120 09196 2607 2607 2608 0.0
ZA sglabrimgdpm  0.007 169 90.4 34 1097 0.0702 417 0.25 12.0646 0.2700 0.4992 0.2760 0.1753 0.1460 0.8572 2609 2610 2609 0.1
Z5 sgl abrimgd pm  0.005 102 54.7 8 2112 0.0766 274 027 12,0387 04320 0.4983 0.4580 0.1752 0.1920 0.9085 2607 2606 2608 0.1
VB 1357 - biotite - homblende granite (115° 46.3' E, 63°47.8' N)

Z1 sgl abr imgd 0.006 293 1503 16 3342 0.0522 525 0.18 11.6119 03180 0.4864 03260 0.1732 0.1260 09237 2574 2555 2588 16
Z2 sgl abr imgd 0.004 230 97 34 660 0.1056 66.1 0.29 8.9353 0.3280 0.3837 0.3420 0.1689 02080 0.8080 2331 2094 2547 208
23 sgl abr imgd 0.002 116 63.6 7 996 0.1136 46.0 0.40 12.2521 03040 0.4949 0.3020 0.1796 0.1700 0.8426 2624 2592 2649 26
Z4 sgl abr imgd 0.002 381 143.8 41 335 0.0441 434 0.11 7.7992 0.4760 0.3659 0.4660 0.1546 02060 09046 2208 2010 2397 18.8
VB 1841 - Orthopyroxene Granite (114° 55.8'E, 63°374'N)

Z1 sgl abr imgd 0.002 371 194 15 1150 0.0922 1169 032 11.4013 0.4080 04811 04260 0.1719 0.1740 09138 2557 2532 2576 2.1
Z2 sgl abr imgd 0.002 136 73.6 8 1255 0.1036 494 0.36 11.6516 0.3020 04914 0.3040 0.1720 0.1400 0.8933 2577 2577 2577 0.0
23 sgl abr imgd 0.001 228 1232 1l 792 0.1085 86.3 0.38 11.5790 0.3860 0.4899 0.3820 0.1714 0.1220 0.9496 2571 2570 2571 0.1
Z4 sgl abr imgd 0.001 212 1137 14 467 0.1054 775 037 11.6378 0.5200 0.4889 0.4540 0.1726 0.2320 0.8952 2576 2566 2583 08
VI 375 Tonalite (115° 37.2' E, 63°43.7 N)

Z1 mit abr (8) 0.002 246 1499 8 1729 02634 2260 0.92 11.7767 03060 04928 0.3140 0.1733 0.1360 0.9041 2587 2583 2590 03
Z2 mit abr (10) 0.001 243 1432 18 472 0.2071 176.7 0.73 11.8227 04540 0.4959 0.4600 0.1729 0.1960 09081 2590 2596 2586 0.5
Z3 mit abr (11) 0.001 239 1472 § 338 02673 2242 094 11.8336 0.6020 0.4951 05900 0.1734 0.1520 09677 2591 2593 2590 0.1

Notes : Latitude / longitude for each sample are presented in parentheses.
* Z, zircon, sgl, single grain; mit, multi grain; abr, abraded; unabr , unabraded; imgd, BSE imaged. Number in brackets after mit fractions denotes number of grains in fraction.
*Total radiogenic Pb after correction for blank, common Pb and spike.
“Ratios corrected for fractionation, spike, 4 — 10 pg laboratory blank, initial common Pb (calculated using Stacey and Kramers (1975) model Pb composition at *’Pb”*Pb age) and 1 pg U blank,

“p: Rho is associated error correlation (Ludwig 1980).
*Disc%, discordance along a discordia to origin

Uncertainties quoted at 20 confidence level for measured ratios. Errors of sample weight are +0.0015 mg.
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Table 2.2: U-Pb ID TIMS Analytical Results, Peraluminous Intrusions

Concentration Measured “Corrected Atomic Ratios

*Fraction Weight U Pbas B Bb "Pb Th Th Zpb 2c ®Pb 20 ZPb 206 % @t i T Disc %
(mg)  (ppm) (ppm)* (pg) *™Pb Pb (mode) U U ey ph M 7
VB 1358 - Two mica granits (115° 45.0' E, 63°45.3' N)
Z1 sgl abr imgd 0.001 155 749 18 288 0.1503 69.6 0.45 10.3043 0.712 04243 06680 0.1762 0.3160 0.8971 2463 2280 2617 153
Z2 sgl abr imgd 0.001 304 1182 7 1290 0.1518 111.3 0.37 7.9952 0430 03421 04380 0.1695 0.1740 09198 2230 1897 2553 296
Z3 sgl abr imgd 0.002 123 69.3 L1} 115 0.1861 77.9 0.63 11.6425 1.236 04802 0.6640 0.1758 0.8940 0.7124 2528 2528 2614 40
ZA sgl abr imgd 0.001 79 419 8 306 0.0877 240 0.30 11.7433 0902 0489 08740 0.1742 0.3480 09237 2566 2566 2598 1.5
PVB9 - Amphibolite Facies megacrystic granite (115° 38.6' E, 63°43.8' N)
Z1 mlt abr (4) 0.006 235 1237 6 7055 0074 60.5 0.26 11.7180 03340 04914 0.3540 0.1730 0.1580 0.8961 2582 2577 2586 0.5
Z2 mit abr (4) 0.006 124 68.1 ] 3217 0.1215 526 042 11.7435 0.2680 0.4914 0.2700 0.1733 0.1160 0.9070 2584 2577 2590 0.6
Z3 sgl abr imgd 0.002 123 673 14 426 0.1213 519 0.42 11,7443 0.5780 04914 05320 0.1733 02480 09034 2584 2577 2590 0.6
Z4 sgl abr imgd 0.002 74 40.9 12 475 0.131 338 0.46 11.7732 0.5200 04901 05280 0.1742 01780 09424 2587 2571 2599 158
Z5 sgl abr imgd 0.001 207 1104 14 644 0.0947 67.8 0.33 11.7079 0.3900 0.4882 0.3840 0.1739 0.1320 0.9419 2581 2563 2596 15
VB 1688 - Granulite Facies megacrystic granite (114° $7.7 E, 63° 36.7 N)
Z1 sgl abr imgd 0.005 297 1518 13 3650 0.0384 396 0.13 11.6856 0.2640 0.4900 0.2620 0.1730 0.1080 09157 2580 2571 2587 08
2Z2 sgl abr imgd 0.003 178 926 12 1284 0.0416 26.1 0.15 11.9160 0.2820 0.4966 03060 0.1740 0.1640 0.8475 2598 2599 2597 0.1
2Z3 sgl abr imgd 0.007 380 1953 29 3007 0368 489 0.13 11.8329 0.3000 0.4938 0.2880 0.1738 0.0640 0.9771 2591 2587 2594 0.3
VB1229A- Granulite facies pegmatitic granite dyke (115° 12.6 E, 63° 38.9'N)
Z1 sgl abr imgd 0.0031 853 4432 7 12521 0.073 2141 0.25 11.5431 0.3540 04843 03560 0.1729 0.1080 09537 2568 2545 2585 Ly
2Z2 sgl abr imgd 0.008 1039 5525 70 3676 0.0889 3203 031 11.6776 0.2600 04900 0.2440 0.1728 0.0600 09736 2579 2571 2585 0.7
Z3 sgl abr imgd 0.009 1002 3274 21 7886 0.0839 1804 0.18 7.1991 0.2760 0.3025 0.2340 0.1726 0.1180 0.9059 2136 1703 2584 387
ZA4 sgl abr imgd 0.009 1029 5327 19 15645 0.0745 2625 0.26 11.4987 0.2720 0.4827 0.2800 0.1728 0.0720 0.9664 2564 2539 2585 21
VBI16! - muscovite-cordierite granite (115° 27.4' E, 63° 36.8' N).
Z| sgl abr imgd 0.001 1902 765 30 1625 0.0023 12.5 0.01 9.1384 0.3840 0.4007 0.3980 0.1654 0.1720 0.9039 2352 2172 2512 159
Z2 sgl abr imgd 0.002 1066 4964 45 1045 0.0025 89 0.01 10.6839 0.3100 0.4630 0.3020 0.1674 0.1220 0.9209 2496 2453 2531 38
Z3 sgl abr imgd 0.001 428 183 19 798 0.0048 38 0.01 10.9805 0.5000 0.4686 0.5000 0.1699 0.3100 08078 2414 2283 2527 115
Z4 sgl abr imgd 0.001 279 1319 I3 652 0004 6.3 0.02 9.7787 0.2860 0.4249 02660 0.1669 0.0840 0.9563 2521 2478 2557 3.7
Z5 sgl abr imgd 0.001 530 2531 3 431 0019 340 0.06 11.0224 0.3200 0.4670 0.3000 0.1712 0.1840 0.8258 2525 2471 2569 4.6
VB 1864 : Amphﬂmlm f.cm pegmmnc dyke (115° 52.1'E, 63° 45.8'N)
Z| sgl abr imgd 140 142.6 1869 1.0972 5375 3.85 13.2130 0.3200 05178 0.3120 0.1851 0.1060 0.9441 2695 2690 2699 04
Z2 sgl abr imgd 0.008 60 304 S 2761 00779 148 0.25 11.9297 0.3440 04673 0.3840 0.1852 0.2020 0.8516 2599 2472 2700 10.2
Z3 sgl abr imgd 0.004 94 547 8 1527 0.1101 36.6 0.39 13.3824 04320 05210 04800 0.1863 02840 08111 2707 2703 2710 03
ZA sgl abr imgd 0.003 86 484 11 838 0.0815 245 0.28 13.1936 0.3860 0.5150 0.3920 0.1858 0.1500 0.9258 2694 2678 2705 12
Z5 sgl abr imgd 0.002 394 1955 13 1322 0.1242 1544 039 10.5907 03840 04442 04820 0.1729 03460 07025 2488 2369 2586 10.0

Notes : Luﬁnde/lonmm&eforuchmp!ampmdm

parentheses.
* Z, zircon, sgl, single grain; mit, multi grain; abr, abraded; imgd, BSE imaged. Number in brackets after mit fractions denotes number of grains in fraction.
*Total radiogenic Pb after correction for blank, common Pb and spike.
“Ratios corrected for fractionation, spike, 4 — 10 pg laboratory blank, initial common Pb (calculated using Stacey and Kramers (1975) model Pb composition at *’Pb”*Pb age) and 1 pg U blank.
4p: Rho is associated error correlation (Ludwig 1980).
“Disc%, discordance along a discordia to origin
Uncertainties quoted at 20 confidence level for measured ratios. Errors of sample weight are +0.0015 mg.
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Table 2.3: ID TIMS and LAM ICP-MS U-Pb crystallization age datasets ignoring and including
U decay constant uncertainties

Metaluminous Intrusions

20 Without U Decay Constant Uncertainties i

20 With U Decay Constant Uncertainties

Welg, | hied
Concordia Age intercept Ages 5y "’";’::ge Concordia Age Intercept Ages ,,,P“'N"'.?.Pb e
L]
:"s; Wi asntite A . 26743+ 08Ma | *2671+32Ma UF 2674427AMa . 3.68Ma

IDTIMS

LE 172 + 740 Ma

LI: 172 + 740 Ma

vB - Ul 26743+ 7.2

166 n.a. R RIS AS €0 2675.3+ 1.3 Ma | n.a. = * 26753+ 6.9 Ma
Dicid : L, -74 £ 210 Ma | LEL -74 + 210 Ma

2636 + 2 Ma n.a. 26354 £3.2Ma | " 2637.2 + 4.6 Ma n.a. 2635.5 + 6.9 Ma
IDTIMS
vB
I 2635.9 + 4. UL 2635.9+8.2M
L i S0 LN WENRLIE N sutivs it | 2630.4+8.8Ma ? 26305:+8Ma

Ll: -73 + 150 Ma

Ll -73 +150 Ma

VB
1359A 2608.4 + 1.1 Ma
IDTIMS

Ul: 2608 + 3 Ma
LI: 1295 + 3700 Ma

Ul 2608 + 11 Ma

* 26082 + 3.4 Ma
LI: 1295 + 3700 Ma

2608.1 + 1.3 Ma 2608.1 + 6.8 Ma

vB
: +3M
1841 n.a. e, S £ 3 o 2596.7 + 2.9 Ma n.a. * 2596.7 +7.3Ma
LAM ICP-MS Ll -3 +58 Ma L. -3 +58 Ma
VB UL 2587.1+7.7 Ma UL 2597.1 + 10 Ma
1357 2594+7.3Ma 2604.2 + 7.4 Ma 2584 + 9 M 2604.2 + 10 Ma

LAM ICP-MS

Ll: 129 + 280 Ma

Ll 129 + 280 Ma

|
|
1
! Ul: 2598 +7.3 Ma
|
|
|
i
|
]

vJ
. (3 J 5
375 2589+13Ma U 25888:1.5Ma 2589 +48Ma | *2580+39Ma - 298881S8iAMa o 0s.82Ma
IDTIMS LiLn.a. Likn.a.
Peraluminous Intrusions
n.a.
VB 1DTIMS n.a. 2598 + 5.8 Ma | n.a. n.a. 2508 + 8.7 Ma
|
1358 n.a Ul 2592 + 4.2 Ma { Ul 2592 + 8.2 Ma *
i j =4 25951 +48Ma | = 2595 + 8.2 M
LAM ICP-MS LI -6 + 49 Ma 595.1 + a i n.a. Ll -6 +49 Ma = "
1 ?
: . ; 127
n.a. U 2397.1 2 2 Ma 2596.9+ 1.7 Ma | n.a. VSTV 2 T * 2596.9 + 6.9 Ma
PVB IDTIMS Ll 44 + 94 Ma | Ll: 44 + 94 Ma
9 i
Ul: 2596.5 + 4.4 Ma i UL 2596.5 + 7.9 Ma
2598 + 7.9 Ma 2596.5+3.7Ma | 2598 + 9.2 Ma 2596.5 + 7.6 Ma
LAN ICP-s08 Lt 35+ 77 Ma Lt 36+ 77 Ma
2598 +2Ma Ul 2596.3+33Ma } - Ul 2596.3 + 9.2 Ma
VB DS Lk 57.2 +95.3 Ma 2597 + 2.7 Ma 2598+43Ma [} 57.2+953Ma 2597 + 7.2 Ma
1688 osea1ma U 2597.1225Ma | UL 2587.1+7.1Ma
4. = 2597 +2.4Ma | 2594+ 6.7 Ma = 2597 + 7.1 Ma
AR NP NS Ll <19+ 51 Ma | Lr: -19+ 51 Ma
VB UL 2580.1 +5.7 Ma { Ul 2580.1 + 8.7 Ma *
161 n.a. = 2585.1 +5.5Ma | n.a. = 2585 + 8.6 Ma
A S Li: -2+41Ma ! Lk -2+41Ma
vB UL 25852 + 0.7 Ma | Ul 25852 + 6.7 Ma >
1220A n.a. i 2585+ 07 Ma | n.a. & 2585 + 6.7 Ma
Ll 8.9 +86Ma Ll 89+ 86Ma
IDTIMS —
]
VB i =
1864 n.a. n.a. 2586 +58Ma | n.a. n.a. 2586 + 8.7 Ma
1DTIMS

Note: n.a., not available for calculation; UI, upper intercept; L/, lower intercept. * denotes preferred crystallization age.
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foliation defined by biotite, hornblende and stretched quartzofeldspathic segregations.
Field and microstructural evidence indicate that it has undergone an extended
deformational history, as it displays evidence for D1 and D2 folding and is cross-cut by
late-D1, and syn-D2 and D3 intrusions.

The sample yielded abundant, high quality, light pink to brown zircon crystals
that were grouped into four populations (Figs. 2.6a and 2.7a): (i) clear to light pink
elongate prisms 100-200 um long with aspect ratios of 4:1; (ii) stubby, moderately
faceted, euhedral prisms 100-200 um in diameter with aspect ratios of 1:1; (iii) light pink
to translucent needles 100-200 um long and with aspect ratios of 6:1; and (iv) pyramids
100-150 um diameter with aspect ratios of 2:1, dark brown cores and light pink to
translucent euhedral rims. The two prismatic populations were selected for ID-TIMS
analysis. Back scattered electron imaging (Fig. 2.6a) revealed planar growth zoning
among the elongate prisms and concentric and sector zoning in the stubby prisms.
Featureless, bright embayed rims exhibiting irregular zonation patterns truncate the
planar, growth or sector zoned cores. Representative BSE images of abraded grains
showed successful removal of overgrowths. Four single grain fractions (3 elongate prisms
and 1 stubby prism) with moderate U concentrations (91-163 ppm) yielded near
concordant analyses (0.06 — 0.9% discordant). An error weighted regression of the data
yields an upper intercept of 2674.4 &+ 7.1 [+1.4] Ma. A weighted average (mean square of
weighted deviates (MSWD) = 0.42) of the 207pp/2%pp ratios yielded an age of 2674.3 +
6.8 [+0.8] Ma (Table 2.1, Fig. 2.7a). A concordia age of 2671 = 3 [2673.0 + 0.8] Ma was

calculated using fractions Z1, Z2 and Z4 and is considered the best estimate of the
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Figure 2.5: Field relationships of seven metaluminous intrusive units, with polished
slabs of representative samples (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>