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ABSTRACT
New, spatially constrained, U-Pb, Lu-Hf and O isotopic measurements on igneous-hosted zircons
challenge the paradigm of exotic pre-Kenoran terranes in the Western Superior Craton. The
Western Superior Craton comprises two parallel Paleo – Meso – Neoarchaean south-younging
sequences, the Hudson Bay – North Caribou – Uchi and Winnipeg River – Marmion – (Western
Wabigoon, Eastern Wabigoon and Wawa) terranes respectively. Hafnium isotope-time arrays,
spanning 600 m.y. of magmatism, display an outstanding unity across these alternating volcanicplutonic terranes and intervening sedimentary basins. This isotopic coherence is therefore consistent
with linked, rather than exotic, growth of terranes.
Hafnium isotope compositions form three coherent and diachronous segments across all terranes.
Zircon Hf is (I) unradiogenic at 3.26 – 3.02 Ga, (II) superchondritic at 3.02 – 2.76 Ga, and (III)
trends steeply to less radiogenic Hf compositions from 2.76 – 2.67 Ga. Oxygen isotopes in zircons
are mantle-like until 2.7 Ga, when they rise sharply to heavier compositions. A model reconciling
the isotopic record involves Paleoarchaean rifting and basin development during Segments I & II,
and subsequent basin closure and collision in Segment III. Craton-wide, high-flux magmatism
during Segment III reworked and recycled a portion of Segment I & II crust, but mixing with a
mantle-derived endmember masks this contribution. Structural repetition reconciles an original
along-strike arrangement of the two parallel Paleo – Meso – Neoarchaean south-younging
sequences by late dextral displacement on craton-wide strike-slip faults during transpression
accompanying the late stages of the Kenoran Orogeny.
The 176Hf/177Hf of the Mesoarchaean mantle source inferred from these data is lower than the
hypothetical depleted MORB mantle typically used in model crust formation age calculations. This
disparity translates into Hf depleted mantle model ages that overestimate crustal residence times
and Early Archaean crustal volumes. Depleted mantle model ages are even more erroneously old
for the high flux event of Segment III, which sourced an enriched, metasomatised mantle. Thus, Hf
model ages do not faithfully represent a major crust-forming event at 2.7 Ga in the Superior Craton.
Secular whole rock geochemical trends corresponding to the isotopic work presented herein,
suggest that the Hf-O isotope time array represents a TTG-sanukitoid progression. A shift in whole
rock chemistry at 2.75 Ga involves increased variation in major oxide compositions and some
incompatible trace elements. This reflects changing magma source compositions and greater ranges
in melting and fractionation depths, corroborating isotopic evidence for a change in magma
petrogenesis at 2.76 Ga. A shift to higher abundances of both highly compatible and incompatible
elements at 2.7 Ga reflects sanukitoid and late voluminous granite-granodiorite magmatism.
iii

Elemental variations show that sanukitoids are highly differentiated mantle-derived melts. Their
peculiar enrichments in LILE, LREE, transition elements and PGE-Au reflects combined fractional
crystallisation, melt replenishment and magma mixing with sediment-derived melt. Elevated PGE
patterns in sanukitoid and coeval mantle-derived mafic intrusions resemble those of local
sedimentary rocks, with the implication that sediment-derived melts contributed to the PGE budget.
A sediment-derived contribution is corroborated by elevated zircon δ18O and by modelling of Hf-O
isotope arrays. The appearance of sanukitoids reflects (i) the sudden widespread availability of
sedimentary material, (ii) transport of this material to depth by subduction and thrusting, (iii)
preferential melting of sedimentary rock in a high thermal regime, and (iv) horizontal compression
that trapped magmas at great crustal depths where extreme differentiation could proceed.
The Western Superior Hf-O arrays and TTG-sanukitoid transitions are typical of Archaean cratons
globally. Accordingly, this magmatic and isotopic pattern likely reflects a global Archaean process.
This process involved the local onset of subduction and collision, which in turn, required rigid
plates, allowing for thick crust, extensive sedimentation and mixing of originally bimodal
magmatism. The sanukitoids therefore mark the end of bimodal granite-greenstone assemblages and
the beginning of widespread andesitic magmatism and clastic sedimentation.
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Introduction

1.1.

CONTEXT AND PROBLEM IDENTIFICATION

The formation of Archaean crust is contentious (Dhuime et al., 2011; Hawkesworth et al., 2016;
Kemp and Hawkesworth, 2013). Did Archaean oceanic lithosphere possess the negative buoyancy
and stiffness to subduct (see van Hunen and Moyen, 2012), thereby producing preserved
continents? Thin, dense Phanerozoic oceanic crust is recycled back into the mantle within 200 m.y.
of formation (Rudnick and Gao, 2003), but subduction, like other crust formation processes, leaves
a physiochemical fingerprint in the continental crust. Remnants of the continental crust have
survived for billions of years, making it the physiochemical record to Earth’s ancient past (Kemp
and Hawkesworth, 2013). Nevertheless, this partial rock record allows for non-unique geodynamic
scenarios. Accordingly, Archaean crustal growth models range widely between Phanerozoic-like
plate tectonics (Percival et al., 2012) and subductionless variations (Bédard et al., 2013; Johnson et
al., 2014). As the largest coherent Archaean craton, the Superior Craton in Canada has the potential
to shed light on this debate.
1.1.1. Continental crust
Earth’s continental crust is a rich storehouse of metals and nutrients vital for humanity. The growth
of continents in the Archaean concentrated critical ore reserves (Barley et al., 1998; Champion and
Huston, 2016; Robert et al., 2005), and influenced the development and nature of the atmosphere,
hydrosphere and biosphere (Campbell and Allen, 2008). Consequently, the mechanisms and timing
of Archaean crustal growth is central to Earth science. However, the inferred once-voluminous
Archaean crustal volumes (~70% of current volumes; Belousova et al., 2010; Dhuime et al., 2011;
Figure 1-1) now comprise a small fraction of exposed continents (Bleeker, 2002; Figure 1-1),
resulting in a biased record and various conflicting interpretations.
The growth of continents reflects the chemical differentiation of the silicate Earth (mantle and
crust) (Hawkesworth and Kemp, 2006) driven by secular cooling (Ashwal et al., 1987; Labrosse
and Jaupart, 2007). Proto-Earth underwent extreme chemical segregation into core-mantle-crust by
4.45 Ga (Allègre et al., 2008). The timeline and means of the silicate Earth’s evolution from a
postulated magma ocean to its current configuration is speculative. Most models invoke an
evolution from continent-free mafic crust and involve a stagnant lid to mobile lid transition
(Hamilton, 2011; Harris and Bédard, 2014; Hawkesworth et al., 2016; Johnson et al., 2017;
Kamber, 2015; Kemp et al., 2010).
Crustal growth involves mass transfer from the mantle to the crust. Mantle-derived magmas are,
however, basaltic, whereas bulk continental crust is andesitic and enriched in incompatible elements
(Taylor and McLennan, 1985; Weaver and Tarney, 1984). Therefore, mass balance requires that
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Figure 1-1: A. Global distribution of Archaean cratons from Bleeker (2002) and modified by Bédard et al. (2013). B.
Crustal growth curves estimated from Hf isotopes in detrital zircons (Belousova et al., 2010; Dhuime et al., 2012). C.
Peaks in the U-Pb zircon record in detrital and granite-hosted zircons (Condie and Aster, 2010).

mantle-derived basalts are reworked, such that differentiated material is added to the crust and
residual material is returned to the mantle (Ellam and Hawkesworth, 1988; Herzberg et al., 1983;
Rudnick, 1995). Reworking is the ‘physical reprocessing of continental material by magmas,
metamorphism, or fluids within the crust, or by alteration, weathering, erosion, or sedimentation
processes at Earth’s surface' (Kemp and Hawkesworth, 2013).
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Phanerozoic continental evolution largely reflects magmatic extraction and distillation at
convergent margins, for example, along the Pacific Rim (Cawood et al., 2009; Davidson and
Arculus, 2006; Jagoutz and Kelemen, 2015; Kemp et al., 2009; Rudnick, 1995). Differentiation of
arc magmas shifts their composition to andesitic and enriches them in incompatible elements
(DeBari and Greene, 2011; Ducea et al., 2015; Kelemen, 1995). Thickened depleted mafic lower
arc crust delaminates into the mantle (Ducea, 2002; Jull and Kelemen, 2001; Kay and MahlburgKay, 1991).
Phanerozoic subduction is largely driven by the negative buoyancy of old, cold oceanic lithosphere
and metamorphic transformation of oceanic crust to eclogite (Hamilton, 2007). In many models, the
Archaean mantle and crust was hotter and less viscous (Bickle, 1978; Herzberg et al., 2010;
Korenaga, 2008; Labrosse and Jaupart, 2007). Thus, Archaean oceanic crust may have lacked the
necessary density and rigidity to sink into the mantle (Sizova et al., 2010; van Hunen and van den
Berg, 2008). Accordingly, interpretations remain divided between Archaean subduction settings
and plume or mantle upwelling.
1.1.2. Archaean crustal growth
Archaean cratons preserve peaks in igneous emplacement and mantle extraction ages (Condie,
1998; Figure 1-1). Episodic mantle depletion events corroborate the inferred pulses of crust
formation (Parman, 2007; Pearson et al., 2007). Because subduction is continuous, the periodicity
of the Archaean record may reflect emplacement of mantle plumes (Condie, 1998; Stein and
Hofmann, 1994), episodic subduction (O'Neill et al., 2007) or biased preservation imposed on
continuous growth (Belousova et al., 2010; Cawood et al., 2013; Hawkesworth et al., 2016; Spencer
et al., 2015; Voice et al., 2011). Because interpretations of age peaks guide models of crustal
growth, clarifying their origin by analysis of the rock record is important for crustal growth models.
Chapters 3 and 4 address the origin of crustal growth peaks and implications for the crust-mantle
evolution using U-Pb geochronology and Hf-O isotope compositions in zircons.
Archaean crust typically comprises contemporaneous bimodal tonalite-trondhjemite-granodiorite
(TTG) – greenstone (subaqueous komatiitic basalt) sequences (Arndt, 1999; Condie, 1994; Nisbet
et al., 1993; Wilson et al., 1978). Calc-alkaline and boninitic signatures (Polat and Kerrich, 2000;
Smithies et al., 2005; Wyman et al., 2000) and horizontal shortening (Card, 1990; Percival et al.,
2006) underpin key arguments for an uniformitarian interpretation. However, calc-alkaline and
boninitic signatures can be created without subduction by partial melting of basaltic lower crust
with residual garnet, amphibole and rutile, and localised fluxing of refractory mantle respectively
(Bédard et al., 2013; Smithies et al., 2009). Moreover, greenstone belts contain basalt and komatiite
4
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with an enriched chemistry most akin to oceanic plateaux (Arndt, 1999; Condie, 1994; Hollings and
Kerrich, 1999). Thus, subduction models require widespread plume-arc interaction to explain
plateau-like chemistry (e.g., Hollings and Wyman, 1999).
There is some agreement that TTG generation requires a two-step process whereby enriched
basaltic magma extracted from the mantle is subsequently chemically modified by melting or
crystal fractionation in the presence of garnet ± amphibole (Arth and Barker, 1976; Barker and
Arth, 1976; Drummond and Defant, 1990; Foley et al., 2002; Martin, 1987; Moyen, 2011; Moyen
and Martin, 2012; Rapp et al., 1991). However, there are competing views on the nature of the
mechanism affording chemical modification. Models include: (i) direct melting of subducting
oceanic crust (Barker and Arth, 1976; Martin, 1987; Rapp et al., 1991), (ii) remelting the base of a
thickened volcanic pile by underplating with new hot magma, possibly coupled with magmatic
fractionation of the new magma (Bédard, 2006; Johnson et al., 2017; Polat, 2012; Smithies et al.,
2009), (iii) infracrustal differentiation by fractional crystallisation (Barker and Arth, 1976; Kamber
et al., 2002), or (iv) delamination and dripping of the lower mafic crust into the mantle in
combination with local crustal thickening and overturns (Sizova et al., 2015). Whether the bimodal
character of TTG and basalt-komatiite can be explained by formation in similar or contrasting
settings has much to bear on the favoured models of TTG genesis. This conundrum is addressed in
Chapters 3 and 4.
1.1.3. When did plate tectonics begin?
A fundamental question concerns the onset of plate tectonics on Earth. Herein, plate tectonics
involves global mantle convection where deformation is concentrated along plate boundaries (van
Hunen and Moyen, 2012). Models range from as early as the Hadean (Armstrong and Harmon,
1981; Hastie et al., 2016; Hopkins et al., 2008) through the Archaean (Dhuime et al., 2012; Næraa
et al., 2012; Shirey and Richardson, 2011; Smart et al., 2016; Smithies et al., 2005; Van
Kranendonk, 2011) and Proterozoic (Bédard, 2006; Brown, 2006; Hamilton, 1998). Many workers
envision a transition involving episodic subduction between a stagnant lid and modern plate
tectonics (O'Neill et al., 2007; van Hunen and Moyen, 2012). Major shifts in Earth’s
physicochemical record are candidates for the timing of the onset of plate tectonics. Therefore,
recognising these shifts, and the processes they reflect, is critical.
The late Archaean (3.0 to 2.5 Ga) was a time of isotopic and geochemical shifts (Dhuime et al.,
2015; Keller and Schoene, 2012; Laurent et al., 2014; Martin et al., 2005). A global peak in
precious and base mineral systems is contemporaneous with a major peak in crustal growth at 2.7
Ga (Barley et al., 1998; Campbell and Allen, 2008). This time also corresponds with the beginning
5
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of major changes in the hydrosphere and atmosphere as recorded in O, C and S and Sr isotopes
(Campbell and Allen, 2008; Jaffrés et al., 2007; Kump and Barley, 2007; Lyons et al., 2014;
Shields, 2007). The shifts may reflect changes in Archaean geodynamics and the nature of the
continental crust and lithosphere, making this time period an exciting candidate for investigating
long debated ambiguities of Archaean geology.
Late Archaean diversification of magmatism manifests in the TTG-sanukitoid transition. Prolonged
sodic TTG magmatism culminated in emplacement of large potassic crustal melts and the potassic
mantle-derived sanukitoid suite (Beakhouse, 2007; Bédard, 2006; Corfu and Stone, 1998; Frost et
al., 2006; Laurent et al., 2014). This transition followed a similar sequence in all Archaean terranes,
but occurred at different times in different cratons, suggesting a global Archaean process (Heilimo
et al., 2013; Laurent et al., 2011; Smithies and Champion, 2000). Clarifying this process has global
implications for Archaean geodynamics and crustal growth and is addressed in Chapters 3-6.
High compatible and fluid-mobile elements in sanukitoid magmatism suggests the involvement of a
subduction-modified mantle wedge, and may provide concrete evidence for subduction (Laurent et
al., 2014; Martin et al., 2010; Rapp et al., 2010; Shirey and Hanson, 1984; Smithies and Champion,
2000). Understanding the petrogenesis of sanukitoid rocks is therefore important for understanding
the transition in the late Archaean to modern potassic magmatism. Detailed petrogenetic
investigation in Chapters 5 and 6 investigate the sources, differentiation processes and conditions
that contributed to the unique physiochemistry of the sanukitoid suite, and its significance for
crustal growth and geodynamics.
1.1.4. Geological setting of the Western Superior Craton
In spite of decades of detailed characterisation, the geodynamic evolution of Earth’s largest
preserved Archaean craton, (1.4x10-6 km2; >3.7 – 2.6 Ga; Figure 1-2; Hoffman, 1988) remains
contentious (Bédard, 2013; Bédard et al., 2013; Hamilton, 2011; Hansen, 2015; Maurice et al.,
2009; Parmenter et al., 2006; Percival et al., 2006; Wyman, 2013b). The Western Superior Craton is
a collage of linear volcano-plutonic terranes separated by sedimentary basins with a prominent eastwest orientation (Card and Ciesielski, 1986; Stott, 2011). Widespread sedimentation and
compression during the 2.7 Ga Kenoran Orogeny records the progressive north to south assembly
of linear terranes into a coherent craton (Card, 1990; Percival et al., 2006; and references therein).
Langford and Morin (1976) proposed that the volcano-plutonic and sedimentary subprovinces
represent island arcs and accretionary prisms, respectively. Geochronological (Beakhouse et al.,
1988; Corfu, 1988; Corfu et al., 1998; Davis et al., 1988; Krogh et al., 1976; Melnyk et al., 2006)
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Figure 1-2: Geology of the Superior Craton, illustrating the east-west trend of volcano-plutonic terranes and intervening
sedimentary basins in the Western Superior. Geology is compiled from provincial and state digital maps from Manitoba
(Viljoen et al., 1999), Minnesota (Jirsa et al., 2011), Ontario (Ontario Geological Survey, 2003), and from a digitized
version of Quebec (MRN (Ministère des Ressources naturelles), 2002). Tectonic subdivisions adopted from (Stott, 2011),
(Percival et al., 2012) and Chapter 3; basement ages are emphasised by colour for clarity. Black box indicates extent of
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Figure 2-1. Inset: Tectonic map of North America outlining the figure extent. Terrane abbreviations listed at top left.
Faults listed at bottom right.

and Nd isotopic studies (Henry et al., 1998; Henry et al., 2000; Tomlinson et al., 2004) recognised a
Mesoarchaean heritage for five of the volcano-plutonic terranes. These include, from north to south,
the >3.8 Ga Hudson Bay (Böhm et al., 2000; Böhm et al., 2003), 3.0 Ga North Caribou (Stott, 1997;
Stott and Corfu, 1991), 3.4 Ga Winnipeg River (Beakhouse, 1991; Henry et al., 1998), 3.0 Ga
Marmion (Davis and Jackson, 1988; Tomlinson et al., 2003), and 3.6 Ga Minnesota River Valley
(Bickford et al., 2006; Satkoski et al., 2013) terranes.
Seismic profiles image south-dipping structures north of the North Caribou terrane and northdipping structures south of it (Figure 1-3; White et al., 2003). This has been used to support the idea
of Thurston et al. (1991) that the North Caribou terrane formed the nucleus to which the Hudson
Bay terrane was accreted from the north, and Winnipeg River – Marmion terrane from the south
(Percival et al., 2006).
Distinct isotope-age domains within older fragments bolstered a plate tectonic interpretation (e.g.,
Henry et al., 1998; Tomlinson et al., 2004). However, the boundaries between terranes are
commonly cryptic in both geological and geophysical datasets, and so the natures of the boundaries
remain unresolved. Moreover, a Hf isotopic study by Davis et al. (2005) highlighted similarities
between the North Caribou and Marmion terranes, suggesting a shared history. As the
Paleoarchaean Winnipeg River terrane and 2.7 Ga English River basin (Corfu et al., 1995; Davis,
1996) separate the North Caribou and Marmion, their relationship is enigmatic (Davis et al., 2005).
Other workers have noted stratigraphic (Ayer et al., 2002; Fralick et al., 2008; Thurston, 2002) and
geophysical (Bédard and Harris, 2014) continuity or similarity across terrane boundaries. Resolving
the nature of isotopic, geologic and geophysical boundaries is imperative for understanding the
crustal evolution of the craton, and for geodynamic models of the Superior Craton.
Tectonic models of the Western Superior Craton favour accretionary settings involving subduction
(Percival et al., 2012; Wyman, 2013a) or subcretion (Bédard et al., 2013) during the Neoarchaean,
but models for the Paleo to Mesoarchaean evolution are divided. The widespread occurrence of
non-arc basalt (Hollings and Kerrich, 1999; Tomlinson et al., 1999) and platformal sequences
(Thurston and Chivers, 1990) suggests intraplate magmatism involving plumes or rifting.
Accordingly, Mesoarchaean tectonic models favour either plume-related intraplate settings (Fralick
et al., 2008) or plume-arc interaction (Wyman and Hollings, 1998).

8

Chapter 1
The Wabigoon superterrane contains four isotopically distinct terranes (Henry et al., 1998;
Tomlinson et al., 2004). It records a Paleoarchean history in the Winnipeg River terrane in the north
(Corfu, 1988; Davis et al., 1988; Henry et al., 1998), and a protracted Mesoarchaean record in the
Marmion terrane in the south, with events not commonly preserved in other parts of the craton
(Stone and Davis, 2006). Internal margins based on Nd isotopes (Tomlinson et al., 2004) are cryptic
in geology (Stott et al., 2010) and geophysics (Musacchio et al., 2004; Figure 1-3). The Wabigoon
superterrane records extended TTG magmatism culminating in sanukitoid magmatism, but
otherwise lacks an obvious chemical evolution (Stone, 2010). Oxygen isotopes measured in zircons
across the Western Superior Craton highlight a marked transition from mantle-like to heavy
compositions with the intrusion of the Sanukitoid suite at 2.7 Ga, hinting at a change in magma
source compositions (King et al., 1998). Together, this makes the Wabigoon superterrane an ideal
natural laboratory from which to interrogate the Archaean record.

1.2.

AIMS

This study applies an in-situ isotopic inquiry of igneous rock-hosted zircons combined with whole
rock major and trace element geochemistry to address key controversies of Archaean crustal growth
and geodynamic evolution. Principal objectives include to:
(i)

develop the chronological and stratigraphic framework of the Western Superior Craton;

(ii)

investigate secular and spatial chemical variations and their causes;

(iii)

constrain magma sources and differentiation histories through time and space;

(iv)

illuminate the significance of the transient sanukitoid suite and the origin of their
peculiar geochemistry;

(v)

map lithospheric blocks through time and space and unravel the nature of isotopic
boundaries;

(vi)

unravel the geodynamic evolution of the Superior Craton to clarify the meaning of
TTG-sanukitoid transitions globally, and

(vii)

1.3.

to contribute to models of late Archaean crust and mantle evolution.

APPROACH

Isotopic systems are powerful tracers of crustal growth and, when applied to granites, yield
information not only about the continental crust they largely constitute, but also the lesser known
lower crust and mantle lithosphere that they commonly sample. Apart from zircon U-Pb
geochronology, previous work in the Western Superior Craton has largely focussed on whole rock
chemical, isotopic, petrologic and belt to terrane scale geophysical signatures to investigate the
crust (Corfu and Stone, 1998; Tomlinson et al., 2004; White et al., 2003). Deformation and
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metamorphism commonly overprint these features after emplacement, and magmatic differentiation
can obscure deeper level processes and the identity of magma sources.
This thesis integrates in-situ zircon isotope and trace element analyses with field observations,
petrography and whole-rock geochemistry of felsic to intermediate intrusive rocks of the
southwestern Superior Craton (see Figure 1-3). Isotopic and chemical variations in igneous rocks
reflect magma sources and the conditions of partial melting and differentiation (Adam and Green,
1994; DePaolo, 1981; DePaolo and Wasserburg, 1979; Green, 1995; Langmuir et al., 1978). As

Figure 1-3: A. Seismic image of Lithoprobe WS Line 1 a-e (N-S; black) and B. interpretations from White et al. (2003)
modified by Percival et al. (2006) and C. interpretation from Musacchio et al., 2004. D. Interpretation of line f (E-W; red)
across the Wabigoon superterrane, where internal boundaries are not recognised (Musacchio et al., 2004).
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tectonic setting influences sources and the depth of melting and differentiation, the isotopic and
chemical variations can potentially unravel the geodynamic evolution (e.g., Andonaegui et al.,
2016; Draut and Clift, 2001; Loucks, 2014; Lu et al., 2015; Murphy and Nance, 2002; Yogodzinski
et al., 2010).
Felsic to intermediate intrusive rocks were the focus of the sampling effort because they represent
the largest volume of Archaean crust preserved, and they are likely to contain zircons. A relatively
evenly spaced sampling density allowed for spatial analysis of chemical and isotopic data.
Representatives of all felsic to intermediate compositions were taken to better understand secular
variations of the crust as recorded by trace elements and isotope systems.
Trace elements are particularly useful as petrogenetic tracers because they tend to partition into
particular mineral phases as a function of P, T, composition and redox conditions (Adam and
Green, 1994; Drake and Weill, 1975; Green, 1994; Irving, 1978; Nash and Crecraft, 1985). Due to
their low abundance, trace elements approximate Henry’s law behaviour of proportionality, making
them relatively easy to model given the distribution coefficients (Irving, 1978; McIntire, 1963).
Strongly compatible elements are sensitive to the extent of differentiation because they partition
into early-crystallising phases. Strongly incompatible elements provide insight into the degree of
partial melting and the residual and early-crystallising mineral assemblage. However, magmatic
processes during differentiation, particularly involving accessory phases in granites, can strongly
affect trace elements (Allègre et al., 1978; DePaolo, 1981; Hildreth and Moorbath, 1988). Isotopic
variations are sensitive to contamination, with potential to identify, but also see through, the
modifying effects of crystallisation and contamination (Bennett et al., 1993; DePaolo, 1981;
Hawkesworth and Vollmer, 1979; Langmuir et al., 1978; Taylor, 1980).
Zircon resists isotopic and elemental disturbance through many tectono-thermal and sedimentary
processes (Cherniak and Watson, 2003). The zircon lattice concentrates valuable radiogenic (U-Pb,
Lu-Hf) and stable (O) isotope systems and trace elements such as REE (rare earth elements: La to
Lu) and HFSE (high field strength elements: Zr-Hf, Ti) (Cherniak and Watson, 2003; Watson and
Cherniak, 1997). In-situ analytical methods permit spatially resolved analyses of various zircon
growth domains. This enables dating of zircon core and rims with potential to unravel a multistage
thermal and metamorphic evolution, and subsequent isotopic and trace element analyses in the same
zircon domains (Kemp and Hawkesworth, 2013).
Lutetium is more compatible in residual mantle peridotite phases than Hf, so over time the mantle
evolves to higher Lu/Hf, and consequently higher 176Hf/177Hf (Patchett et al., 1981) in accordance
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with the 176Lu decay constant (Söderlund et al., 2004). Meanwhile, the crust evolves to less
radiogenic Hf, along a trajectory defined by its Lu/Hf (Vervoort and Patchett, 1996). Putative
evolution lines determined for the hypothetical depleted MORB mantle (Griffin et al., 2002) and the
Chondritic Uniform Reservoir (Bouvier et al., 2008), allow comparison with the evolution of
silicate reservoirs and estimates of crustal residence age (Payne et al., 2016). Calculated crustal
residence ages are fraught with significant uncertainties over (i) the veracity of the hypothetical
depleted MORB mantle curve in 176Hf/177Hf –time space and (ii) the estimation of the Lu/Hf of the
crustal source, which can only be calculated if a number of determinations form a coherent trend in
176

Hf/177Hf-time space (Vervoort and Kemp, 2016). This investigation applies 176Hf/177Hf-age

relations to qualify, rather than quantify, variations in source age and composition.
Oxygen isotopes fingerprint a contribution from a supracrustal source. Near-surface hydrosphererock interaction enriches 18O in the solid, imparting a heavy signature to supracrustal rocks
compared with the relatively homogenous mantle (Eiler, 2001). Magmatic fractionation in zircons
during crystallisation is largely offset by the co-crystallisation of 18O-rich mineral phases such as
quartz. Therefore, zircons that crystallise from magmas in equilibrium with the mantle have a very
narrow range in δ18Ozrc of 5.3 ± 0.6 (2σ) ‰ (Valley et al., 1998). Together, Hf and O isotopes in
zircons have potential to resolve the extent of recycling and reworking versus juvenile magmatic
addition, provided basement rocks have a contrasting isotopic composition (Kemp et al., 2007;
Scherer et al., 2007; Yang et al., 2007).
Zircon elemental variations can illuminate a dynamic magmatic evolution (Claiborne et al., 2006;
Claiborne et al., 2010; Dilles et al., 2015). Key insights gained from trace elements in zircons
include: (i) magmatic oxidation states and water contents from Ce and Eu anomalies (Ballard et al.,
2002; Burnham and Berry, 2012; Dilles et al., 2015; Hoskin and Schaltegger, 2003; Lu et al., 2016),
(ii) the temperature of zircon crystallisation from Ti concentration (Ferry and Watson, 2007;
Watson and Harrison, 2005), and (iii) evolving magma composition from variations in Zr/Hf, U, Th
and REE patterns (Claiborne et al., 2006; Kemp et al., 2007).
Neodymium and Hf isotope maps can be used to provide a spatial picture of juvenile growth and
reworking through time and map the architecture of the deep crust and mantle lithosphere
(Champion and Cassidy, 2007; Champion and Huston, 2016; Mole et al., 2014; Wang et al., 2016).
This thesis applies spatial mapping to complement graphical representations.
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Figure 1-4: Schematic illustration of approach employed in this investigation.

1.4.

SIGNIFICANCE AND INNOVATION

This thesis has added high quality original data, including:
-

-

In-situ measurements of igneous rock-hosted zircons in the form of
o

U-Th-Pb isotopes, 55 rock samples

o

Lu-Hf isotopes, 45 rock samples

o

O isotopes, 45 rock samples

o

and trace elements, 15 rock samples

Whole rock geochemistry, 230 samples

This thesis adds to the current understanding of Archaean crustal growth, as follows -

Secular whole rock geochemistry (Chapter 3) highlights two temporally discrete shifts in
magmatism in the southwestern Superior Craton. The most striking shift corresponds to a
transition from TTG to sanukitoid magmatism at 2.7 Ga. An earlier shift relates to
increased variation in major oxide abundances and greater variation in Sr/Y and La/Lu.
This suggests a change in melt sources and melting depths respectively, and sheds new
light into granite petrogenesis and geodynamics.
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-

Hafnium isotopes record extended autochthonous growth within the Western
Superior Craton (Chapter 4). This requires a fundamental paradigm shift from an
assembly of exotic fragments.

-

This thesis presents two possible models for the growth of the Superior Craton and global
late Archaean TTG-granite sequences (Chapter 4). Early magmatism reflects intraplate
rifting, whereas the late stage magmatism reflects arc-back arc magmatism during a
subduction-collision cycle.

-

The significance of sanukitoid magmatism is clarified by detailed petrogenetic
investigation. The major outcomes include:
o

Sanukitoids of the Superior Craton have significant sediment (10-50%) input;

o

Sanukitoids are highly differentiated, mantle-derived products of fractionation,
melt replenishment and magma mixing. These processes were instrumental in
generating the enrichments in highly compatible and highly incompatible elements.

o

Sanukitoids reflect (i) Kenoran compression, which caused magma ponding and
evolution at depth, (ii) the widespread availability of sediment due to uplift during
collision, and the transport of that sediment to depth during subduction and
underthrusting, and (iii) elevated geotherms causing lower crustal anatexis and
magma mingling.

1.5.

o

Sanukitoid PGEs were sourced from Archaean sedimentary rocks, and

o

They are prospective hosts of Cu-Ni-PGE-Au mineralisation.

ORGANISATION OF THESIS

This thesis comprises seven chapters. It is organised by introductory and methodology chapters,
followed by four independent manuscripts intended for journal publication, and synthesised in a
concluding chapter. The common thread of Archaean crustal and geodynamic evolution links each
chapter. Early chapters evaluate broad patterns in chemical and isotopic data whereas successive
chapters build on this foundation to explore detailed petrogenesis of the sanukitoid suite.
Six appendices present analytical data collected throughout this project. Unpublished data from a
parallel study of the Wabigoon superterrane conducted at The University of Western Australia by
Dr. Yongjun Lu are included for context as supplementary data. All thesis chapters and appendices
clearly distinguish data acquired by myself.
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Chapter 1
Chapter 1:

Introduction

Chapter 1 introduces general concepts central to Archaean geology and the Western Superior
Craton. This chapter highlights problems and knowledge gaps for Archaean crustal growth and
geodynamics, identifies specific project aims and discusses the approach adopted by the thesis.

Chapter 2:

Methods

Chapter 2 details the sampling methodology, analytical techniques and data evaluation employed
for this investigation.

Chapter 3 (Manuscript 1):

Late Archaean geodynamic changes in the Southwestern Superior

Craton implied from secular geochemistry of felsic intrusions
This contribution presents new paired, spatially constrained, in-situ U-Pb zircon geochronology and
whole rock geochemistry of felsic to intermediate intrusions in the southwestern Superior Craton.
These data are integrated with compiled U-Pb geochronological data compiled from previous
studies.
Using this large dataset, a comprehensive geochronological and stratigraphic framework for the
Western Superior Craton is outlined. The nature and significance of broad geochemical shifts
through time and space are explored. This provides new insight into (i) magma petrogenesis of
lithological groups, (ii) granite-greenstone petrogenesis, (iii) terrane relationships and lithospheric
architecture, and (iv) tectonic setting. The U-Pb geochronology presented in this chapter forms the
basis of Hf-O and trace element investigations presented in Chapters 4 and 6.
Chapter 4 (Manuscript 2):

600 m.y. of autochthonous growth of the Superior Craton from Hf

– O isotopes in igneous zircons
Chapter 4 builds on the geochronological study of Chapter 3. New Hf – O isotope measurements in
igneous zircons previously dated using U-Pb geochronology are presented from across five terranes
and one intervening sedimentary basin. These data are augmented by zircon Hf isotopic data
collected from three additional terranes.
The broad isotopic patterns across time and space are used to: (i) provide insight into the variation
of magma sources through time and space, (ii) build a tectonic model for the Superior Craton, and
(iii) discuss broader implications for Archaean geodynamics and crust-mantle evolution.
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Chapter 5 (Manuscript 3):

Elemental enrichment by fractionation, replenishment and magma

mixing in the Late Archaean sanukitoid suite
Chapter 5 address the petrogenesis of sanukitoid magmatism from whole rock geochemistry and
petrography of 19 sanukitoid intrusions across five terranes and one sedimentary basin. It includes
contemporaneous and gabbroic and pyroxenite intrusive phases within and external to sanukitoid
intrusions. Aims included: (i) investigating consanguinity between sanukitoid, gabbro and
pyroxenite, (ii) unravelling differentiation histories and source contributions, thereby (iii)
illuminating the cause of their unusual enrichments in highly compatible and incompatible
elements, including economic Ni-Cu-PGE, and (iv) adding clarity to their tectonic setting.

Chapter 6 (Manuscript 4):

Sanukitoids record the widespread onset of supracrustal recycling

Chapter 6 address the petrogenesis of sanukitoid magmatism from zircon in-situ Lu-Hf and O
isotopic and trace elemental results. Chapter 6 builds on the petrogenetic results of Chapter 5 to
quantify endmember contributions and investigate differentiation histories. This enables greater
constraint on tectonic models for their genesis and reveals the significance of their transient
appearance in the late Archaean rock record.

Chapter 7:

Synthesis and future directions

This chapter summarises the major outcomes of this study and discusses future research.
Appendix A provides detailed descriptions of the samples for which isotopic measurements were

undertaken.
Appendix B lists whole rock geochemical analytical results from this study.
Appendix C provides tables of U-Pb, O and Lu-Hf isotopic and trace element measurements in

zircons undertaken throughout the course of this study.
Appendix D lists U-Pb, O and Lu-Hf isotopic and trace element measurements on standard reference

materials measured throughout the same sessions as unknowns listed in Appendix C.
Appendix E provides tables of unpublished U-Pb, O and Lu-Hf isotopic and trace element

measurements in zircons and reference materials collected by Dr Yongjun Lu. These results were
interpreted, organised and compiled by KEB.
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Appendix F presents two Summary of Field Work articles for the Ontario Geological Survey written

by KEB and co-authored by supervisors and Ontario Geological Survey collaborators. The
extended abstract for the SGA biennial conference in Nancy, France, August 2015 is also included
here.

1.6.

JUSTIFICATION OF THESIS FORMAT AND AUTHORSHIP

This section clearly outlines the contributions of the candidate and co-authors to each manuscript
presented in Chapters 3, 4, 5 and 6.
The manuscript presented in Chapter 3 is first-authored by the candidate (Katarina E. Bjorkman)
and co-authored by Yongjun Lu, Anthony I.S. Kemp, T. Campbell McCuaig and Peter N. Hollings.
The candidate undertook sample collection and preparation, zircon imagery, U-Pb isotope
determination, analysis, interpretation and presentation of geochronological and geochemical data,
collation of previous geochronology and stratigraphic column construction. Prof McCuaig and Dr
Lu accompanied the initial stages of the first field season, where they contributed to sample
planning and collection and to structural and stratigraphic field observations. Dr Lu provided
training in imagery techniques and U-Pb analytical procedures using the SHRIMP II, and in
interpretation of geochronological data. The candidate wrote the manuscript. Editorial comments
and revisions provided by Dr Kemp, Prof McCuaig, Dr Hollings and Dr Lu added focus and clarity.
The manuscript presented in Chapter 4 is first-authored by KEB and co-authored by Anthony I.S.
Kemp, Yongjun Lu, T. Campbell McCuaig and Peter N. Hollings. The candidate undertook O
isotope measurements by SIMS (with technical support from Heejin Jeon of the CMCA, UWA , see
acknowledgements), Lu-Hf isotope measurements by LA-MC-ICP-MS (with technical support
from Dr Kemp and Dr Yi Hu), and interpretation of data herein and previously collected by Dr Lu
(supplementary material), in addition to collation of previous isotopic work. The candidate wrote
the manuscript. Dr Kemp provided detailed conceptual feedback throughout manuscript
preparation, which contributed to data interpretation, organisation and presentation of the
manuscript. Dr Hollings and Dr Lu provided editorial comments and revisions that improved the
quality of the manuscript.
The manuscript presented in Chapter 5 is first-authored by KEB and co-authored by Anthony I.S.
Kemp, Yongjun Lu, Peter N. Hollings and T. Campbell McCuaig. The candidate undertook
petrographic and field observations and wrote the manuscript. Dr Kemp provided critical ongoing
feedback. Dr Hollings provided feedback on early and late versions, improving the organisation and
clarity of the manuscript. Prof McCuaig and Dr Lu provided editorial comments and revisions.
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The manuscript presented in Chapter 6 is first-authored by KEB and co-authored by Anthony I.S.
Kemp, Yongjun Lu and Peter N. Hollings. The candidate undertook in-situ trace element
measurement by LA- ICP-MS (with technical support from Dr Kemp), interpretation of data and
wrote the manuscript. Dr Kemp provided ongoing feedback and revision, which contributed to data
interpretation and idea development. Dr Hollings provided editorial comments and revisions, and
Dr Lu provided discussion.

1.7.

SUPPORTING REFERENCES

2013
Geological survey publication
Bjorkman, K.E., McCuaig, T.C., Lu, Y.J., Beakhouse, G.P., Hollings, P., Smyk, M.C., 2013.
Project Unit 13-030. Preliminary observations of the Marmion Terrane four-dimensional
crust-mantle evolution and mineral systems. Summary of Field Work and other Activities
2013, Ontario Geological Survey, Open File Report 6290, p. 8-1 to 8-10.
Published Conference Abstract
Bjorkman, K.E., McCuaig, T.C., Lu, Y.J., Hollings, P., Fiorentini, M.L., Kemp, A., 2013. The 4D
crust-mantle evolution and mineral system distribution of the 3.0 Ga Marmion Terrane,
Western Superior Province, Canada: Preliminary observations and interpretations. CCFS
Lithosphere Dynamics Workshop, 4-6th Nov., Perth. P.52-53.
2014
Geological survey publication
Bjorkman, K.E., McCuaig, T.C., Lu, Y.J., Beakhouse, G.P., Hollings, P. and Smyk, M.C. 2014. The
Marmion terrane four-dimensional crust–mantle evolution and mineral systems: An
update; in Summary of Field Work and Other Activities 2014, Ontario Geological
Survey, Open File Report 6300, p.12-1 to 12-13.
2015
Refereed conference abstract
Bjorkman, K.E., McCuaig, T.C., Lu, Y.J., Hollings, P., and Beakhouse, G.P. 2015. Linking crustal
evolution to mineral systems using U-Pb geochronology in zircons from the Marmion
Terrane (3.02–2.68 Ga), western Superior Craton, Canada. In: Proceedings: 13th Biennuel
Meeting, Society for Geology Applied to Ore Deposits. 23-27 Aug, Nancy, France.
Published conference abstract
Bjorkman, K.E., Lu, Y.J., McCuaig, T.C., Hollings, P. 2015. Using U-Pb, Lu-Hf and O Isotopes in
Zircons to Unlock the Crust-Mantle Evolution and Relationships to Mineral Systems of
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the Marmion Terrane (3.02-2.68 Ga), Superior Province, Canada. In: GAC-MAC 2015
Joint Assembly: Canadian Cratons Through Time: 4.0 Ga of Chemical Evolution and
Tectonism, 3-6th May, Montreal, Canada.
Bjorkman, K.E., Lu, Y.J., McCuaig, T.C., Hollings, P., Beakhouse, G.P. 2015. Linking Crustal
Growth to Orogenic Gold and Ni-Cu-PGE Mineralisation using U-Pb Geochronology in
Zircons in the Marmion Terrane (3.0 Ga), Western Superior Craton, Canada. In: SEG
2015: World-Class Ore Deposits: Discovery to Recovery. 27-30th Sept. 2015, Hobart,
TAS, Australia.
Björkman, K.E., McCuaig, T.C., Lu, Y.J., Kemp, A.I.S., Hollings, P. 2015. Unravelling crustal
growth and geodynamics in the Meso to Neoarchaean using U-Pb-O isotopes in zircons
and stratigraphic reconstructions from the Marmion Terrane (3.0 Ga). In: CCFS 2nd
Lithosphere Workshop, 19-20th Nov., Perth.
2016
Published conference abstract
Bjorkman, K.E., Kemp, A.I., Lu, Y.J., McCuaig, T.C., Hollings, P.N., 2016. Sanukitoids record the
onset of widespread Neoarchean supracrustal recycling. In: 2016 AGU Fall Meeting:
Tectonochemistry II, 12-16th December, San Francisco, USA.
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2.1.

FIELD INVESTIGATIONS

Sampling across the south-central Wabigoon Superterrane was undertaken over two field seasons in
July-September 2013 and August-September 2014 with three objectives: (i) regional sampling of
felsic to intermediate intrusive rocks (ii) targeted sampling of volcanic and sedimentary rocks
within supracrustal assemblages, and (iii) sampling of mineralisation.
2.1.1. Regional sampling
The purpose of regional sampling was to provide a temporal and spatial crustal cross section of the
study area collecting representative materials for the petrographic, geochemical and isotopic
characterization. Figure 2-1 shows the distribution of samples collected during 2013 – 2014
fieldwork. Emphasis was placed on sampling lithological and textural variations of the late mantlederived sanukitoid suite, compositional and textural representatives of the TTG suite intrusions and
gneisses and the late granite-granodiorite intrusions. The topographic terrain and accessibility
influenced sampling distribution, where access provided by provincial highways, logging access
roads and lakeshore were natural foci of investigation. Rock cuts along highways, access roads and
lakeshore outcrops provided superior exposure and opportunity for sampling (Figure 2-2). All
samples were split into a portion for a polished thin section, a portion for whole rock geochemistry,
a representative hand specimen, and where applicable, a portion for mineral separation.
2.1.2. Belt‐scale study of greenstone belts & mineralisation
The purpose of the greenstone belt study was to compare the stratigraphic, structural and
metamorphic variations with the isotopic variations. Specific areas within the greenstone belts were
targeted based on inconsistencies in historical interpretations and observations determined by
literature review. These targeted field investigations provide context to the mapping and
observations of previous workers, thereby aiding in the interpretation of the tectonic history of the
terrane. Detailed mapping and descriptions of the area are provided by Wilks and Nisbet (1988),
Fenwick (1976), Jackson (1985), Fralick and King (1996), Stone et al. (1992), Hollings and
Wyman (1999), Tomlinson et al. (1999), Fralick et al. (2008), Stone (2008); (Stone, 2010) and Buse
et al. (2009).
Like the study of stratigraphy and structure, the study of mineralisation was designed to give
context to previous work. Observations of structure and alteration assemblages were made of
several gold deposits and occurrences in the area including Hammond Reef, Harold Lake, Fern
Elizabeth and the Zephyr Zone. Exhalative Au-Zn occurrences in the Lumby Lake greenstone belt
were sampled. Magmatic Ni-Cu-PGE occurrences within the Entwine Lake and Quetico intrusions
were also sampled and described.

30

Chapter 2

Figure 2-1: Geological map of the study area showing the sample locations. Samples with in-situ zircon analyses are
indicated by yellow diamonds. Green triangles indicate samples analysed for geochemistry and petrography. Geology and
shaded magnetic relief is from Ontario Geological Survey (2011). Solid and dashed lines indicate current and possible
terrane designations.
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2.1.3. Petrography of polished thin sections
Petrographic characterisation of thin sections was undertaken at the University of Western Australia
using the polarising microscope. Petrography was used in conjunction with field observations, and
in some cases geochemistry, to identify rocks using modal percentages of minerals present and
textures, to determine igneous paragenetic crystallisation sequences using crystal morphology and
textures.
Appendix A includes sample reports detailing petrography and field context, whole rock
geochemistry, zircon morphology and microstructure and isotopic results with analytical conditions
for each sample for which zircon isotopic work was undertaken by KEB for this study.

2.2.

ANALYTICAL TECHNIQUES

2.2.1. Whole rock major and trace elements
2.2.1.1. Activation Laboratories Ltd. – Samples collected in 2011by KEB and in 2012 by Y‐JL

Whole rock geochemical analyses for eighteen samples collected in August 2011 within the
Entwine Intrusive Complex were analysed by Activation Laboratories Ltd. in September 2011.
Samples were prepared in Thunder Bay (crushing and pulverising) and geochemical analyses were
made in Ancaster, Ontario Canada. Precious metals were analysed by fire assay in Thunder Bay.
Major and trace elements were analysed by fusion – inductively coupled plasma mass spectrometry
(ICP-MS). Each sample was mixed with a flux of lithium metaborate and lithium tetraborate and
fused in an induction furnace in preparation for major and trace element analyses. The fused sample
was poured into a solution of 5% nitric acid plus an internal standard while molten, and then mixed
for 30 minutes until dissolved. A combination simultaneous/sequential Thermo Jarrell-Ash
ENVIRO II ICP or a Varian Vista 735 ICP was used to measure major and select trace elements
(Sc, Be, V, Ba, Sr, Y, Zr; Code 4LITHO (11+)). Seven USGS and CANMET calibration standards
were used, one of which was measured every 10 samples. For the remainder of the trace elements,
the fused sample was diluted and then analysed using a Perkin Elmer Sciex ELAN 6000, 6100 or
9000 ICP-MS (Code 4B2). One fused duplicate, three blanks and five controls were analysed. The
instrument was calibrated with a standard every 40 samples measured.
Gold, Pt and Pd were analysed by fire assay in Thunder Bay (Method Code 1C-Exp ICPOES).
About 30g of pulp was mixed with borax, soda ash, silica or litharge fluxes and Ag as a collector
and placed in fire clay crucibles. Preheating started at 850°C, was sequentially raised to 950°C and
1060°C for a total of one hour. Molten slag was poured into a mould leaving a lead button at the
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base. The lead button was placed in a preheated cupel to absorb the lead at 950°C in order to
recover the Ag doré bead with Au, Pt and Pd. The Ag doré bead was digested in 95°C HNO 3 +
HCl, cooled for 2 hours and then analysed by ICP/OES (Optical Emission Spectrometry) using a
Varian 735 ICP-MS. Calibration was made every 45 samples. Two method blanks, three sample
duplicates and two certified reference materials were analysed every 42 samples.
Samples collected by Yongjun Lu in 2012 were analysed by Activation Laboratories Ltd in
Ancaster, Ontario, Canada in 2014. Fusion-ICP-MS was used to measure most elements including
major and select trace elements (Sc, Be, V, Ba, Sr, Y, Zr) (Code 4LITHO (FeO)(11+) - ICP/MS
(WRA4B2)) and a suite of trace elements (FUS-ICP: Sc, Be, V, Sr, Y, Zr, Ba; FUS-MS: Co, Ni,
Cu, Zn, Ga, Ge, As, Rb, Nb, Mo, Ag, In, Sn, Sb, Cs, rare earth elements (REE: La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), Hf, Ta, W, Tl, Pb, Bi, Th, U) following the procedures
outlined above. FUS-ICP Total digestion – ICP (method code 4B1 total digestion – ICP ) using four
acids (hydrofluoric, then a mixture of nitric and perchloric acids) was used to measure Cd, Cu, Ni,
Zn, S, Ag, Pb and Cr . Following programmed heating cycles to dryness, digested samples were
dissolved in hydrochloric acid and analysed using a Varian Vista 735 ICP. FeO was determined by
titration (Code 4F-FeO Titration). Sample was digested in cold ammonium metavanadate and
hydrofluoric acid. Ferrous ammonium sulphate was added prior to titration using potassium
dichromate.
2.2.1.2. Geoscience Laboratories – Samples from 2013‐2014 Fieldwork

Samples collected during the 2013 and 2014 field season by KEB were analysed for whole rock
geochemistry by Geoscience Laboratories in Sudbury, Ontario following the procedures outlined
below: Rock samples were crushed using a small jaw-crusher with steel plates, the sample was split
using a rifle, and an agate mill pulverized the sample (method code SAM-AGM). Solution
preparation was completed using closed-vessel multi-acid digest for inductively coupled plasma
mass spectrometry (ICP-MS) and inductively coupled plasma atomic emission spectrometry (ICPAES) (method codes SOL-CAIO; IMC-100/IAC-100). Rare earth elements (REE: La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) plus Y, Th, and U, high field strength elements (HFSE:
Zr, Nb, Hf, Ta, Ti), large ion lithophile elements (LILE: Ba, Rb, Sr, Cs, Th, Pb), transition metals
(Sc, V, Cr, Co, Ni, Cu, Zn), in addition to Be, Bi, Cd, Ce, Ga, In, Li, Mo, Sb, Sn, Tl, Tm and W
were determined by ICP-MS. Al, Ba, Be, Ca Co,Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni, P, Pb, S, Sc,
Sr, Ti, V, Y and Zn were determined by ICP-AES. Results for elements analysed by both ICP-MS
and ICP-AES were generally in agreement unless near the detection limit of either method.
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Figure 2-2: Fieldwork photos: A. Planning a field trip through the Lumby Lake greenstone belt in Bjorkman Prospecting
office, from left to right: Mark Smyk (Ministry of Northern Development and Mines; MNDM), Cam McCuaig, KEB, Pete
Hollings, Karl Bjorkman. B. Examining crosscutting quartz veins in the Marmion gneiss, Marmion Lake with Yongjun
Lu and Cam McCuaig. C. Jessica and Ruth Bjorkman extracting a sample for geochemical analyses, Lumby Lake
greenstone belt. D. Sampling a rhyolite lapilli tuff, Finlayson Lake greenstone belt, KEB and Cam McCuiag. E. Lumby
Lake greenstone belt field trip, from left to right, Yongjun Lu, Pete Hollings, Cam McCuaig, Karl Bjorkman, Ruth
Bjorkman, KEB, Jessica Bjorkman, Mark Smyk. F. Open cut and arch in the gabbro-hosted Atikokan Iron Mine, Karl and
Katarina Bjorkman, Cam McCuaig, Yongjun Lu, Ruth Bjorkman. G. Karla Bjorkman pointing out large-scale ‘S’
cleavage with a reverse fault (demarked by hammer) within the Wapagesi volcanic group, Western Wabigoon terrane,
near the contact with the Marmion terrane, Highway 622. H. Gary Beakhouse (Ontario Geological Survey) with a hill of
pristine pillows in the Western Wabigoon terrane.

Wavelength dispersive X-ray fluorescence spectrometry (XRF; method code XRF-T02) was used to
analyse for As, Ba, Co, Cr, Ga, Nb, Ni, Pb, Rb, Sr, Th, Y and Zr. Metals such as Ni show very good
agreement with results of ICP-MS measurements after acid digest. XRF results for Zr have
systematically lower values. Major elements were analysed by XRF (method code XRF-M01), and
reported as oxides including SiO2, TiO2, Al2O3, CaO, Fe2O3 K2O, MgO, MnO, Na2O, P2O5 and LOI.
Precious metals including Au and PGE were analysed by fire assay (method code IMP-200). CO2
and S were analysed by combustion in an oxygen rich environment to oxidize C and S which were
then measured by infrared absorption (method code IRC‐100). Specific gravity was obtained for all
samples (method code SGT‐R01).
Duplicates were analysed every ten samples. Duplicates were within uncertainty except for a felsic
volcanic sample, KAT20130814-07, where several elements are in disagreement between sample
and duplicate. One reference material and one blank were included every twenty samples.
Table B-1 in Appendix B lists geochemical results with associated detection limits for all samples.
2.2.2. Zircon grain mount construction and imaging
Zircons from rocks of the Sanukitoid suite were separated by Apatite to Zircon Inc. or Geotrack
International Pty. Ltd. Rocks were first crushed to a size of <500µm. Heavy minerals were
separated from lighter minerals using heavy liquid, tetrabromoethane (TBE; SG. 2.95) and
Methylene Iodide (SG. 3.32), separation. Paramagnetic and ferromagnetic minerals such as titanite
and composites were removed from the heavy (SG. > 2.95) concentrate with a horizontal Frantz
Isodynamic separator.
Zircons were handpicked from amongst abundant apatite and occasionally sulphide minerals under
a microscope to include representative zircons from all size and morphological populations with
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emphasis on the clearest and largest grains. Selected zircons were placed on mounts with four
natural zircon standards: (i) fragments of M257, a gem-quality 5.1412 g detrital zircon extracted
from a placer deposit in the Sri Lankan Highland Complex (Kröner et al., 1994; Nasdala et al.,
2008) (ii) OGC-1, from the Owens Gully Diorite within the Mount Edgar Granitic Complex, East
Pilbara Terrane, Pilbara Craton, Western Australia (Stern et al., 2009) (iii) Temora 2, <500 µm
clear zircons from high level Middledale Gabbroic Diorite stock within the Palaeozoic Lachlan
Orogen of Eastern Australia (Black et al., 2003; Black et al., 2004) and (iv) fragments of Penglai,
which occur as megacrysts within the 4.4 ± 0.1 Ma alkaline basalt at Penglai, northern Hainan
Island, southern China (Li et al., 2010). NBS611 glass was also placed onto mounts for accurate
location of the 204Pb peak during U-Pb analysis by SHRIMP.
Mounts were then cast in epoxy resin using a 25 mm diameter mould and EpoFix epoxy. After
curing for 12 hours at room temperature and six hours in a 40°C oven, mounts were polished to
expose the near mid-point of grains. Sandpaper with P2000 grit was employed initially, and
followed progressively using 6, 3 and 1 micron diamond compounds. The zircons of each sample
were photographed in reflected and transmitted light on a polarizing microscope.
Mounts were then thoroughly cleaned using successive solutions of isopropanol, petroleum spirit,
soap solution and deionised water. Each cleaning step included an ultrasonic bath and thorough
wiping with a Kimwipe. The mounts were then dried with N2 and put in a 50°C overn for at least
one hour. They were then coated with 40 nm of gold and imaged using cathodoluminescence (CL)
and back scattered electron (BSE) techniques on the TESCAN VEGA3 scanning electron
microscope (SEM) at the Centre for Microscopy, Characterisation and Analysis (CMCA),
University of Western Australia (UWA) to reveal internal microstructures. BSE images were
collected for most samples using an accelerating voltage (HV) of ~15 kV, beam intensity of 12-15
(~5 nA), 150x – 200x magnification and scanning speed of 6-7. Zones in a zircon with higher
atomic number appear brighter in BSE images so REE and U-Th rich zones are typically brighter
than pure zircon. CL images were collected for all samples using a HV of ~15kV, beam intensity
between 14-18 depending on luminescence of particular zircons, 150-200x magnification and
scanning speed of 7-8. The CL technique capitalises on excess electron–hole pairs associated with
the presence of Dy3+ and also Sm3+, Eu2+, Tb3+ and Y3+ in zircon (Hanchar and Miller, 1993). When
excited by an electron beam the electrons emit visible light upon returning to the ground state and
are the luminescent portions of zircons. High U-Th zones of zircon are subject to radiation damage
which affects vacancies and typically results in low luminescent zones (Nelson et al., 2000). Zircon
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microstructure imaged by CL techniques typically provided the most meaningful insight, and was
useful in guiding analytical placements.
After each secondary ion mass spectrometry (SIMS) session (U-Pb and oxygen isotopes), mounts
were recoated with gold and analysed zircons were imaged individually in reflected light and using
secondary electron (15kV, beam intensity 10-13 (~5 nA), magnification dependent on zircon size
but <1000x) and cathode-luminescence techniques (15kV, beam intensity 14-19, magnification
dependent on zircon size, <1000x) in order to assess the quality of SIMS spots, confirm microbeam
analyses in the same zircon domain and capture complexities encountered such as inclusions, cracks
and core-rim interfaces. Gold coating was removed prior to zircon Lu-Hf isotopic and trace element
analyses.
2.1.1.1

U‐(Th)‐Pb zircon geochronology by SIMS

Highest quality zircons of each population were selected for U-(Th)-Pb isotope analyses by ion
microprobe at the Sensitive High Resolution Ion Microprobe II (SHRIMP II) at the John de Laeter
Centre of Mass Spectrometry at Curtin University, Perth, Australia (Figure 2-3). A primary ion
beam generated in the duoplasmatron was filtered to select O2- ions using a Wein filter. The O2beam current intensity was then tuned using source steering, matching lens, matching lens steering
and the Kohler lens. A Kohler aperture of 100 or 70 μm was set to maximise beam intensity and
obtain an elliptical spot shape at a size small enough to accommodate the size and internal growth
zones of zircons being analysed for each session. Primary beam intensity therefore varied between
sessions depending on the size of zircons analysed, typically between 1.3 and 2.7 nA, producing a
sputtering diameter of 18-30 µm.
The secondary beam was tuned on the primary U/Pb calibration zircon using quadrupole lenses to
maximise intensity, typically between 40-60 pA. The primary U/Pb calibration and concentration
was the 561.3 ± 0.3 Ma (206Pb/238U age) M257 zircon, which has 206Pb/238U = 0.09100 ± 0.00003
and 207Pb/235U = 0.7392 ± 0.0003, ~840 ppm U, and Th/U ~0.27 (Nasdala et al., 2008). Mass
calibration was made on M257 using the 254UO peak. Collector positions were modified to
maximise mass resolution for the 254UO and 196Zr2O peaks. The 196Zr2O peak was used to estimate
the 204Pb peak, which was located using NBS glass; the 204Pb peak was placed above centre to avoid
interference. The background measurement was placed 0.045 AMU from the 204Pb peak.
Subsequent Pb peaks were located using the natural zircon standard OGC-1 and checked on a
metamict grain whereas U+, ThO+ and UO+ were centred using M257. Mass resolution (M/M)
measured on M257 was >5000.
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Peak count rates were measured sequentially over nine mass stations for Zr2O+, Pb+ (204, 206, 207,
208), U+, ThO+ , UO+ (+background) using an electron multiplier in pulse-counting mode and
averaged over six scans after cycling the magnet. M257 was measured every 3-4 unknowns.
Zircons from OGC-1 (207Pb*/206Pb* = 10.29907 ± 0.00011, 3465.4 ± 0.6 Ma; Stern et al., 2009)
were analysed every 8-10 unknowns to monitor 207Pb/206Pb accuracy and enable correction for
207

Pb/206Pb fractionation. Fractionation occurred during two sessions. The affected samples (WS-

37A,C and WS-49B,C) were corrected for fractionation using the true 207Pb/206Pb ratio for OGC-1
to calculate a fractionation factor which was then applied to the 207Pb/206Pb ratios of the unknowns.
The calculated ages of samples corrected for fractionation differed by <0.009 Ga.
Data reduction of the results was accomplished using the SQUID 2.50 and Isoplot 3.71 add-ins in
Microsoft Excel developed by Ludwig (2009). Table 2 in Appendix A lists all U-Pb isotope results.
Measured 204Pb was used to correct for common Pb using the Stacey and Kramers (1975) terrestrial
Pb evolution model for all samples. Radiogenic lead is indicated by an asterisk. All SHRIMP
results were screened for high common Pb, high U-Th contents, discordance, high background
counts and poor instrument sensitivity, where sensitivity is defined as cps/nA/ppm Pb. Analyses
typically in excess of five counts 204Pb or background, 5% discordance (in a few cases with
unimodal populations, <10% discordance were included), 1000 ppm U and with a sensitivity <15
were excluded. Post-analysis imaging was used to check for analysis within the desired zircon
growth to exclude mixed ages, to discriminate between inherited, magmatic and metamorphic
populations, and to check for irregularities such as cracks and inclusions.
2.1.1.2

Oxygen isotope measurement in zircons by SIMS

Mounts were imaged and then polished to remove SHRIMP pits (~2μm deep). Mounts were then
coated with ~30nm of gold. This enabled O isotope analyses within the same growth domain as UPb age measurements were made, most commonly directly over previous SHRIMP pits, but shifted
to exclude cracks or inclusions where present. Least discordant zircons with were prioritised.
Oxygen isotopes were measured on the Cameca IMS 1280 at the CMCA, UWA (Figure 2-3). A
10keV 133Cs+ primary beam was used in combination with an incidence electron gun to offset
charging with the secondary beam. The primary Gaussian beam (focussed) ranged from 1.2 –2.9 nA
with an impact energy intensity of 20keV. The rastered beam was used over 20 µm during a 50 s
pre-sputter and over 15µm during 160 s analysis. The analytical acquisition included field aperture
and exit slit using the 16O signal in multi-collection mode. Nuclear magnetic resonance (NMR)
regulation was used to lock the axial mass at the beginning of each session. Simultaneous
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measurement of 16O and 18O was made using dual faraday cups with a mass resolution of ~2500
during two sets of 10 cycles.
During the July-August 2015 session, the field aperture was 3000µm, corresponding to x100 field
magnification, entrance slit was 170µm, exit slit 500 µm. The first analytical session of mount WS36 was compromised by a problem with beam shift so the mount was repolished and analysed
again. During the January 2016 session the field aperture was 4000µm, corresponding to x133 field
magnification, entrance slit was 120µm and exit slit 500 µm. Typical count rates for the JulyAugust 2015 session for 18O were ~ 1.5*109 cps and for 16O ~3*106 cps, whereas for the January
2016 session, count rates for 18O were ~ 2*109 cps and for 16O ~4*106 cps.
Standards were measured between every 4 (July-August 2015) or 5-6 (January 2016) unknowns.
Outliers were excluded from the mean calculation. Spot-to-spot reproducibility for standards varied
from 0.3 – 0.7 ‰ (2 s.d.) during a July-August 2015 session and 0.19 – 0.33 ‰ (2 s.d.) for the
January 2016 session.
Measured 18O/16O of zircons was normalized to and corrected for instrumental mass fraction and
time drift using one of either Penglai (18O/16O = 2.015848*10-3±1.0026*10-7, or δ18O =5.31 ± 5.31
± 0.10‰ (2σ), Li et al., 2010) or Temora 2 (18O/16O = 2.021643*10-3±2.0052*10-8, or δ18O=8.20
‰, Black et al., 2004). An additional linear adjustment was made for mass fractionation using both
standards (Penglai, Temora 2) for samples WS-36A and B, and WS-37A and C. Each unknown
uncertainty contains propogated standard precision and in-run errors of each spot. Post O isotope
measurement was followed by detailed imaging to access the veracity of the analyses. Analyses
which encountered cracks, inclusions or altered portions of zircons, and analyses of zircons with
greater than 5% U-Pb discordance were excluded from calculated sample averages.
Table C-2 in Appendix C lists all oxygen isotope results.
2.1.1.3

Lu‐Hf isotopes in zircon by LA‐MC‐ICP‐MS

Lutetium-hafnium isotope data were measured in zircons selected from samples previously
analysed for U-Pb and O isotopes. Data were collected using a Coherent GeoLas 193 nm ArF laser
connected to a Thermo-Scientific Neptune multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) at the Advanced Analytical Centre, James Cook University (JCU),
Townsville, Australia (Figure 2-3). Spots of 31, 42 or 58 µm diameter were ablated at a 4 Hz laser
repetition rate using a laser energy of ∼6 J/cm2. Ablation diameter was modified to ensure analyses
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Figure 2-3: Analytical instrumentation used for zircon analyses in this investigation. A. The SHRIMP II at Curtin
University with Yongjun Lu, KEB and technician Hao Gao. B. The Cameca IMS 1280 at UWA with Dr. Heejin Jeon. C
and D. The GeoLas laser and Neptune multi-collector mass spectrometer at JCU with Tony Kemp and Dr Yi Hu; and
Linda Iaccheri and Tony Kemp.

within the same zircon growth zone from where age determinations were made, commonly directly
over SIMS pits from prior O isotope analysis. Each analysis was preceded by 30s of baseline
collection followed by 60 s of ablation and analyte signal acquisition, comprising 60 measurement
cycles of 1s integration time. Time delays between analyses ensured that the 180Hf signal returned to
background levels. Helium (1-1.5 l/min, optimised daily) carrier gas transported the sample
particles from the laser-ablation cell to a glass mixing chamber with Ar (0.8-0.9 l/min) and
sequential addition of N2 (5-6 ml/min) to improve sensitivity before entering the ICP torch.
Nine masses were simultaneously measured using faraday cups, these being 171 (Yb), 173 (Yb),
175 (Lu), 176 (Hf, Lu Yb), 177 (Hf, centre cup), 178 (Hf), 179 (Hf) and 180 (Hf ± W). Isobaric
interferences from 176Lu and 176Yb on176Hf were corrected using the measured interference-free

40

Chapter 2
isotopes of 175Lu and

171

Yb in conjunction with canonical values for 176Lu/175Lu (0.02655; Vervoort

et al., 2004) and 176Yb/171Yb=0.897145 (Segal et al., 2003) and their element-specific mass bias
factor which is a measure of mass fractionation (β, where β=ln(Rtrue/Rmeas)/ln(Ma/Mb) and R=isotope
ratios and M=atomic mass) such that:
Equations 2-1: Isobaric interference correction calculations.

∗

/

∗

/

and,
Once corrected for interference, 176Hf/177Hf was also corrected for mass bias using 179Hf/177Hftrue
(0.7325; Patchett et al., 1981) to calculate β in the same manner as for Yb and Lu. Where Yb signal
intensities permitted,
173

was calculated from the interference-free isotope pairs

Yb/171Yb=1.130172 (Segal et al., 2003). The mass bias factor for Lu (

cannot be accurately

determined from measured fractionation of Lu isotopes because 176Lu is compromised by
interference of 176Yb and 176Hf. By convention

was assumed to approximate

as these

elements are chemically similar (Kemp and Hawkesworth, 2013; Woodhead et al., 2004).
Session normalization was made using the low REE zircon Mud Tank (176Hf/177Hfsolution =0.282507
± 6; Woodhead and Hergt, 2005) reported relative to the Hf standard solution JMC, with
176

Hf/177Hf=0.282160), measured throughout each analytical session. Reported analytical

uncertainties in 176Hf/177Hf of sample zircons combine the reproducibility of Mud Tank zircon
analysed in the same session and the in-run error of the analysis. The time-resolved signals were
evaluated in order to exclude unstable signals and portions which ablated through zircons from
selected signals before processing.
Reference zircons of variably elevated (Yb + Lu)/Hf were analysed to assess the effects of the 176Yb
interference correction on 176Hf. Temora 2 with 176Hf/177Hfsolution =0.282686 ± 8 and FC1from
anorthosite of the Duluth Complex in Minnesota, USA with 176Hf/177Hfsolution =0.282184 ± 16
(Woodhead and Hergt, 2005) were analysed throughout the November to December 2015 session
and the April 2016 session. Mean176Hf/177Hf values within error of solution values indicate accurate
correction of 176Hf for 176Yb and 176Lu interferences (Table 4, Appendix A). For an additional check

41

Methods
on the accuracy of analyses, the measured 178Hf/177Hf and 180Hf/177Hf were compared with IUPAC
values of 178Hf/177Hf ~1.46729 and 180Hf/177Hf ~1.8867.
Initial 176Hf/177Hf was calculated from measured 176Hf/177Hf and 176Lu/177Hf, the Lu decay constant
(λ 176Lu =1.865×10−11 yr-1; Scherer et al., 2001; λ 176Lu =1.867×10−11 yr-1;Söderlund et al., 2004)
and U-Pb age (t) previously determined by SIMS, using the standard decay equation (Equation 22):
Equation 2-2: Decay equation for 176Lu  177Hf.

1
Calculation of εHf (εHf =(176Hf/177Hf zrc(t)/ 176Hf/177Hf CHUR(t)) – 1)*10000) allows for easy comparison
of initial 176Hf/177Hf by measuring the deviation from the reference CHUR (CHondritic Uniform
Reservoir) in parts per ten thousand. We used the CHUR(t) values calculated from a present-day
value of

176

Hf/177Hf = 0.282785 ± 11 and 176Lu/177Hf = 0.0336 ± 1 (Bouvier et al., 2008).

2.1.1.4

Trace elements in zircon by LA‐ICP‐MS

Trace element data were measured at the Advanced Analytical Centre, JCU using a Coherent
GeoLas 193 nm ArF laser connected to a Varian 820 quadrupole ICP-MS. The background was
measured for 30 or 35 s depending on zircon thickness. Samples were ablated at a 10 Hz laser
repetition rate using a laser beam energy of ∼6 J/cm2 for a total signal collection time of 75 s.
Helium (1.5 l/min) flushed the sample cell and transported particles to the Ar plasma. Spots of 23,
31, 42 or 58 µm diameter were ablated over the clearest inclusion-free and crack-free portions of
zircons. Ablation diameter was modified to maximise diameter within a particular growth domain
while excluding portions of the zircon with imperfections such as cracks and inclusions. The
particular isotope of each element and dwell time is indicated in Table 5, Appendix A. Less
abundant odd isotopes of each element were measured to avoid elemental and molecular
interference on the even isotopes.
A block of standards were measured between every 10-15 unknowns: Two analyses each of
international glass standards NIST-610 and NIST-612, and one analysis each of natural zircon
standard 91500 from a porphyroblastic syenite gneiss at Kuehl Lake, Renfrew County, Ontario,
Canada (Wiedenbeck et al., 1995) and Temora 2 were measured. NIST-610 and Temora were
measured with a 43 µm spot whereas NIST-612 and zircon 91500 were measured with a 58 µm
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spot. Thirty-four elements were measured in 97 analysed spots (96 zircons) from eight samples on
April 19, 2016 and 35 elements were measured in 74 zircons from eight samples on April 22, 2016.
The NIST-612 international glass standard was used to calculate elemental concentrations and
correct for instrumental drift using the compositions determined by Norman et al. (1996). Elemental
calibration was made by normalising to measured 29Si assuming 33 wt % SiO2 content for all
zircons. The April 29 data were split into three sessions to account for (i) a change in count
rates/sensitivity when mounts were exchanged, and (ii) bracketing sessions with similar count rates.
The April 19 data were treated as one continuous session. The precision of NIST-612 analyses at 2σ
are 2-10% for REE, Y, Sr, Nb, Hf, Ta, Th and U at the ppm concentration level, and from 3% to
11% for Sc, Ti, V and Pb. The precision and accuracy of NIST-610 analyses are 2σ are 4-14% for
REE, Y, Sr, Nb, Hf, Ta, <19% for Th and U, and from 5% to 15% for Sc, Ti, V and Pb. The
precision and accuracy of 91500 analyses are 2σ are 5-15% for REE, Y, Sr, Nb, Hf, Ta, Th and U,
except where La was below detection limits and Pr which had <40% uncertainty, and from 2% to
15% for Ti and Pb. Measured element abundances for 91500 zircons are within the recommended
ranges reported in Wiedenbeck et al. (2004).
Inclusions, especially apatite, were ubiquitous in many of the zircons analysed, and despite taking
care to avoid them by consulting high resolution imaging, inclusions were commonly encountered.
To mitigate the possibiliy of including mineral inclusions, the signal of each isotope of each
analysis was reviewed. Where obvious spikes were encountered the signal was filtered. In the cases
of the natural zircons, the best window was selected to exclude compromised portions of analyses
(typically by mineral inclusions). Mineral inclusions were most often highlighted by anomalously
high LREE, especially La and Pr, and elements such as Ca ± P ± W ± Sr ± Ti ± Nb ± V ± Sc and in
some cases Mo ± Cu. Some analyses were completely compromised by inclusions. Potential
inclusions were then investigated by evaluation of chondrite normalised REE patterns, and
checking against Ca, Sr, Ti, and P. The following criteria were used to systematically exclude
contaminated analyses: La >1 ppm is taken to reflect apatite contamination; Fe >5,000 ppm is taken
to reflect contamination by Fe oxides; Ti >50 ppm is taken to reflect contamination by Ti-(Fe-)
oxides; and Ba >8 ppm is taken to represent contamination by fluid inclusions and cracks (Lu et al.,
2016).
Table C-4 in Appendix C lists all zircon trace element results.
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2.3.

CONTOUR MAPS OF ISOTOPE AND CHEMICAL DATA

Spatial contouring of isotopic and geochemical data (Chapters 3 and 4) was accomplished using the
spatial analyst extension in ArcGIS. The natural neighbour interpolation method was employed, as
suggested by Champion and Huston (2016). The kriging interpolation technique was also explored.
Kriging uses statistical models to make predictions rather than deterministics interpolations that are
based directly on surrounding points or resulting smoothness. Kriging allows for more control by
the user, but tended to cause a strong linear warp to these data inconsistent with geology.
Natural neighbour interpolation produces a smooth approximation using a local subset of data
around a query point. Therefore, it does not infer trends in the data. The algorithm works by using
the Delaunay triangulation to assign edges between a subset of points for the point dataset (Sibson,
1981). These edges intersect at nodes, therefore, the nearest subset of data points are represented by
polygons. Then the algorithm creates a polygon (called a Voroni cell) over the point to be
interpreted, also based on the Delaunay triangulation (see Figure __ for explanatory diagram) to
create edges between data points. Weights are then assigned to the underlying polygons (created by
the Delaunay triangulation and corresponding to the points of the surrounding data) that the Veroni
cell overlaps. The weights reflect the area of overlap. This is described by Equation 2-3 (Sibson,
1981).
Equation 2-3: Natural neighbour interpolation.

,

,

,

,

,

,

Natural neighbour interpolation produced an interpolation more consistent with geology than
Inverse Distance Weighted (IDW) interpolation. The IDW method is also deterministic. It finds a
subset of the closest points and simply assigns weight by distance to the query point.
Bins were constructed for whole rock geochemical data using Jenks Natural Breaks (Jenks, 1967).
Bins were manually constructed for U-Pb and Lu-Hf isotopic data. This was done to highlight
natural meaningful geological breaks. Jenks natural breaks did not yield meaningful breaks in the
study area for isotopic data. This is because the maps were constructed using data from the whole of
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the Superior Craton. As breaks are determined by area, areas poorly represented by sampling (far
north in Ontario, including North Caribou, Hudson Bay, and much of Quebec) skewed the
distribution. For overlapping data points, the mean was used.

Figure 2-4: A schematic diagram (https://en.wikipedia.org/wiki/Natural_neighbor_interpolation) to illustrate the
principles of the natural neighbor interpolation. A voroni cell is created around each data point. The point to be
interpreted, here the black dot, is also given a Voroni cell, here the purple region. The amount of overlap with surrounding
points provides the basis for assigning the weights, here represented by the size of the green circles.

A caveat for interpolation of geological data using automated methods is that the contours produce
untrue geological pictures. The areas between data points are naturally represented as a transition
by the contouring, but this is seldom a reflection of geology. For example, consider two rock bodies
that are separated by an igneous contact, where the respective units are 10 km apart. Measured ages
return 3.0 Ga for Unit 1 and 2.7 Ga for Unit 2. The only geological meaningful ages are 3.0 and 2.7
Ga. However, the interpolation will suggest that rocks between these samples range gradationally
between 3.0 – 2.7 Ga. This is geologically false. Only measured points are real. Therefore,
interpolation of geological data is limited to the purpose of illuminating broad patterns in dataset. It
has the benefit of excluding direct human bias during the interpretation. Nevertheless, bias is
introduced by the method chosen and the parameters used. Moreover, bias is inherent in datasets.
Some bias is geological, whereas some directly reflects sampling distribution that is influenced by,
for example, accessibility.
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Chapter 3: Late Archaean geodynamic changes in
the Southwestern Superior Craton implied from
secular geochemistry of felsic intrusions
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ABSTRACT
The late Archaean (3.0-2.7 Ga) was a time of magmatic diversification globally, but the magnitude
and timing of changes are only partially constrained, and the petrogenetic processes and tectonic
triggers behind the secular variations remain unclear. This study integrates geochemical and
geochronological data in a spatial reference frame for 3.0– 2.7 Ga felsic intrusive rocks from the
Marmion terrane in the Western Superior Craton of Canada. Secular and special variations
illuminate evolving magma petrogenesis and help unravel the nature and placement of terrane
margins.
The Marmion terrane records a series of peaks in U-Pb ages and inheritance at 3.0, 2.93, 2.9, 2.82,
2.78, 2.73, and 2.69 Ga superimposed on near-continuous magmatism. Hiatuses occur from 2.89 –
2.82 Ga and 2.78 – 2.75 Ga. Felsic intrusions are tightly coupled in time and space with greenstone
belt development, requiring a tectonic mechanism able to simultaneously produce the tholeiitic
basalt – komatiitic basalt sequences and calc-alkalic felsic magmatism. Inheritance <3.0 Ga
measured within a granodiorite emplaced in the Irene-Eltrut Lakes gneisses demonstrates that
Marmion basement extends west of the current designation. Inheritance measured to 2.8 Ga within
a 2.72 Ga phase of the Atikwa batholith within the Western Wabigoon terrane suggests accretion of
the Western Wabigoon terrane to the composite Marmion – Winnipeg River terrane before 2.72 Ga.
Alternatively the Western Wabigoon is an autochthonous back arc rift with respect to the Marmion
– Winnipeg River terrane.
The data highlight two stepwise changes in chemistry within felsic intrusive rocks: at 2.75 Ga and
2.69 Ga, the latter with the appearance of sanukitoids. At 2.75 Ga, variability in major oxides
increases, and some LILE, LREE, MREE, Sr/Y and La/Lu increase. These changes can be
attributed to a greater melting depth and imply a thicker crust and lithosphere and/or may reflect a
change in subduction angle or onset of subduction. With the intrusion of a sanukitoid suite at ~2.69
Ga, there is an increase in Mg#, MgO, FeO, P2O5, Ni, Co, Cr, Sc, LREE and MREE, and steeper
HREE. The high abundances of both compatible and incompatible elements suggest a contribution
from a metasomatised mantle.
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3.1.

INTRODUCTION

The Superior Craton is the largest contiguous block of Archaean crust in the world. As such,
geologic, geochemical, isotopic and structural characterisation of this craton holds promise for
painting a coherent picture from its inception to growth, assembly and cratonisation. Perhaps the
greatest constraint on the cratonic evolution has been provided by the advent and ongoing
application of U-Pb geochronology, which provides the fundamental temporal context for
stratigraphic, structural, metamorphic and isotopic studies. Geochronological and isotopic studies in
the Superior Craton have highlighted crustal domains ('terranes') with distinct magmatic histories
and basement signatures (e.g., Stott, 2011; Tomlinson et al., 2004). However, many isotopically
defined terrane boundaries are geologically cryptic. For example, the Wabigoon superterrane of the
Western Superior Craton comprises four isotopically distinct terranes with internal margins that
have been overprinted by younger magmatism and/or deformation. The nature of these terrane
boundaries therefore remains enigmatic. Clarifying terrane relationships bears much on geodynamic
models of the Wabigoon superterrane and the Superior Craton.
The present study investigates the crustal evolution and nature of the margins of the Marmion
terrane in the south-central Wabigoon superterrane using the secular chemistry of granite-gneiss
complexes. Despite its relatively small size (13900 km2), the Marmion terrane records a protracted
and near-continuous history of magmatism and greenstone belt formation from 3.0 Ga across the
Meso-Neoarchaean boundary to cratonisation at <2.7 Ga. Consequently, it is an ideal place to
evaluate the temporal evolution of igneous geochemistry, to test models for granite-greenstone
associations, and to consider correlations in lithosphere ages between and within terranes.
Previous work in the Western Superior Craton alluded to a change in the chemistry of granitic rocks
with time and in space. Ermanovics et al. (1979) noted a secular evolution from sodic to potassic
magmatism in Neoarchaean felsic intrusive rocks of the Western Wabigoon – Winnipeg River area,
whereas Ayres and Cerny (1982) stressed a spatial control on chemistry of intrusive rocks by the
crust into which the granites were emplaced. Beakhouse and McNutt (1991) interpreted the
observed secular and spatial changes as petrogenetic shifts from earlier melting of basalt at depth to
later infracrustal melting in a subduction-accretionary setting. Corfu and Stone (1998) also
interpreted a progressive shift within the Berens River area of the north-western Superior craton
from early tonalite to granodiorite and then to granite, culminating in late granite and monzodiorite,
in the framework of convergent margin tectonics. Only one Mesoarchaean rock was represented by
these studies, and secular changes across the Mesoarchaean remain unclear.

51

Secular Geochemistry
This contribution presents a spatially constrained, geochemical – chronological picture of felsic
intrusive rocks of the southwestern Superior Craton in order to provide a window into the tectonic
processes and differentiation mechanisms that generated them. Unravelling the local geochronology
and geochemistry of the granites in the study area sheds light on some of the questions at the heart
of Archaean geology such as the conundrum of bimodal chemistry of granite-greenstone belts, the
significance of the punctuated magmatic record, and the timing and tectonic significance of
geochemical shifts. Specific aims include compiling a comprehensive timeframe of magmatism,
identification of temporal and spatial periods of reworking preserved in inherited zircons, and
elucidating relationships to the lower crust and mantle lithosphere. Proximal areas of neighbouring
crust, including the Winnipeg River, Eastern Wabigoon, Western Wabigoon and Wawa terranes as
well as the Quetico basin, were also sampled to better understand the nature of the designated
terrane margins. Data from a parallel study of the Wabigoon superterrane (Lu et al., unpublished
data) is integrated in order to afford comparisons to surrounding terranes. The U-Pb geochronology
for this study provides time constraints for subsequent Hf and O isotopic studies presented in
Chapter 4. In this chapter, geochemical data is applied in a general sense to evaluate broad
comparisons between lithological groups and over time, but is incorporated as part of detailed
petrogenetic investigations in Chapters 5 and 6.

3.2.

GEOLOGICAL SETTING

In the Western Superior Craton, subparallel and east-west trending 100-400 km-wide volcanoplutonic terranes and superterranes (comprised of previously amalgamated terranes) are separated
by linear, highly metamorphosed sedimentary basins stretching >1000 km (Figure 3-1). The
prominent alternating pattern led Langford and Morin (1976) to develop a model of cratonisation
through amalgamation of magmatic arcs with intervening accretionary prisms. A plate tectonic
understanding has since become the reigning paradigm for the Superior Craton (Card, 1990;
Percival and Williams, 1989; Stott, 1997). Non-plate tectonic models involving mantle plumes
and/or mantle convection without subduction have also been proposed (Bedard et al., 2003;
Hamilton, 1998). Irrespective of the mechanism, structural and geophysical evidence support
horizontal assembly during the Kenoran Orogeny (Bédard and Harris, 2014; Percival et al., 2006;
Percival and Williams, 1989; White et al., 2003). Tectono-thermal chronology indicates that the
broader Kenoran Orogeny occurred as several accretion events from north to south, where Paleo- to
Mesoarchean fragments – the Hudson Bay terrane, North Caribou superterrane, composite
Winnipeg River-Marmion terrane, and the Minnesota River Valley terrane – were progressively
assembled over ~10 m.y periods (Percival et al., 2006 and references therein). The following
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paragraphs summarise the significant magmatic-metamorphic features of the Western Superior
Craton.
3.2.1. Hudson Bay terrane
The Hudson Bay terrane to the far north (Figure 3-1) comprises 3.2-3.1 Ga and 2.85-2.81 Ga felsic
magmatism with sparse greenstone belts (Böhm et al., 2003; Skulski et al., 2000). Evidence for an
Eo - Paleoarchaean history is provided by detrital zircons <3.9 Ga in paragneiss with Nd model
ages to 4.2 Ga (Böhm et al., 2003) together with a 3.54 Ga orthogneiss, <3.8 Ga Nd model ages in
orthogneiss (Böhm et al., 2000) and >3.5 Ga inherited zircons (Skulski et al., 2000). Metamorphism

Figure 3-1: Geological map of the Superior Craton in Ontario with shaded magnetic relief. Black outline indicates extent
of Figure 3-2. Geology and shaded magnetic relief from Ontario Geological Survey (2011), terrane divisions from Stott
(2011). The Wabigoon superterrane is indicated between the English R. and Quetico basins. Abbreviations: KSZ –
Kapuskasing structural zone, W-A – Wawa-Abitibi. Inset shows the simplified geology map of the North American
continent with the location of the study area highlighted by the white square. Tectonic and map of North America from
(Barton et al., 2003).
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at 2.74 Ga (Skulski et al., 2000) is postulated to record an early deformation event, followed by
amphibolite grade metamorphism at 2.68 and 2.61 Ga (Böhm et al., 2003), an interpreted result of
accretion with the North Caribou superterrane.
3.2.2. North Caribou terrane
In an accretionary model, the North Caribou terrane is considered to be the nucleus against which
the Hudson Bay terrane from the north, and the remaining fragments to the south were accreted
(Thurston et al., 1991). The North Caribou terrane records felsic to intermediate intrusive
magmatism and komatiitic-basaltic greenstone belt activity from 3.0 to 2.7 Ga. It has been
subdivided into domains and terranes which have been variably correlated with each other, and
which retain Nd and Hf isotopic signatures indicative of reworking 3.0 Ga material (Corfu and
Stott, 1996; Henry et al., 2000; Hollings et al., 1999; Stevenson et al., 2009; Wyman et al., 2011).
Both the northern (Island Lake and Oxford-Stull domains) and southern (Uchi domain/terrane)
margins have a greater ratio of greenstone belts to granitic plutons compared with the core,
formerly the Berens River and Sachigo subprovinces. Seismic lines image north dipping reflectors
in the south and south dipping reflectors in the north (White et al., 2003). These reflectors have
been interpreted as a doubly verging orogen with the North Caribou in an upper plate setting during
collision with the Hudson Bay Terrane and with the composite Winnipeg River – Marmion terrane
(Percival et al., 2006). An alternative interpretation involves a crustal scale synclinorium, which is
supported in the south (over the north-dipping reflectors) by southward increases in paleopressures
(Hynes and Song, 2006).
3.2.3. English River basin
The southern margin of the North Caribou terrane is in fault contact with the turbiditic English
River basin. English River greywackes contain detrital zircons from 3.25 to 2.70 Ga (Corfu et al.,
1995; Stott et al., 2002) and are intruded by 2.70 Ga plutons (Corfu et al., 1995). The 2.713 to 2.701
Ga North Caribou – Wabigoon collision (Stott and Corfu, 1991) is thought to be ~
contemporaneous with sedimentation within the English River basin. Basin margins grade from
greenschist facies inward to high T and low P migmatitic amphibolite and to central granulite facies
at ~750°C and 0.6 kbar (Harris, 1976; Perkins and Chipera, 1985). Consequent peraluminous
granites abound in amphibolite and granulite facies portions of the belt. Granulite metamorphism
and concomitant peraluminous granite emplacement are dated at 2.69 Ga, followed by later
metamorphism and pegmatite intrusion at 2.68 and 2.67 Ga (Corfu et al., 1995). The southern
margin is in faulted contact with the Wabigoon superterrane (Card, 1990).
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3.2.4. Wabigoon superterrane
The Wabigoon superterrane comprises four isotopically distinct terranes: the Paleoarchaean
Winnipeg River, Mesoarchaean Marmion, and Neoarchaean Western and Eastern Wabigoon
terranes (see Figure 3-1). Whereas sharp geological contrasts mark external boundaries of the
Wabigoon superterrane, much of the internal boundaries (defined by Nd isotopes) are cryptic in
geology and geophysics and are overprinted by post-tectonic emplacement of large, multiphase
granitic batholiths (Figure 3-2). The Wabigoon superterrane was initially subdivided into a central
diapiric axis (Edwards and Sutcliffe, 1980) flanked by lower metamorphic grades and with
volcanic-dominated geology to the east and west. Neodymium isotopic work by Henry et al. (2000)
and Tomlinson et al. (2004) was instrumental in establishing the distinct histories within the
Wabigoon superterrane that U-Pb geochronology and metamorphism hinted at, and provided a
means to place terrane divisions on a map.
Some uncertainty remains as to the placement and nature of internal terrane margins, but the current
understanding suggests that the plutonic 3.4 Ga Winnipeg River terrane (Beakhouse, 1991)
stretches across the northern margin, and consists largely of Mesoarchaean crust reworked by
Neoarchaean granitic plutonism, typically <2.73 Ga (Tomlinson et al., 2004). The oldest rocks of
the Wabigoon superterrane are located within the 3.32 to 3.05 Ga Tannis Lake (Davis et al., 1988;
Melnyk et al., 2006) and 3.26 to 3.17 Ga Cedar Lake (Corfu, 1988; Melnyk et al., 2006) and 3.08
Ga Caribou Lake (Davis et al., 1988) tonalite gneisses in the northwest, in an area with a paucity of
greenstone belts thought to represent the middle crust (Beakhouse and McNutt, 1991). Hafnium
isotopic signatures in zircons from the Tannis Lake and Caribou Lake gneisses indicate reworking
of Paleoarchaean crust (Davis et al., 2005). Nd model ages of up to 3.4 Ga distinguish the Winnipeg
River terrane from the Marmion terrane, which yields Nd model ages <3.02 Ga (Davis and Jackson,
1988; Tomlinson et al., 2004).
The <2.8 Ga greenstone-dominated Western Wabigoon terrane (Henry et al., 1998; Henry et al.,
2000) contains mostly 2.74 – 2.72 Ga tholeiitic to calc-alkaline volcanism (Corfu and Davis, 1992;
Davis et al., 1985; Davis and Trowell, 1982; Stone et al., 2010) interspersed with approximately
contemporaneous large TTG batholiths (Blackburn et al., 1985; Tomlinson et al., 2004). Several
plutonic rocks are dated at ~2.71 Ga (Beakhouse et al., 1988; Corfu, 1988; Davis and Smith, 1991).
The Western Wabigoon terrane is thought to have developed either as an ensialic rift (Blackburn et
al., 1991), or oceanic crust formed separately from the Marmion and Winnipeg River terranes
(Davis and Smith, 1991; Melnyk et al., 2006; Percival and Helmstaedt, 2004; Percival et al., 2004;
Tomlinson et al., 2004). Sanborn-Barrie and Skulski (2006) interpret collision with the Winnipeg
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Figure 3-2: Wabigoon superterrane showing sample locations. Terrane boundaries are from Stott (2011), shown in solid
black lines. Thick dashed line to the west indicates proposed placement of the Marmion – Western Wabigoon terrane
boundary. Thinner dashed lines indicate the cryptic structure internal to the Marmion terrane imaged by whole rock
chemistry just west of the Hillyer domain and the WOB, the Marmion shear zone (MSZ) and Lumby Lake fault.
Abbreviations for intrusions in black lettering from west to east: TLG – Tannis Lake gneiss, LLB – Lount Lake batholith,
DB – Dryberry batholith, AB – Atikwa batholith, CLG – Cedar Lake gneiss, IELG – Irene-Eltrut Lakes gneisses EIC –
Entwine intrusive complex, WOB – White Otter batholith, DG – Dashwa gneisses, RLG – Raven Lake Gneiss, ILB –
Indian Lake batholith, DS – Diversion stock, NLP – Norway Lake pluton, VNS – Van Nostrand stock, MIC – Marmion
intrusive complex, SLP – Scotch Lake pluton, BLS – Brule Lake stock, GLP – Greenwater Lake pluton, SLS – Sunbow
Lake pluton and MB – Muskeg batholith; Abbreviations for greenstone belts in white lettering from west to east: BL –
Bending Lake, PL – Perch Lake, SR – Steep Rock, FL – Finlayson Lake, PL – Phyllis Lake, G – Graham, LL – Lumby
Lake, StL – Sturgeon Lake, SL – Savant Lake, LDML – Lac Des Milles Lacs, Sh – Shebandewan, HL – Heaven Lake,
GL – Garden Lake, OL – Obonga Lake, LDI – Lac Des Illes, CL – Caribou Lake (also location of Caribou Lake gneiss),
TL – Toronto Lake, OTL – Onaman - Tashota, BG – Beardmore - Geraldton. The location of the Jutten and Vanessa
assemblages are indicated. Yellow and green diamonds indicate samples analysed for U-Pb during this study and by Lu et
al. (unpublished) respectively.

River terrane at 2.703 – 2.696 Ga during the deposition of the Warclub and Ament Bay sediments
(Figures 3-2, 3-3). However, inherited <2.8 Ga zircons within the 2.71 Ga Snowshoe batholith
(west of Figure 3-2) in the northwest and Mesoarchaean zircons in <2.71 Ga sedimentary rocks
(Davis and Smith, 1991) support amalgamation before a 2.713 +0.013/-0.002 Ga tonalite dike
lacking D1 deformation and concomitant with deformation events recorded in the Winnipeg River
terrane as proposed by Percival et al. (2004). The proposed cryptic suture lies between the <2.88 to
>2.75 Ga basalt-dominated Jutten and 2.93 Ga Vanessa assemblages and 2.78-2.72 Ga oceanic
crust to the west within the eastern Savant and Sturgeon Lakes greenstone belts respectively
(Sanborn-Barrie and Skulski, 2006). Within the Jutten assemblage, basal conglomerate sits
unconformably on Winnipeg River basement. Overlying quartzite contains 3.6 – 2.9 Ga detrital
zircons interpreted to be sourced from the Winnipeg River terrane (Davis and Moore, 1991), and
the succession is interpreted as a continental margin sequence (Sanborn-Barrie and Skulski, 2006).
The greenstone-dominated Eastern Wabigoon terrane in the southeast records <2.9 Ga magmatism,
inheritance and Nd model ages, and may have reworked Marmion crust (Tomlinson et al., 2004) or
developed separately . The current designation (Stott, 2011) places the 3.0-2.92 Ga stratigraphy of
the Toronto and Tashota assemblages within the Winnipeg River terrane, and the remainder of the
Onaman-Tashota greenstone belt within the Eastern Wabigoon terrane. Central volcanism occurred
at 2.78-2.769, 2.738 and 2.734-2.722 Ga within the respective Onaman, Willet, Elmherst-Rickaby
and Metcalfe-Venus assemblages (Stott et al., 2002; Tomlinson et al., 2004).
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Figure 3-3: Stratigraphic columns for the greenstone belts of the Wabigoon superterrane, organised by terrane. Greenstone
belts of the North Caribou terrane are included for comparison by domain rather than greenstone belt. Age references for
the Wabigoon superterrane are included with Supplementary Table 3-4. Age compilation for greenstone belts of the North
Caribou terrane was not exhaustive (Beakhouse et al., 1999; Corfu and Stone, 1998; Corfu and Stott, 1993; Corfu et al.,
1998; Corfu and Wallace, 1986; Sanborn-Barrie et al., 2001; Tomlinson et al., 1998)

Post tectonic 2.698 – 2.685 Ga sanukitoid (Buse et al., 2010; Davis et al., 1990; Davis et al., 1989;
Stern and Hanson, 1991; Stone, 2010a and references therein) and 2.69 – 2.67 Ga monzogranitegranodiorite (Stone, 2010a and references therein; Stone et al., 2010; Whalen et al., 2004b) intrude
across the Wabigoon superterrane. Synchronous late pull-apart basins with 2.69 to >2.85 Ga
synorogenic coarse clastic sediments were developed in the central axes of greenstone belts and
along major faults (Davis et al., 1989; Stone, 2010a) during collision with the Wawa terrane during
the 2.695 – 2.680 Ga Shebandowan orogeny (Corfu and Stott, 1998; Lodge et al., 2013).
Alternatively, late Timiskaming-type sediments were deposited in late subsiding basins concurrent
with vertical tectonism (Lin et al., 2013; Parmenter et al., 2006).
3.2.5. Quetico basin
The steep dextral Quetico fault marks the boundary between the Marmion – Western Wabigoon
greenstone belts and the Quetico basin turbidites, with a strike length >300 km (Poulsen et al.,
1980). Farther east, southward-dipping volcanic rocks of the Eastern Wabigoon terrane are
interpreted to be tectonically interleaved with sediments of the Quetico basin (Devaney and
Williams, 1989; Lafrance et al., 2004).
A local provenance from the north is postulated for the Quetico basin turbidites based on subangular zircons, bimodal quartzofeldspathic and komatiitic basalt detritus (Valli et al., 2004) and
prominent age peaks at 3.0 and 2.7 Ga (Davis et al., 1990). Deposition is constrained by zircon ages
from 2.698 – 2.689 Ga (Fralick et al., 2006) and the 2.688 Ga Sapawe Stock (Davis et al., 1990).
Locally preserved channels, graded beds and dewatering structures in the Quetico basin face
northwards (Percival, 1989), but imbricated panels young southward (Davis et al., 1990). Like the
English River terrane, high T and low- to medium-P metamorphism of the Quetico basin is
symmetrical with greenschist facies at the margins and up to granulite facies in the centre (Pan et
al., 1998; Percival, 1989; Percival and Williams, 1989). Metamorphism reached amphibolite
conditions soon after deposition, at ~2.69 –2.67 Ga (Pan et al., 1998; Valli et al., 2004) synchronous
with 2.67 Ga S-type granitic intrusions (Pan et al., 1998), and granulite metamorphism at 2.65 Ga
(Pan et al., 1998). Although an accretionary prism interpretation is favoured for the Quetico basin
(Fralick et al., 2006; Pan et al., 1998; Percival, 1989; Williams, 1991), the low P metamorphism
remains puzzling. However, local relict kyanite and staurolite provide evidence for an earlier
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medium P, low T event (670-730 MPa, 500-560°C), thought to be related to Barrovian-type
metamorphism prior to the late high T event (Pan and Fleet, 1993; Pan and Fleet, 1999).
3.2.6. Wawa terrane
To the south, the contact with the Wawa-Abitibi terrane has been interpreted as an unconformity
(Fralick et al., 2006) or a thrust fault (Williams, 1991). Herein the Wawa terrane refers to rocks
west of the Kapuskasing structural zone, a crustal section tectonically exhumed in the early
Proterozoic (Percival and West, 1994). Although thought to be continuous with the Abitibi terrane,
the Wawa terrane contains older rocks and evidence for interaction with an older basement. In
contrast, the Abitibi is largely isotopically juvenile with rare inheritance to 2.93 Ga and no evidence
for interaction with older substrate (Corfu and Noble, 1992). The Wawa terrane contains an early
2.92 Ga plutonic event (Moser, 1994), followed by paired 2.89-2.88, 2.75-2.745, 2.73-2.72, 2.701,
2.690 Ga intrusive and extrusive magmatism (Corfu and Stott, 1986; Corfu and Stott, 1998; Lodge
et al., 2013; Turek et al., 1992). Sedimentary rocks of the Quetico basin locally extend into the
Wawa terrane along the boundary (Fralick et al., 2006). Intrusions of sanukitoid plutons in the
Wawa terrane are younger than those of the Wabigoon by ~5 m.y.
3.2.7. Minnesota River Valley terrane
The Minnesota River Valley terrane (<3.6 Ga; Card, 1990; Goldich and Fischer, 1986; Satkoski et
al., 2013) is separated from the Wawa terrane by the enigmatic Great Lakes Tectonic Zone, a
surmised thrust fault (Percival et al., 2006). At 3.524 – 2.604 Ga (Bickford et al., 2006), some of the
oldest rocks of the Superior Craton are located here and themselves record an earlier history with
Hf isotopes in zircons ranging from εHf(3.5 Ga) = 1.9 to -2.6 (Satkoski et al., 2013).
3.2.8. Geology of the Marmion terrane
The Marmion terrane records the most complete spectrum of Meso- to Neoarchaean ages across its
greenstone assemblages and plutonic rocks. Segmented, arcuate, bifurcating and tapered greenstone
belts of the Marmion are largely 3.02 – 2.82 Ga (Buse et al., 2010; Davis and Jackson, 1988;
Fralick and King, 1996; Stone et al., 1992; Tomlinson et al., 1999). Mesoarchaean basalt-komatiite
sequences contain minor intercalated felsic to intermediate volcanic horizons, and clastic and
chemical sedimentary rocks. Greenstone belts are concentrated along the margins of the 3.0 Ga
Marmion intrusive complex (Davis and Jackson, 1988), a large multiphase TTG batholith stretching
over 100km from Atikokan to east of Lac Des Milles Lacs (Figure 3-2). Greenstone belts also wrap
around the 2.96 – 2.89 Ga Dashwa gneisses (Davis, 2009; reported in Stone, 2010b), in a dome-like
structure, and are concentrated along the southern margin of the terrane in contact with mylonite of
the Quetico Fault. The Neoarchaean volcanism that dominates other terranes of the Wabigoon is
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restricted to the southern margin of the Marmion terrane within the Perch Lake, Steep Rock and
Lac Des Milles Lacs greenstone belts (Figure 3-2; Stone, 2010a and references therein).
The relationships of greenstone belts to the surrounding TTG and to each other remain unclear.
Recent models, based on lithofacies relationships of the Lumby Lake, Finlayson Lake and Steep
Rock Lake greenstone belts surrounding the Marmion intrusive complex, include (i) unconformable
deposition of various assemblages on TTG basement of lithofacies with distinct prehistories, which
were subsequently tectonically amalgamated (Buse et al., 2009; Stone, 2007; Tomlinson et al.,
1999), (ii) plume-arc interaction to account for the plateau-like basaltic komatiite and calc-alkaline
TTG magmatism (Hollings and Wyman, 1999), and (iii) growth of an oceanic plateau where TTG
resulted from the melting at the base (Fralick et al., 2008). The latter two models call for subsequent
deformation resulting in fault-dissected synclinal geometry of previously-continuous assemblages.
Multiple generations of mafic dikes and sills intrude all lithologies, but are most conspicuous where
they intrude TTG complexes (Figure 3-4A). Within the Marmion intrusive complex, many of the
mafic dikes are cut by younger TTG phases. There is a particularly high abundance of dikes
proximal to contacts with greenstone belts, and where observed, with the exception of the Steep
Rock belt, all contacts are intruded by a mafic or TTG dike or stock, insomuch that the nature of the
original contact is no longer observable. The base of the Steep Rock greenstone belt is an exception,
where spectacularly-preserved conglomerate channels eroded into weathered TTG basement (Wilks
and Nisbet, 1988). Here, a large number of mafic dikes are truncated at the erosive unconformity,
constraining their age to at least >2.78 Ga. Baddeleyite from gabbro cutting Marmion tonalite
gneiss was dated at 3.00 Ga (Davis, 2008; reported in Stone, 2010a) and a gabbro dike near the Lac
Des Milles Lac greenstone belt was dated at 3.01 Ga (Hamilton et al., 2007; reported in Stone,
2010).
The Marmion terrane records greenschist to upper amphibolite facies metamorphism. Greenstone
belts grade to amphibolite at margins, but narrow belts and slivers such as the Graham and Phyllis
Lake belts in the north, are completely at amphibolite facies (Stone, 2010a). The Irene-Eltrut Lakes
gneisses in the west contain ~100 – 1000 m wide mafic amphibolite slivers thought to be
supracrustal remnants (Stone, 2010a).
Major faults of the area include the east-west striking Quetico Fault and central Lumby Lake Fault,
and several north-easterly striking structures, the most prominent of which is the Marmion Shear
Zone in the central Marmion terrane. The Marmion shear zone is long-lived, having been active
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before the intrusion of the Diversion Stock, which intruded along its length, and then reactivated
during the Kenoran orogeny (Backeberg et al., 2014).

3.3.

METHODS

Detailed analytical methods for whole rock geochemical and in-situ U-Pb geochronological
analyses are presented in Chapter 2. The following is an abbreviated description. Collected samples
were trimmed and prepared for polished thin sections, whole rock geochemistry and zircon
separation. Whole rock geochemical analyses were carried out by either (i) Activation Laboratories
in Canada using ICP-MS of fused disks except for FeO which was analysed by wet chemistry, or
(ii) Geoscience Laboratories in Sudbury, Ontario, Canada using ICP-MS of a multi-acid digest or
XRF, except for Au and PGE which were analysed by fire assay.
Mineral separation was done by Apatite to Zircon Inc. or Geotrack International Pty. Ltd. Zircons
picked from the non-magnetic fraction were cast in epoxy resin with standards before polishing to
expose their near mid-point. Cleaned mounts were gold-coated (40 nm) and imaged on a polarizing
microscope, and using cathodoluminescence and back scattered electron techniques on the
TESCAN scanning electron microscope at the Centre for Microscopy, Characterisation and
Analysis (CMCA), University of Western Australia (UWA). Representative high quality grains
were analysed for in-situ (U-Th)-Pb isotopes using the SHRIMP II at the John de Laeter Centre of
Mass Spectrometry, UWA. SQUID 2.50 and Isoplot 3.71 Microsoft Excel add-ins (Ludwig, 2009)
were employed in data reduction. Table 3-1 summarises analytical conditions and reproducibility of
standard reference materials.

3.4.

RESULTS

3.4.1. Field, petrographic and geochemical context of samples
Samples taken for zircon geochronology covered a range of rock types in the study area. In broad
terms, intrusive samples include TTG to granite, and post-tectonic granodiorite-granite and dioritemonzonite of the sanukitoid suite. Two felsic to intermediate volcanic rocks were also sampled for
geochronology.
3.4.1.1. TTG

This study follows the convention of previous workers in the Western Superior Craton (e.g.
Beakhouse, 2007; Corfu and Stone, 1998; Stone, 2010a) by including granitoid rocks across a
continuum of compositions that overlaps partly with the strict geochemical definition of TTGs (e.g.
Moyen and Martin, 2012). Accordingly, TTG-type rocks underlie ~40% of the study area
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(Beakhouse, 2007; Stone, 2010a), occurring as discrete plutons and in large batholitic complexes
such as the Marmion intrusive complex, and Dashwa, Raven Lake, and Irene-Eltrut Lakes gneisses.
The rocks are grey to white, medium-grained and commonly foliated to gneissic and gradational to
migmatite (Figure 3-4C,D, 5A,B). Modal mineralogy of plagioclase-quartz-K feldspar forms a
continuum between tonalite through granodiorite to granite where biotite tonalite is more common
than (biotite-) hornblende tonalite and granodiorite. Gneissic varieties can range to quartz diorite or
diorite and some retain inclusions of mafic rocks (Figure 3-4B). There is between 5-20% mafic
minerals in foliated varieties, whereas the heterogeneous gneiss and migmatite display a larger
range in modal composition, but on average extend to higher contents of mafic minerals (~20%).
Accessory phases include magmatic epidote, titanite, apatite, Fe-Ti oxides and zircon. A few
samples have local alteration of biotite to epidote ± chlorite and alteration of feldspars to sericiteepidote-carbonate.
Rocks sampled from the TTG suite are siliceous (64-75 wt % SiO2), calc-alkaline to calcic,
metaluminous to weakly peraluminous (A/CNK ~ 0.9 to1.15), magnesian (Mg# 0.3 – 0.53) and
sodic. Contents of Al2O3 vary between 13.5 – 16.7 wt % (Figure 3-6). Compared to the other felsic
to intermediate intrusive rocks of the study area, TTGs have moderate rare earth element (REE)
contents, with variably steep light REE (LREE: La to Sm; La/Sm = 2.3 - 12) and a large range in
heavy REE pattern (HREE: Gd to Lu; Dy/Yb = 0.9 – 2.7) from steep to concave to flat (Figure 3-7).
Europium anomalies (Eu/Eu*) are variable between weakly negative and distinctly positive (<2.5
but mostly <1.5). Large ion lithophile element (LILE) abundances are lower than post-tectonic
suites. High field strength elements (HFSE) are variable, but negative Nb-Ta and Ti anomalies
persist through all samples. Pre-tectonic granites form a continuum with TTG, but they also share a
few of the geochemical characteristics of the post-tectonic granite-granodiorite (GG) suite such as
higher Rb/Sr and lower Eu/Eu*.
3.4.1.2. Post‐tectonic Granite‐Granodiorite

Foliated to massive to K-feldspar porphyritic granite, monzogranite to monzodiorite and
granodiorite underlies ~30% of the study area (Figures 3-4E, 5F). These rocks occur as large syn
(2.70 – 2.69) to post-tectonic (<2.69 Ga) batholiths such as the White Otter, Indian and Muskeg
batholiths. They are medium to coarse-grained, pink to white, and generally more leucocratic than
TTG. Early-formed, distinctly zoned plagioclase is common, occasionally with orthoclase
phenocrysts. More commonly, late microcline is the dominant K-feldspar, and infills spaces as well
as forms large oikocrysts enclosing a variety of minerals. Mafic minerals are dominated by biotite,
with lesser hornblende. Epidote, apatite, titanite, Fe-Ti oxides, zircon and allanite are common
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Figure 3-4: Field photos from the Marmion terrane. A. mafic dikes cutting tonalite gneiss exposed in a road cut north of
the eastern Steep Rock greenstone belt on Highway 622. B. Mafic raft in foliated tonalite south of the Lumby Lake
greenstone belt near the Sapawe Road. C. Marmion tonalite gneiss with derived leucosome from amphibolitic bands. D.
Dashwa tonalite gneiss west of the Finlayson Lake greenstone belt on Highway 622. E. K-feldspar porphyritic hornblende
granodiorite of the Scotch Lake pluton. F. Diorite inclusions in monzodiorite of the Van Nostrand Lake sanukitoid stock
along the East Pinecone Road. G. Late microcline-porphyritic phase of the Van Nostrand Lake stock, East Pinecone Road.

accessory phases. Where occurring as post-tectonic intrusions, plutonic and supracrustal xenoliths
are common.
Granite – granodiorite (GG) suites are alkali-calcic, magnesian (Mg# 0.15 to 0.5) and more
peraluminous than TTG and sanukitoids (A/CNK <1.2). A combination of high SiO2, K2O, Th, U,
Rb and LREE and low CaO, MgO, P2O3 and compatible transition elements distinguishes the
granite – granodiorite suite. These rocks also extend to higher Rb/Sr and Nb/Nb*, and lower
Eu/Eu* than the TTG and sanukitoids. Also, unlike the sanukitoid suite, but like the TTG suite, GG
rocks do not form a coherent trend of increasing La/Sm with SiO2 but rather scatter in an opposite
trend, suggesting they are not directly related to the sanukitoid suite by differentiation as proposed
by Whalen et al. (2004b).
3.4.1.3. Post‐tectonic Sanukitoid

The sanukitoid suite is post to syn-tectonic, forming intrusive complexes <30x10 km characterised
by a wide compositional range in phases, and a distinctive mineralogy reflecting the abundance of
both compatible and incompatible trace elements. Sanukitoid rocks range from diorite to
monzogranite within a single complex, although not all phases are present in all complexes.
Endmembers can be linked by fractional crystallisation (Stern and Hanson, 1991). Compared to
TTG, there is a distinctly higher ratio of K-feldspar – most often microcline – to plagioclase, most
evident in primitive varieties. Pyroxene is an early crystallised phase, followed by Fe-Ti oxides,
plagioclase and apatite (e.g. Figure 3-5H). Hornblende commonly occurs as coronas around
corroded pyroxene cores, which may be mantled in turn by biotite with increasing silica. Monzonite
to monzodiorite phases may contain rounded to angular ultramafic to dioritic enclaves (e.g. Figure
3-4F). Titanite is a ubiquitous accessory phase, along with epidote and zircon. Late-crystallised
microcline in evolved endmembers is typically poikilitic and megacrystic, containing euhedral
crystals of plagioclase, titanite and zircon (Figures 3-4G, 3-5G). Coeval igneous-textured mafic to
ultramafic inclusions are abundant, and contemporaneous pyroxenite and gabbro are found within
and nearby. Intrusion margins also contain country rock xenoliths.
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Figure 3-5: Petrographic images of representative samples. A. 3.015 Ga amphibolite facies banded tonalite gneiss from
the Marmion intrusive complex (WS-36A). B. 2.999 Ga granodiorite from the Marmion intrusive complex with elongate
zircons typically within feldspars (WS-37B). C. 2.974 Ga quartz porphyritic rhyolite tuff from the northern Lumby Lake
belt (WS-56D). D. 2.931 Ga biotite feldspar-porphyritic granodiorite from the Dashwa gneisses west of the Finlayson
Lake greenstone belt (WS-38C) with equant zircons in feldspars. E. 2.785 Ga biotite tonalite gneiss from the eastern
Marmion intrusive complex. F. 2.691 Ga biotite-epidote foliated tonalite from the Hillyer domain of Stone (2010a),
zircons in biotite (WS-44C). G. 2.688 Ga monzogranite from the Eye-Dashwa sanukitoid stock with zircon and titanite
within microcline. H. 2.685 Ga pyroxene-hornblende-biotite monzodiorite of the Entwine sanukitoid intrusive complex
with interstitial zircons (WS-49B). Mineral abbreviations: qz – quartz, pl – plagioclase, kfs – K feldspar, fs – feldspar, mc
– microcline, px – pyroxene, hb – hornblende, bt – biotite, ms – muscovite, ep – epidote, carb – carbonate, zrc – zircon, ti
– titanite, po - pyrrhotite.

Sanukitoids are metaluminous (A/CNK = 0.6 to 1.08) and alkali-calcic, with a calc-alkalic
differentiation trend and high Mg#’s (<0.72) (Figure 3-6). The hallmark chemistry of sanukitoid
magmatism in the study includes a large range in SiO2 (55 – 71 wt%), and high compatible trace
elements Ni, Cr and V, elevated P2O3, LILE (Ba, Sr, K, Rb) and LREE with steep REE and HREE.
Consequently, sanukitoids have very high Sr/Y for a given Y or SiO2 compared to the TTG and GG
of the study area. Eu anomalies are typically ~1 or weakly negative but are positive in related
anorthositic phases. In spite of the large range in rock composition, the incompatible element
patterns of sanukitoid intrusions studied are tightly grouped, with deep troughs for Ta-Nb and Ti
and variable relative depletions in Zr-Hf. Their coherence on multi-element diagrams contrasts with
comparative scatter in TTG and GG suites. Compared to TTG and GG, sanukitoids also have much
higher Be, W, PGE, Au, Tl and distinctly lower Zr/Zr* and Nb/Nb*.
3.4.1.4. Felsic to intermediate volcanic rocks

Rhyolite to dacite horizons are scattered throughout greenstone belts in the Marmion terrane, but
are most common in the Lumby Lake and Lac Des Milles Lacs belts north and south of the
Marmion intrusive complex (Figure 3-2). Felsic to intermediate volcanic horizons tend to be
deformed and carbonate-sericite altered, and may be intercalated with exhalative sulphides, but
commonly retain primary volcanic textures characteristic of ash, crystal and lapilli tuffs (Figure 35C). Rocks along the south margin have been extremely tectonised during 2.7 Ga transpression
concentrated along the Quetico fault, but retain pyroclastic textures. A quartz crystal dacite tuff
along Gargoyle Lake in the Lumby Lake belt and a rhyolitic tuff within the western Finlayson belt
were sampled for geochronology. Both samples were metamorphosed to amphibolite facies and
retain a pervasive foliation overprinted by a spaced cleavage.
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Figure 3-6: Select plots of whole-rock geochemistry of samples that also have reported geochronology. Plots A, B and C
from Frost et al. (2001) classification scheme for granitic rocks. A. Plot of FeOt/(MgO+FeOt) versus SiO2 showing all
samples are magnesian. B. Diagram of the modified alkali lime index. C. Aluminum saturation index. D. R1-R2 plutonic
classification diagram from De la Roche et al. (1980). E. AFM diagram showing that all sampled suites follow a calcalkaline differentiation trend. Curves from Irvine and Baragar (1971) and Kuno (1966). F. Sr/Y versus Y, showing that
sanukitoid rocks have distinctly higher Sr/Y for a given Y than TTG and GG. Red – TTG (tonalite – trondjhemite granodiorite), pink – pre-tectonic granite, purple – post-tectonic granite – granodiorite, blue – sanukitoid.

Felsic volcanic rocks have similar geochemistry to TTG intrusions, with high SiO2 (>70 wt %), and
are metaluminous to weakly peraluminous, calc-alkaline, magnesian, with low Mg # (~0.4). They
show enrichments in LREE, and steep REE patterns with steep to shallow HREE, pronounced
negative Nb-Ta and Ti anomalies, distinctly positive Zr-Hf anomalies and weakly positive Eu
anomalies.
3.4.2. Zircon microstructure and in‐situ U‐Pb ages
3.4.2.1. U‐Pb interpretation

Table 3-2 presents U-Pb ages, zircon morphology and zircon saturation temperatures calculated
from whole rock analyses (Watson and Harrison, 1983) for the 54 samples dated by this study.
Unless specified, all reported ages are attributed to magmatic crystallisation ages calculated from
the weighted mean of 207Pb/206Pb ages. Magmatic crystallisation ages were interpreted and
differentiated from inherited and metamorphic populations using morphological and internal
microstructure of zircons such as pristine oscillatory or sector zoning (e.g. Corfu et al., 2003) in
combination with U-Th-Pb characteristics, the statistical distribution of populations, and in some
cases, field evidence. Magmatic zircons of the study have a large variation in morphology and
internal structure, which varies with composition and not necessarily age. In some samples, internal
morphology of magmatic zircons also varies widely. Accordingly, morphological characteristics of
magmatic populations were evaluated sample-by-sample. Table 3-2 gives a brief overview of each
sample with the main zircon microstructure and U-Pb characteristics. Detailed descriptions
including concordia plots, weighted mean and probability density plots for each sample analysed
can be found in Appendix A.
Inheritance is distinguished in some samples by cores that have a distinct interface, often
characterized by a resorption texture, between the core and rimming zircon domains. However,
many inherited zircons do not exhibit core-rim interfaces and may just be partially resorbed
xenocrysts that are slightly rounded and/or more equant compared to magmatic grains (Figure 3-8).
Inherited grains commonly have distinct Th/U or U + Th contents from magmatic zircons.
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Figure 3-7: Multiple whole-rock trace element diagrams for samples dated by this study. The left panel shows patterns for
trace elements normalized to primitive mantle. The right panel shows chondrite normalised REE. Normalisation values
from Sun and McDonough (1989). Sanukitoids have the steepest REE and HREE whereas post-tectonic granite granodiorite have shallower HREE. TTG and felsic volcanic rocks show similar patterns, with many overlapping values.

Interpreted inherited zircons in one sample may share characteristics with magmatic populations of
another. For example, many of the 3.0 Ga inherited zircons from this study are equant luminescent
fragments with either sector zoning or planar banding typical of 3.0 Ga tonalite (Figure 3-8). In
many samples, zircons have thin unzoned and highly luminescent rims that are considered to
represent metamorphic growth. These metamorphic rims are commonly too thin to date. Where
identified, they tend to have low Th/U (<0.05). Figure 3-9 illustrates age subdivision for a complex
sample, where the inferred magmatic and inherited components are of similar age.
The highest quality zircons were targeted for analyses, but some of these zircons were
compromised by Pb redistribution due to hydrothermal alteration, thermal resetting or
recrystallisation. Pb mobility was inferred from disturbed microstructures, high amounts of U + Th,
high common Pb and/or discordance. High U + Th zircons are prone to Pb mobility due to radiation
damage. Zircons with high U + Th or 204Pb were therefore treated with caution, with a typical cutoff of 1000 ppm U and six counts of 204Pb per scan. Exceptions include a few samples with
unusually high U, but concordant analyses and low 204Pb. Modern Pb loss was differentiated from
ancient Pb loss by distribution on concordia diagrams. Analyses which form a discordia plotting as
a horizontal trend on Tera-Wasserburg plots (i.e. with the same 207Pb/206Pb ages but different
238

U/208Pb ages) are interpreted as recording recent Pb loss. Analyses which form a discordia that

intercepts the concordia at an earlier time, or which are displaced to younger ages along the
concordia, were interpreted as displaying ancient Pb loss (Figure 3-10). High resolution imaging
following in-situ analysis showed that many discordant analyses encountered cracks or similar
disturbances.
3.4.2.1.1.

Using Lu‐Hf isotopes to aid in age interpretation

In a few ambiguous cases where analyses plot along the concordia as one or more populations,
177

Hf/176Hf measured within the same zircon domains was used to better understand the nature of

populations and the role of ancient Pb loss. Presuming sufficient age distinction exists between
populations within a sample, a plot of 176Hf/177Hf(t) versus age can distinguish between ancient Pb
loss and true crystallisation ages (see Figure 5 of Kemp and Hawkesworth, 2013; and Figure 1 of
Vervoort and Kemp, 2016). Zircons affected by ancient Pb loss will plot on a near-horizontal trend
in 176Hf/177Hf(t) – time space because zircon 176Lu/177Hf is very low (0.001). In contrast, distinct
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Figure 3-8: Cathodoluminescence images for selected zircons representing the morphological and geological age ranges
of samples. White bars indicate 50 μm. Figure is organised with the oldest magmatic ages in the top and youngest ages at
the bottom. Sample mount numbers are indicated in white bold with the interpreted magmatic age in Ga (e.g. 36A –
3.015±0.007) and SHRIMP spots are indicated by a white circle with a corresponding spot number. Red spot numbers and
ages represent analyses interpreted as reflecting inherited ages. Discordant analyses are indicated in yellow. Note the
differing morphologies from 3.0 Ga mafic tonalite gneiss (top left) and 3.0 Ga granodiorite (top right), through younger
tonalite, granodiorite and granite, and zircons from four different sanukitoid intrusions (bottom row). Examples of zircon
morphologies for each sample are shown in Appendix A.
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Figure 3-9: Illustration of age divisions based on zircon morphology and microstructure using WS-56D as an example.
Zircon images are shown of zircon cross sections in transmitted light and cathodoluminescence (50µ scale bars are
indicated). The inherited population has a distinct morphology from the zircons crystallised during emplacement of the
rhyolite crystal tuff, with inherited populations typically exhibiting much larger, sub-rounded grains with more mineral
inclusions and a higher luminescence. These grains may be broken or show discordant core-rim interfaces. Inherited
zircons have higher Th/U. Magmatic zircons are typically clear with well-developed pyramidal faces and pointed tips.
They mostly show oscillatory zoning. Zircons interpreted to have experienced Pb loss are not as clear, commonly contain
cracks, and show evidence of disturbed zoning. All of the youngest excluded ages have elevated common Pb.

crystallisation populations will form a negative trend reflecting the 176Lu/177Hf of their source,
around 0.015 for the bulk crust (Griffin et al., 2002) and higher (~0.019) for mafic crust. Figure 311 schematically illustrates Pb loss versus true crystallisation populations. Figure 3-12 shows
176

Hf/177Hf(t) – time plots for four samples for which Hf isotope compositions aided in age

assignment.
Many of the inferred magmatic ages reported here are in agreement with previous geochronology
by TIMS within the same intrusions (Table 3-3). The present study has also identified additional
intrusive phases in some igneous complexes and identified inherited zircon cores, particularly in the
Winnipeg River terrane, but also within the Marmion and Western Wabigoon terranes. Table 3-3
illustrates that this study has identified more inheritance than previous TIMS age determinations
within the same intrusions, highlighting an advantage of in-situ measurements. The zircon
morphology of the major rock divisions is summarised below. These descriptions are
generalisations to which there are many exceptions.
3.4.2.2. TTG

Tonalitic compositions are found in rocks of all ages of the study area from 3.02 Ga to 2.69 Ga. The
tonalites typically yielded homogenous zircon populations with large, clear to translucent honeybrown and equant crystals. They tend to have low U, and are moderately luminescent with sector
zonation and occasional planar banding (Figure 3-8). Zircons from more mafic compositions are
commonly round and may be broken. Zircons from relatively felsic tonalites are euhedral,
pyramidal and multifaceted, and mantled by oscillatory zoning. Some populations have
recrystallised rims and internal domains. The oldest magmatic zircons are also some of the lowest U
and best preserved zircons, despite coming from tonalitic gneiss to migmatite. They tend to be
concordant, or to have undergone recent Pb loss, although some samples show ancient Pb loss
(Figure 3-10). Examples include a 3.015±7 Ga (WS-36A) amphibolite band within tonalite gneiss
and a 3.003±7 Ga (WS-37A) tonalite - granodiorite gneiss from the mid-west and northwest
Marmion intrusive complex respectively, a 2.930±0.007 (WS-38B) biotite
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Figure 3-10: Tera-Wasserburg concordia plots for selected samples spanning a range in ages from 3.0 to 2.7 Ga, arranged
from oldest to youngest. All ages are reported as weighted means of 207Pb*/206Pb* ages with uncertainty at the 2σ level. All
data point error ellipses are plotted at 2σ. Magmatic populations are indicated by blue ellipses, inheritance by pink ellipses
and metamorphism by green ellipses. Analyses with interpreted Pb loss, disturbed or altered grains are indicated by
yellow ellipses which were excluded from calculated populations. Where discordance appears to reflect recent Pb loss for
a unimodal age (e.g. WS-38B), discordant analyses were included in the weighted mean. If inheritance was identified in
addition to a magmatic population, analyses with >10% discordance were excluded. Many samples record both recent and
ancient Pb loss (e.g. WS-53C, WS-57C).

tonalite gneiss from the Dashwa gneisses west of the Finlayson Lake greenstone belt, and a
2.785±0.005 (WS-33C) biotite-hornblende tonalite in the eastern Marmion intrusive complex.
Granodiorite to granitic compositions host progressively smaller zircons, with greater variability in
morphology and internal microstructure. A 2.999±0.002 Ga (WS-37B) amphibolite band within
granodiorite gneiss to migmatite was dated from within the Dashwa gneiss immediately east of the
Nevison arm of the western Steep Rock greenstone belt. This is the first 3.0 Ga age measured in the
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Dashwa gneisses (Figure 3-2). Many of the 2.93 to 2.9 Ga rocks of the Marmion intrusive complex
and Dashwa gneisses are granodioritic, for example, samples WS-38C (2.931±0.005 Ga) and WS39A (2.928±0.005 Ga). Colour ranges from clear to dark brown with many inclusions. In some
cases, the large dark grains with cracks and inclusions have the most euhedral internal structure and
yield the most concordant ages. Prismatic forms with oscillatory zoning are dominant, but can range
from equant to acicular, and planar banding is not uncommon. Zircons from granodiorite tend to be
less luminescent and higher in U with more radiation damage and higher amounts of common Pb
than zircons from tonalite. They are concordant to strongly discordant, with both recent and ancient
Pb loss (e.g. WS-53A, 2.898±0.008 Ga; Figure 3-10). Inheritance in granodiorite and granite is
more common than in tonalite, and may form one or more coherent populations or several grains
falling along the concordia. In the latter case, it is difficult to discriminate zircons formed by
magmatic crystallisation from those that have undergone ancient Pb loss based on U-Pb data alone.
For example, a phase from the Marmion intrusive complex (WS-35C; 2.928±0.007) contains three
distinct populations with concordant zircons in each population. Another sample within the
Marmion intrusive complex (WS-35B; 2.787±0.010) contains populations at 2.79 Ga and 2.83 Ga.
In these cases, 176Hf/177Hf aided in veracity of interpreted populations, where identical Lu-Hf
compositions indicated that younger analyses experienced Pb loss during later thermal events rather
than representing distinct crystallisation events (Figure 3-12).
Granitic samples tend to yield particularly poor quality high U zircons. Zircons are generally
reddish brown to dark brown and are smaller than zircons from tonalite and granodiorite, with
longer aspect ratios. These zircons tend to have low luminescence, and where preserved, zircons
show oscillatory zonation that is commonly disturbed. These samples have lower average zircon
saturation temperatures than tonalite (Table 3-2). Ages from pretectonic granites tend to be complex
(e.g. WS-53B, 2.723±8 Ga), with inherited populations and both recent and ancient Pb loss. These
characteristics in many cases translated into a minimum magmatic age or unresolved ages.
Accordingly the ages of such granitic rocks are underrepresented by this study.
3.4.2.3. Syn to post‐tectonic alkali granite – granodiorite

Zircons from samples from the GG suite show a wide range in morphology, but tend to be small to
medium, subhedral, translucent reddish or honey brown to dark brown, with low luminescence and
oscillatory zonation. They commonly retain variably resorbed inherited zircons. Like pre-tectonic
alkali granites, post-tectonic granites have poor quality zircons that have experienced Pb loss (e.g.
WS-33B, 2.689±0.005 Ga; Figure 3-10). Post-tectonic granodiorites on the other hand generally
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host clearer, more luminescent zircons with a moderately concordant magmatic population but may
also have complexities from inheritance and later thermal disturbance (e.g. WS-32B).

Figure 3-11: 176Hf/177Hf – time cartoons illustrating the use of Hf isotope compositions to aid in verifying age
interpretations. In the case of multiple crystallisation ages from a one-component source, successively younger
populations will plot along a crustal evolution line defined by the 176Lu/177Hf of the crustal source (~0.015). If magmas
have a mantle-derived contribution in younger populations, they will plot between the crustal and mantle evolution lines
(above the crustal line because the mantle has higher 176Lu/177Hf). If the zircons have experienced ancient Pb loss, their
young ages are only apparent. If the Hf has not been disturbed, these zircons will plot along a near horizontal trend
because 176Lu/177Hf of zircons is low (~0.001).
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Figure 3-12: Examples of complex samples where 176Hf/177Hf compositions measured in the same zircon domain as ages
aided in age assignment. WS-36B contains two populations close in age, but their different 176Hf/177Hf corroborates
different age populations. WS-35C contains three statistically distinct populations. The two oldest ages are interpreted as
inherited and magmatic respectively. The youngest population is interpreted as reflecting ancient Pb loss. However, if the
low 176Hf/177Hf outlier is excluded, this interpretation is inconclusive. WS-54C has an inherited component that was
reworked during younger magmatism with a juvenile contribution because younger magmatism plots distinctly above a
crustal evolution line. The two younger populations have nearly identical and overlapping 176Hf/177Hf suggesting they are
one population, but it is possible that the youngest population reflects multiple contributions from the ancient component
and a younger component. WS-49C also shows evidence for multiply aged inheritance, and the successively increasing
176

Hf/177Hf with each population suggests they represent true crystallisation ages. As with WS-54C, the case for the

youngest population is ambiguous because it reflects a mixed source.

3.4.2.4. Sanukitoid

Zircons from the sanukitoid suite (2.69 – 2.68 Ga) have variable morphology and microstructure,
reflecting the large geochemical compositional range (Figure 3-8). More primitive varieties, such as
diorite and monzodiorite, have large, equant to pyramidal, clear zircons with high luminescence and
both sector and oscillatory zoning, such as the 2.692±0.004 Ga monzodiorite phase of the Entwine
intrusion (WS-49B). Evolved compositions are bimodal in character, with dominantly prismatic
elongate forms and oscillatory zoning, for example, the 2.686±0.005 Ga megacrystic monzonite
phase of the Sapawe stock (WS-58C). The sanukitoid suite has the highest zircon saturation
temperatures associated with mafic compositions (Table 3-2). The zircons tend to be concordant
and unimodal in measured U-Pb age, with the exception of inheritance measured in the Brule,
Sunbow and Greenwater Lakes plutons.
3.4.2.5. Felsic volcanic

Zircons of the two volcanic samples analysed differ from plutonic zircons of the study area in
having distinct pyramidal faces with pointed tips. They are relatively small (~35x70µm) equant to
elongate with aspect ratios ranging from 1:1.5 to 1:3, clear to light reddish brown, euhedral, with
low luminescence and oscillatory zonation. Unzoned or sector zoned luminescent centres
characterise several igneous zircons from both samples (Figure 3-8). Sample WS-56B from the
western Finlayson greenstone belt has a unimodal population at 2.938± 0.006 Ga. Sample WS-56D
from Gargoyle Lake was dated at 2.974± 0.007 Ga and contains a 3.019±0.010 Ga inherited
population of cores and xenocrysts, which are larger and luminescent, with oscillatory zonation
(Figures 3-8, 3-9).
3.4.3. Age distribution of the Marmion terrane
Within the Wabigoon superterrane as a whole, the largest and broadest age peak extends from 2.745
– 2.67 Ga (Figure 3-13). Other prominent peaks occur at 2.78, 2.82, 2.88, 2.93, 3.00, 3.05 and ~3.25
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Ga (Figure 3-13). Although all terranes within the Wabigoon superterrane record the peak in
magmatism at ~2.7 Ga, the Marmion and Eastern Wabigoon terranes record two distinct pulses at
2.73 and 2.69 Ga whereas the Western Wabigoon and Winnipeg River terranes also record
substantial intervening magmatism.
The Marmion terrane records a spectrum of ages from 3.0 to 2.7 Ga, with extensive Mesoarchaean
crystallisation ages (Figure 3-14). The data define eight peaks of semi-regular intervals: 3.0, 2.96,
2.93, 2.89, 2.82, 2.78, 2.72, and 2.69 Ga. Notable hiatuses occur from 2.865 – 2.83 Ga and 2.78 –
2.75 Ga (Figures 3-14). Quiescent periods are not as sustained in the Marmion terrane as in the
neighbouring Winnipeg River and Eastern Wabigoon terranes (Figure 3-14).

Figure 3-13: Cumulative probability distribution (curve) and a histogram (bins) of geochronology compiled from this and
previous studies for the Wabigoon superterrane. Each age reflects a distinct sample rather than a single zircon age. Age
distribution is separated into interpreted emplacement ages (left) and inheritance ages (right). There is a major peak in
emplacement ages centred over 2.7 Ga. Several smaller peaks in emplacement ages also emerge, notably at 3.2, 3.0, 2.96,
2.93, 2.89, 2.82, and 2.75. Inheritance age distribution also peaks at 2.7 Ga, but does not show the distinct peaks of the
emplacement ages. Data within the Wabigoon superterrane was compiled by KEB and includes previous geochronology
by TIMS (references listed in Supplementary Table 3-4) and unpublished data from Lu et al.

The Marmion intrusive complex was thought to have a nearly uni-modal age distribution at 3.003
Ga (Tomlinson et al., 1999; Tomlinson et al., 2004) but locally extending to 2.957 Ga (Davis et al.,
2005). This study has highlighted magmatism at 3.02, 2.93, ~2.90, 2.825, 2.78, and 2.68 Ga with a
general eastward younging (Figure 3-15). The ages recorded by the various phases of the Marmion
Intrusive Complex closely mirror the timing of volcanism in the greenstone belts that surround it. In
contrast, the 2.94 – 2.93 Ga Dashwa gneisses immediately west of the Finlayson Lake greenstone
belt are nearly unimodal in age, despite analysis of multiple chemically distinct phases (samples
WS-38B,C and WS-39A,B, this study; two samples dated by Davis (Jack Satterly Geochronology
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Laboratory), 1986, reported in Stone et al., 1992). A 2.938±0.006 Ga felsic volcanic tuff (sample
WS-56B) and a 2.931±0.002 Ga felsic volcanic horizon (Tomlinson et al., 2003) from the western
Finlayson Lake belt bracket mafic volcanic rocks, highlighting corresponding ages to the Dashwa
gneisses they are in contact with. The contact between the Dashwa gneisses and the Finlayson Lake
belt is highly deformed, making interpretation of its nature complex. Nevertheless, the contact is
free from a younger intervening intrusion. The 2.999 Ga granodiorite gneiss – migmatite within the
Dashwa gneisses to the west is nearby 2.9985±0.0008 Ga Nevison felsic volcanic rocks (D.W.
Davis (Jack Satterly Geochronology Laboratory, unpublished data, 1986), reported in Stone et al.,
2002).
In contrast to the contact between the Dashwa gneiss and Finlayson Lake greenstone belt, feldspar
porphyry stocks intrude along the length of the contacts between the Marmion intrusive complex
and surrounding greenstone belts, with the exception of the erosive basal conglomerates of the
Steep Rock belt. Two ages obtained from porphyritic tonalite-granodiorite immediately south of the
Lumby Lake greenstone belt yielded ages of 2.788±0.005 Ga and 2.793±0.005 Ga (WS-34C, WS35A), consistent with the 2.78 Ga age (Buse et al., 2010) for a tonalite stock along the south margin
of the Lumby Lake belt (in dark pink, Figure 3-2). These new ages confirm that this intrusion
continues west beyond the mapped extent but consistent with the magnetic signature. Two samples
from the petrographically similar granodiorite of the Diversion Stock, between the Finlayson Lake
belt and the Marmion intrusive complex, showed that the Diversion Stock was emplaced at 2.89 Ga.
3.4.4. Age distribution of surrounding terranes
The Winnipeg River terrane contains the oldest inherited grains. The oldest inheritance measured in
this study was >3.05 Ga within a 2.738±0.005 Ga granodiorite just north of the boundary between
the Marmion and Winnipeg River terranes. The xenocrysts of Lu et al. (unpublished data) range up
to 3.17 Ga. Despite recording signatures of the oldest crust for the area, there is a prominence of
Neoarchaean ages in the Winnipeg River terrane. Distinct gaps in magmatic ages occur from 3.20 –
2.98 Ga and 2.84 – 2.78 Ga.
The Western Wabigoon terrane as defined by Stott (2011) contains a major peak in magmatism
from 2.745 to 2.680 Ga. Within that, there are also peaks at 2.739, 2.720 and 2.701 Ga, and a few
samples aged 2.775 Ga. The Eastern Wabigoon terrane records magmatism at ~2.92, 2.9 and 2.82
Ga, with peaks at 2.78, 2.74 – 2.72, and 2.69 Ga (Figure 3-14). The peaks of the Eastern Wabigoon
terrane correspond to magmatic pulses in the Marmion terrane but with a restricted record >2.8 Ga.
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Figure 3-14: Cumulative probability distribution (curve) and a histogram (bins) of magmatic emplacement ages compiled
from this and previous studies for terranes of the Western Superior Craton. Each age reflects a distinct sample rather than
a single zircon age. Inheritance is not included. Like the Wabigoon superterrane (Figure 3-13), all terranes record a peak
in magmatism centred over 2.7 Ga, but this peak is comprised of two distinct peaks in the Marmion and Eastern
Wabigoon terranes. Although the Winnipeg River terrane contains the oldest ages, the Marmion terrane has a much more
continuous record of Mesoarchaean magmatism, with a distinct peak at 3.0 Ga. Data within the Wabigoon superterrane
includes previous geochronology by TIMS (references listed in Supplementary Table 3-4) and unpublished data from Lu
et al. Data for the Wawa-Abitibi and North Caribou terranes were obtained from the Canadian Geochronology
Knowledgebase (Geological Survey of Canada, 2013) for comparison.
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Figure 3-15: Contoured maps portraying spatial distribution of zircon ages. Legend indicates age ranges, with warmest
colours (reds and orange) representing older ages and cooler colours (greens and blue) representing younger ages. Upper
map includes only magmatic ages and the lower map includes the oldest inherited age population of each sample. Age
determinations are indicated by white dots. Data within the Wabigoon superterrane was compiled by the author. The
Canadian Geochronology Knowledgebase (Geological Survey of Canada, 2013) was used for data outside of the
Wabigoon superterrane. Contouring was accomplished using the spatial analyst extension in ArcGIS, with the natural
neighbour interpolation method as suggested by Champion and Huston (2016). Areas with low data density are not
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contoured, and shaded magnetic relief is plotted for reference. Terrane boundaries from Stott (2011, Marmion - Western
Wabigoon boundary modified by this study) are shown by black outlines. The Proterozoic Nipigon diabase extent is
indicated by brown outline, extending to Lake Superior.

A <2.9 Ga a granodiorite (WS-43A) is just east of margin of the Marmion terrane within the
Eastern Wabigoon terrane.
The North Caribou superterrane records a similar protracted history to the Marmion terrane, of
crustal recycling to 3.0 Ga. Its record is less punctuated than the Marmion terrane. Like the
Winnipeg River and Western Wabigoon terranes but slightly older, the North Caribou superterrane
records a large peak from 2.75 – 2.68 Ga. The Wawa terrane records a very large peak centred over
2.7 Ga from 2.75 – 2.66 Ga with a few scattered ages to 2.62 Ga and at 2.77, 2.83 and 2.89 Ga.
3.4.5. Inheritance
Inheritance is preserved in magmatism within the Marmion at 2.97, 2.93, 2.9, 2.82, 2.78 and 2.722.70 Ga, indicating periods of crustal reworking where older zircon-bearing crust was sampled
(Figure 3-16). A key implication is that TTG magmas had multiple sources rather than a single
basaltic parent, which is commonly assumed for geochemical and experimental models (e.g.
Drummond et al., 1996; Foley et al., 2002). These times of crustal reworking correspond to peaks in
magmatism, and their significance is further explored in Chapter 4 using Hf isotopes. Inherited
zircons in the Marmion terrane range in age as far back as the earliest measured crystallisation ages
at 3.02 Ga. As with magmatic emplacement ages, there is a prominent 3.0 Ga peak in inherited age
populations of the Marmion terrane. Felsic to intermediate volcanic horizons of the Lumby Lake
greenstone belt, such as the 2.974±0.007 Ga crystal tuff from Gargoyle Lake, commonly contain
large 3.0 Ga xenocrysts and cores (Figure 3-8). Consequently, early TIMS ages for some horizons
in the Lumby Lake belt were overestimated, as noted by Buse et al. (2010). Inherited ages to 3.0 Ga
were also measured in a granodiorite intruding the Irene-Eltrut Lakes gneisses, west of the proposed
location for the terrane boundary between the Marmion terrane and the Western Wabigoon terrane
(Stott, 2011; Tomlinson et al., 2004).
Inherited ages in the Eastern Wabigoon terrane range up to 2.93 Ga and are localised within 2.73 –
2.69 Ga magmatism (Figure 3-16). Inheritance in the Western Wabigoon is also recorded in 2.73
magmatism and has not been noted to exceed 2.78 Ga (Blackburn et al., 1991; Tomlinson et al.,
2004), but inheritance measured within the north-central Western Wabigoon terrane includes a
2.868 Ga xenocryst and several 2.78 Ga inherited zircons within a 2.72 Ga phase of the Atikwa
batholith (WS-53B). Inheritance in the Winnipeg River terrane was measured in a 2.9 Ga pluton
and is common in magmatic rocks ranging in crystallisation ages from 2.73 to 2.68 Ga.
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Figure 3-16: Space-time plot of results from this study and Lu et al. (unpublished data) showing periods of reworking
older zircon-bearing rocks across various terranes. Analytical error bars indicate 2 standard deviations of the weighted
mean. Inheritance is particularly abundant in Neoarchaean magmatism within the Winnipeg River and Eastern Wabigoon
terranes, but is also localised in several phases through time in the Marmion terrane.
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Figure 3-17: Geochemistry – age plots. Data from this study are indicated as filled squares and unpublished data from Lu
et al. as filled diamonds. Symbols are colour-coded as follows: TTG – red, alkali granites – purple and sanukitoid suite –
blue. These plots illustrate the stepwise changes in geochemistry at: (i) 2.75 Ga, where variability in major oxides and
Mg# increase, and LILE, Sr/Y and La/Yb increase. (ii) <2.70 Ga , where late granite-granodiorite (GG) rocks are marked
by higher Rb/Sr, LILE, K2O and sanukitoids with high Mg#, P2O5, Ni, LILE, Sr/Y and wide ranges in CaO and Na2O
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3.4.6.
Geochemistry through time
A main feature of this dataset is an abrupt increase in the geochemical variability of magmatic rocks
at 2.75 Ga (Figure 3-17). Before 2.75 Ga, TTGs form a broad band with approximately consistent
compositional ranges and averages between 3.0 to 2.8 Ga. After 2.75 Ga, magmatism shows
increased variability in most major elements. Although contrast is most evident in the GG and
sanukitoid rocks, modest changes also specifically affect TTG. Contents of CaO, FeO, MgO, MnO
and Na2O/K2O range to higher values in TTG whereas Na2O contents vary to large ranges but are
skewed toward higher values. Some LILE, such as Cs, and ratios of La/Lu and Sr/Y also increase
in a few TTG post-2.75 Ga.
Samples from the GG suite show opposite trends in most major elements to the TTG suite, thus
together producing expansion in variability. For example, CaO, FeO, MgO, MnO and Na2O/K2O
decrease in GG. However, GG have a large range in Na2O similar to post-2.75 Ga TTG. Rocks of
the GG suite are enriched in K2O and other LILE including Rb, Cs and Ba compared to TTG, and
show marked decreases in CaO/Na2O+K2O. Trends to higher Rb/Sr and Nb/Nb*, with lower
Eu/Eu* are restricted to the GG suite. A very striking shift in chemistry accompanies sanukitoid
emplacement <2.70 Ga, contemporaneous with GG. High Mg#, MgO, FeO, P2O5, Ni, Co, Cr, Sc,
LILE, LREE and MREE, and low SiO2 and Na2O/K2O marks this transition.
3.4.7.
Geochemistry across space
Contour maps in Figure 3-18 illustrate the spatial variations in whole rock geochemistry of the
igneous rocks for several representative elements and ratios. The characteristic features of the
various rocks types are visible in these maps. For example, the large post-tectonic granitegranodiorites such as the White Otter batholith stand out as LILE-enriched patches (e.g. K2O, Th)
with low MgO, CaO, Na2O, Mg#, and sanukitoid intrusions plot as positive anomalies for LILE,
CaO, MgO, Mg# and transition metals. While these variations reflect the rock type, not all
variations are intuitive from the geology maps. Lower LILE (Pb, Th, K, Rb) characterises the
southern half of Marmion terrane and the western margin, with steep gradients to higher LILE
along northern margin and external to the Marmion terrane.
The Marmion terrane contains a central corridor of low Na2O along the Marmion Shear Zone,
which includes the Dashwa gneisses west of the Finlayson Lake greenstone belt. The western
margin of this corridor aligns with a cryptic structure stretching between the western margin of the
Hillyer domain of Stone and Davis (2006) and west of the White Otter batholith (Figures 3-2, 3-18).
High LILE (except Sr), low MgO, CaO, Mg #, Na2O, transition metals and Dy/Yb highlight this
structure. West of this structure, especially within the Western Wabigoon terrane, HREE patterns
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are distinctly steeper (higher Dy/Yb ratios). This structure also corresponds to younger
emplacement ages, and samples that contain inherited zircons.

Figure 3-18: Contoured geochemistry maps. Colours indicate increasing abundances from blue to red and for the purpose
of broad comparison. The natural neighbour interpolation method using natural breaks (Jenks) was used within the spatial
analyst extension in ArcGIS to create the images. Terranes are indicated on the top left map, and the location of the White
Otter Batholith (WOB) is indicated on the top right map.
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High CaO, Na2O, MgO, with low Sr, K2O and Dy/Yb characterise the western Marmion intrusive
complex relative to other TTG such as the Dashwa and Irene-Eltrut Lakes gneisses.

3.5.

DISCUSSION

3.5.1.
Extent of Marmion basement and terrane correlations
Constraining the spatial extent and nature of the Marmion terrane is important for understanding the
crustal growth of the Western Superior Craton, and illuminating Meso- to Neoarchaean crustal
growth. The distribution of crystallisation ages and inherited zircons measured by this study agree
with previous conclusions for a 3.0 Ga basement to the Marmion Terrane (Davis and Jackson,
1988; Tomlinson et al., 2003), as inheritance within the Marmion terrane reaches, but never exceeds
the distinct peak at 3.02 Ga. However, the geochronology results shed new light on the placement
and nature of terrane margins, and by extension, their tectonic environment.
3.5.1.1.

Placement and nature of the Marmion – Western Wabigoon boundary redefined

The Marmion – Western Wabigoon terrane boundary is thought to mark the location of a <2.71 Ga
collision (Sanborn-Barrie and Skulski, 2006). The boundary placement was based on isotopic
investigations of Tomlinson et al. (2004) and modified according to geophysical image
interpretation by Stott (2011). Inheritance <3.0 Ga within the granodiorite intruding the Irene-Eltrut
Lakes gneisses shows that Marmion aged basement extends ~30 km west of the designation. The
Marmion – Western Wabigoon terrane boundary likely sits where the greenstone belts meet the
Dashwa and Irene-Eltrut Lakes gneisses, which coincides with a change in magnetic signature
(Figure 3-2).
The Western Wabigoon terrane has been interpreted as allochthonous with respect to the Marmion
and Winnipeg River terranes (Percival et al., 2006; Sanborn-Barrie and Skulski, 2006; Tomlinson et
al., 2004). However, inheritance measured in the 2.82 Ga Atikwa batholith (see Table 3-2, mount
WS-53B, also Figure 3-2) supports either autochthonous growth of the Western Wabigoon terrane,
or an earlier accretion with respect to the composite Winnipeg River-Marmion terrane. The
measured inheritance in the Atikwa batholith is similar in age to intrusions in the Marmion and
Winnipeg River terranes. It is therefore likely that the Atikwa magmatism sampled material or
detritus typical of Winnipeg River – Marmion basement by 2.72 Ga. The Atikwa magmatism
predates the postulated collision of the Western Wabigoon with the Winnipeg River-Marmion
composite terrane at 2.703 – 2.696 Ga (Sanborn-Barrie and Skulski, 2006) but does coincided with
deformation events from 2.73 – 2.71 Ga within the central Western Wabigoon terrane (Edwards and
Stauffer, 1999) and the Winnipeg River terrane (Brown, 2002). As the Atikwa magmatism preceded
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intrusion of 2.71 Ga plutons in the north and south with Mesoarchaean Nd isotopic signatures
(Tomlinson et al., 2004), the Atikwa batholith inheritance is new isotopic evidence for earlier
accretion or autochthonous development.
At the newly proposed Marmion – Western Wabigoon boundary location, greenstone belts of the
Western Wabigoon appear contiguous with the amphibolite slivers within the Marmion gneisses
(see Figure 2). Greenstone belt continuity across terrane boundaries favours autochthonous growth
of the Western Wabigoon terrane. However, at the Western Wabigoon – Winnipeg River margin,
the Jutten assemblage (Figure 2, and Figure 3, base of SSL greenstone belt) is interpreted as a
continental margin sequence next to a possible discontinuous fore arc-accretionary wedge
(Sanborn-Barrie and Skulski, 2006) within the Western Wabigoon terrane (Warclub sediments,
Figure 3-2; youngest clastic sediments in Western Wabigoon greenstone belts, Figure 3-3). The
postulated fore arc is 0 to <20 km across strike, and there is continuity in the ages across the
proposed suture. Alternatively, greenstone belt stratigraphy records the development of the Western
Wabigoon terrane on the margin of the Winnipeg River – Marmion terrane, with tectonic
imbrication occurring during the Kenoran Orogeny. In this model, the Jutten assemblage recorded
uplift of the Winnipeg River terrane, and deformed Warclub sediments record thrust imbrication in
response to ongoing orogeny in the north and south (see Figure 3-19).
In detail, similar depositional settings, recorded in greenstone stratigraphic assemblages in the
Marmion and Western Wabigoon terranes, favours a shared evolution. The Jutten assemblage along
the Western Wabigoon – Winnipeg River margin contains >2.88 Ga detrital zircons (SanbornBarrie and Skulski, 2006 and references therein). It may have appeared contemporaneously with
the basal conglomerates of the Steep Rock greenstone belt in the southern Marmion terrane (Figure
3-3), which contains >2.78 Ga zircons in the Wagita Formation (Davis, 2008; reported in Stone,
2010). Conglomerate and sandstone of the Wagita Formation give way to shallow water
stromatolitic carbonates, then iron formation and pyroclastic komatiite before ~2.735 Ga pillowed
basalt and andesite, initially recording uplift followed by subsidence in the Steep Rock greenstone
belt (Fralick et al., 2008; Fralick and King, 1996; Schaefer and Morton, 1991; Stone, 2007; Wilks
and Nisbet, 1988). The timing and nature of the preserved Neoarchaean stratigraphic record in the
Marmion terrane is similar to that of the Jutten-Surgeon-Savant Lakes succession along the Western
Wabigoon – Winnipeg River terrane margin (Figure 3-3). The collective stratigraphy may therefore
record contemporaneous emergence in both localities followed by a transition to a deeper water
depositional environment (see schematic representation in Figure 3-19). Collectively, inheritance in
the Atikwa batholith as measured in this investigation, greenstone belt continuity across the
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Marmion-Western Wabigoon terranes, and comparable Neoarchaean stratigraphy are consistent
with autochthonous growth of the Western Wabigoon terrane.
3.5.1.2.

Eastern Wabigoon relationship to the Marmion terrane

The <2.9 Ga magmatic pulses and 2.93 Ga inheritance characterising the Eastern Wabigoon terrane
coincide with thermal pulses recorded in the Marmion terrane. Although a 3.0 Ga signature is
lacking, these data raise the possibility that Marmion basement extends eastward as postulated by
Tomlinson et al. (2004), or that, rather than an inferred exotic oceanic origin (Percival et al., 2006),
the Eastern Wabigoon developed on the margin of the Marmion ± Winnipeg River terrane, as
interpreted by Percival et al. (2012).

Figure 3-19: Schematic illustration of the Neoarchaean evolution of the Western Wabigoon, Winnipeg River and
Marmion terranes. Emergence or rifting of the composite Winnipeg River – Marmion terranes at ~2.8 Ga is recorded in
the Jutten assemblage and Wagita Formation. The Western Wabigoon grew by magmatic addition in a marginal or
internal rift setting <2.8 Ga, and was structurally imbricated <2.8 Ga.

3.5.1.3.

Timing and nature of the Marmion – Winnipeg River consolidation

The results of this study support the Marmion – Winnipeg River boundary location of Tomlinson et
al. (2004) because samples north of the presently defined Marmion terrane boundary contain ≥3.05
Ga inheritance. Although the Marmion and Winnipeg River basements are isotopically distinct
(Davis et al., 2005; Henry et al., 1998; Tomlinson et al., 2004), it is unclear whether the Marmion
terrane was a marginal magmatic addition or was accreted to the Winnipeg River terrane.
Tomlinson et al. (2004) postulated that shared 2.92-2.89 Ga plutonism of the Winnipeg River and
Marmion terrane indicated their amalgamation by 2.92 Ga. Beakhouse (1991) argued that the northwestern portion of the Winnipeg River terrane lacks 2.75 to 2.71 Ga magmatic activity that
characterises the rest of the Wabigoon superterrane and may have remained separate until then.
However, extensive Neoarchaean magmatism which characterises the Winnipeg River and Western
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Wabigoon terranes is also restricted to the southern margin of the Marmion terrane (Figure 3-3),
resulting in conflicting models based on contemporaneous magmatism alone. If the ~2.8 Ga Jutten
assemblage of the Winnipeg River terrane and the Wagita formation of the eastern Steep Rock belt
in the Marmion terrane are contemporaneous, their similar stratigraphic record supports a >2.8 Ga
shared history. A lack of Neoarchaean supracrustal belts between the Marmion and Winnipeg
River terranes also supports pre-2.8 Ga amalgamation. Volcanism at ~2.73 Ga in (i) the Obonga
Lake greenstone belt, which was deposited unconformably on Winnipeg River crust (Tomlinson et
al., 2002), (ii) the Witch Bay volcanism in the southern Marmion terrane, and (iii) the greenstone
belts of the Western Wabigoon terrane, also favours a shared Neoarchaean history.
3.5.1.4.

Comparison to the North Caribou superterrane

Like the Marmion terrane, the North Caribou terrane experienced protracted magmatism from 3.0 –
2.7 Ga (Figure 3-14). Moreover, greenstone belts from the North Caribou terrane record a similar
sequence of events and timing (Figure 3-3). Comparisons between the isotopic signatures of
magmatic events at 3.0 Ga suggest an early shared history (Davis et al., 2005). Stratigraphic
correlations between the Wallace Lake greenstone belt of the North Caribou terrane and those of the
central Marmion were made by Fralick et al. (2008). Recent structural work in the Marmion
Terrane by Backeberg et al. (2014) suggests that two deformation events predate the intrusion of the
2.89 Ga Diversion Stock. The 3.0 Ga North Caribou greenstone belt within the North Caribou
terrane is also interpreted to record an early deformation event prior to the intrusion of the 2.9 Ga
North Caribou pluton (Thurston et al., 1991). Evidence for early deformation events in both
terranes provides additional evidence for the speculative correlation, but explaining the presence of
the ancient intervening Winnipeg River terrane remains a difficulty. A model that can reconcile the
current geometric arrangement of terranes is presented in Chapter 4.
If the history of the Marmion and North Caribou terranes are linked, and the Marmion and Eastern
and Western Wabigoon terranes developed marginally with respect to the Winnipeg River terrane,
the current paradigm for the Kenoran Orogeny - accretion of exotic Mesoarchaean fragments –
needs to be reassessed. The nature of these terrane boundaries and implications for the development
of the Superior Craton are further explored using Lu-Hf isotopes in Chapter 4.
3.5.2.
Granite‐greenstone correlations
The compositional bimodality of granite-greenstone terranes is a global feature of Archaean
cratons. Bimodal chemistry characterises Phanerozoic intraplate settings, for example, flood basaltrhyolite provinces such as the Parana and Karoo igneous provinces (Duncan et al., 1984; Peate,
1997), but is typically absent in modern subduction zone settings. Much debate centres on how to
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reconcile the seemingly incongruent geochemistry of TTG, some of which is analogous to adakites
of modern subduction zones, to that of komatiite-basalt successions retaining the chemical
fingerprint similar to that of oceanic plateaus (e.g. Barnes and Van Kranendonk, 2014; Bédard et
al., 2013; Wyman and Kerrich, 2010). Explanations either (i) call for temporally or spatially
disparate origins for TTG’s and komatiitic basalt (Tomlinson et al., 2002), (ii) invoke combinations
of geodynamic settings such as interaction between a plume or mid-ocean ridge and subduction
(Hollings et al., 1999), (iii) favour either an ocean plateau (Bedard et al., 2003; Johnson et al.,
2017), (iv) mantle upwelling (Herzberg, 2014; Herzberg and Rudnick, 2012) or (iv) subduction
model (Martin et al., 2014).
The geochronology of the greenstone belts and TTG of the Marmion terrane place some constraints,
at least locally, on this debate. Marmion terrane greenstone belt events are nearly synchronous with
intrusive events in adjacent gneiss and intrusive complexes. For example, measured ca. 2.94 – 2.93
Ga ages in the Finlayson Lake greenstone belt appear contemporaneously with intrusive events in
the surrounding Dashwa Gneisses. Likewise, ca 3.0 to 2.7 Ga age peaks in greenstones surrounding
the Marmion intrusive complex coincide with age peaks in the Marmion intrusive complex.
Voluminous, extensive and multi-generational mafic dikes cutting the Marmion intrusive complex
corroborate an intimate coupling of granite-greenstone events. Many of these dikes are truncated at
the base of the <2.8 Ga East Steep Rock belt, and some have been dated at 3.00 Ga (Davis, 2008;
Hamilton et al., 2007; reported in Stone, 2010), indicating overlapping ages with greenstone
volcanism. Furthermore, Tomlinson et al. (1999) and Fralick et al. (2008) noted that mafic dikes
and komatiitic volcanism have similar geochemistry and were likely co-genetic, with dikes feeding
an overlying volcanic pile. The contemporaneity of felsic and mafic-ultramafic magmatism,
together with spatial relationships, suggests a petrogenetic linkage. This may be explained by a
tectonic model involving crustal and mantle melts that had limited interaction in order to preserve a
bimodal association so prominent in Archaean cratons globally.
3.5.2.1.

Finlayson Lake greenstone belt interpretation

Time-constrained stratigraphy can help illuminate the structure of the volcanic units, which bears
upon relationships to the underlying basement and permissible geodynamic reconstructions.
Geochronological results from the western Finlayson Lake felsic volcanic sample, with previous
geochronology, indicate that the volcanic rocks young eastward. This is consistent with pillow
facing directions, excluding local structural reversals (Fenwick, 1976; Stone et al., 1992; this
study). Way-up features in sedimentary and volcanic rocks, together with geochronology, indicate
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that the eastern Finlayson Lake greenstone belt becomes younger to the west (Fenwick, 1976;
Fralick et al., 2008; Stone et al., 1992; this study). Thus, the synclinal interpretation of Fenwick
(1976), Stone et al. (1992) and Fralick et al. (2008) is supported by the geochronology, whereas the
antiformal interpretation of Backeberg et al. (2014) is not. However, if a syncline, the belt is
distinctly asymmetric and at least partly dismembered.
Stone (2010a) noted a similarity between the central Finlayson volcanic rocks and the ~2.73 Ga
Witch Bay volcanic rocks of the eastern Steep Rock greenstone belt and suggested a structural
emplacement as a klippe from the south. Another possibility is that the central Finlayson greenstone
belt correlates with the Witch Bay assemblage, and was deposited unconformably on Mesoarchaean
basalt.
The Lumby Lake greenstone belt to the northeast is also asymmetric. However, it has many more
datable felsic volcanic horizons throughout, which indicate similarly aged rocks in both the north
and south portions with inward younging. Thus, the evidence for synclinal structure within the
Lumby Lake belt is compelling. A broad synclinorium presents a challenge to interpretations of
allochthonous origin for structurally divided portions of greenstone belts of the Marmion terrane
(Buse et al., 2009; Stone, 2010a; Tomlinson et al., 1999). The synclinal geometry and the coupling
of greenstone – granite events support an autochthonous origin for greenstones of the Marmion
terrane. Autochthonous greenstone growth emphasises the need for Mesoarchaean tectonic models
capable of generating and preserving bimodal crust.
3.5.3.
Secular shifts in TTG geochemistry
As the volumetrically and temporally dominant rocks of the study area, the TTG suite has the
greatest potential to reveal geochemical changes through time and, by inference, changes in their
source and/or genesis. Although somewhat coherent in major element distribution, TTGs of this
investigation display a wide range in HREE, Sr/Y and Eu/Eu* through time (Figures 3-6, 3-7 and 317). The geochemical examination of six petrographic granitic suites of Stone (2010a) within the
southwestern Wabigoon superterrane similarly show great variation in incompatible elements from
3.0 – 2.7 Ga. In comparison, Neoarchaean felsic intrusive rocks in the Berens River area exhibit
coherent secular geochemical trends (Corfu and Stone, 1998).
Many of the TTG of the Marmion terrane have moderate Sr/Y, flat to shallow HREE and low
compatible and transition elements (Figures 3-6, 3-7), indicative of low P melting. Notwithstanding
the general scatter in the data presented herein, increases in Na2O, Al2O3, La/Lu and some LILE in
felsic to intermediate intrusive rocks of the Marmion terrane (see Figure 3-17) are synchronous with
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greater chemical variation in magmatism <2.75 Ga. These chemical changes are consistent with a
transition from to melting/magmatic fractionation in the presence of plagioclase, which fractionates
Na and Al, to melting/magmatic fractionation in the presence of garnet, which fractionates REE
(e.g. Halla et al., 2009; Moyen, 2011). The change to greater variations in melting depths follows
the subaerial emergence of the Marmion terrane <2.8 Ga as recorded in the basal conglomerates of
the Steep Rock group. Thus, the depositional environment, as recorded in greenstone belt
stratigraphy, supports a thicker lithosphere and greater melting depths inferred from geochemistry.
A secular change from low P to high P melting depths as recorded by TTG geochemistry is a global
phenomenon in Archaean Cratons (Martin and Moyen, 2002), but the timing of the transition, and
explanations for the cause, vary. In fact, there is little agreement of the genesis of high and low P
TTG. For example, a predominance of low pressure TTG in the Pilbara was argued to be derived
from infracrustal melting/fractionation rather than slab melting, which they argued would tend to be
at higher pressures (Smithies et al., 2009). Gardiner et al. (2017) argued both low and high P TTG’s
were generated in a plateau-like setting based on isotopic evidence for crustal reworking. In
contrast, Halla et al. (2009) attribute high pressure TTG petrogenesis to melting beneath a thickened
plateau and low pressure TTGs from shallow slab melting. Therefore, depth of melting alone does
not define petrogenesis.
In a study by Martin and Moyen (2002) a global secular change from low to high pressure TTG is
accompanied by increases in Mg#, Ni and Cr, where pre-3.5 Ga TTG’s show no interaction with
peridotite. They interpret these coupled changes to reflect the effects of cooling geotherms of the
Earth through time on subduction magmatism where a change occurs from shallow slab melting in
the presence of plagioclase in hot subduction zones with little interaction with the mantle wedge, to
deeper slab melting in cooler subduction zones and increased interaction with the mantle wedge.
The present dataset does not record increases in Mg#, Ni and Cr until post-tectonic sanukitoid
magmatism. Thus, the 2.75 Ga change recorded by Marmion TTGs indicates a change to larger
variation in melting depths, i.e., from low P TTG to both low P and high P TTG, but the relatively
constant Mg# across this transition at ca. 2.75 Ga argues against a changing mantle contribution.
Therefore, a thickened lithosphere is a better fit to the geochemical evidence, rather than a change
from flat to steeper subduction.
3.5.4.
Post‐tectonic high‐K sanukitoid and granite‐granodiorite
Many authors have observed a major shift in igneous geochemistry coincident with intrusion of
post-tectonic sanukitoids (Beakhouse, 2007; Halla et al., 2009; Laurent et al., 2014; Martin et al.,
2010; Whalen et al., 2004b) and their contemporaneous to slightly younger high-K crustal melts.
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The present dataset records this shift within sanukitoid chemistry <2.69 Ga. The extension to lower
SiO2, and much higher MgO, FeO, Mg#, and elevated compatible transition metals has been used to
infer contribution from the mantle (Shirey and Hanson, 1986; Stern et al., 1989). Steeper REE, and
especially HREE, has been shown to reflect melting at high pressures in the presence of garnet
(Rapp et al., 2010).
The GG suite corresponds to the biotite granite suite of Stone (2010a), the I-type crustal suite of
Beakhouse (2007), and is included in the granodiorite-granite-monzonite suite of Whalen et al.
(2004b). This suite is most often interpreted as being derived from infracrustal melting of (largely)
tonalites with some supracrustal material (e.g. Beakhouse and McNutt, 1991), although Whalen et
al. (2004b) argue for a significant mantle contribution and a continuum with the sanukitoid suite.
GG and sanukitoids overlap in time and commonly space, and show similarities in texture and
geochemistry, however, the GG are distinct from sanukitoid in many ways. GG have distinctly
lower compatible elements (Ti, Ca, Fe, Mg, Mn, Ni, Cr etc.) than sanukitoids. Where the sanukitoid
rocks follow a distinct fractionation trend for La/Lu (Figure 3-6) and La/Sm, the TTG and GG are
scattered and if anything the GG shows an opposite trend. Also, whereas TTG and GG show
decreasing trends on an Al2O3 versus SiO2 diagram, sanukitoid has constant Al2O3, with the two
suites showing distinct trends which cross each other. Other distinctions include high Rb/Sr and Th
and U and the low CaO, MgO, Eu/Eu* and TiO2 of GG compared to sanukitoid (Figure 3-17).
Thus, although there may be a continuum between the suites, and their temporal link implies a
relationship, they do appear to have distinct origins. Higher SiO2 and TTG inclusions within GG
rocks suggest that crustal melting was important in the genesis of GG. Low Ca compared to K+Na
may be related to plagioclase retention in the source (Moyen, 2011), which is supported by negative
Eu/Eu* anomalies of GG. Melting experiments of TTG at varying low to mid pressures (4 and 10
kbars) yield compositions analogous to GG rocks (e.g. Patiño Douce, 1997; Skjerlie and Johnston,
1993). This relationship is further evaluated using Hf isotopes in Chapter 5.
Sanukitoids and GG intrusions tend to occur along, or proximal to, terrane boundaries. This is
illustrated by the geochemical contour maps, which provide a proxy for rock type. For example,
LILE (such as K2O, Pb, and Th) and Mg# are elevated in intrusive rocks around the Marmion
terrane (Figure 3-18). In addition to mapping out some of the terrane boundaries, they also outline
northeast structures, some of which cross terrane boundaries, notably, the continuation of the
Winnipeg River – Western Wabigoon boundary southwest into the Marmion terrane along the
White Otter batholith (Figure 3-18). Late northeast trending structures such as the Entwine Lake
Fault are located across the Western Superior Craton, and stand out in magnetic signatures.
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Figure 3-20: Schematic diagram illustrating secular chemical variations in felsic to intermediate intrusive rocks of the
Wabigoon superterrane, and related implications for melting and/or fractionation depth and magma sources.

It is possible that some of these late northeast features are fundamental structures reflecting an
earlier history (Bédard and Harris, 2014), a concept that is supported by microstructural work on
the northeast-trending Marmion Shear Zone which was active before 2.9 Ga (Backeberg and Rowe,
2012) and reactivated during the Kenoran Orogeny. Thus, the northeast-trend in the geochemistry is
likely mapping a fundamental Mesoarchaean structure reactivated in the Neoarchaean to control the
emplacement of intrusive rocks. A spatial change in geochemistry across the structure parallel to
the White Otter Batholith corroborates a fundamental lithospheric structure. There is higher Dy/Yb
in the Irene-Eltrut Lakes gneisses than the Dashwa gneisses and the Marmion intrusive complex
(Figure 3-18). Higher Dy/Lu relates to more fractionated HREE, which in turn, points to
fractionation or melting in the presence of garnet. Garnet is a high P mineral. A greater depth of
melting may indicate a thicker lithosphere.
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3.6.

CONCLUSIONS

The geochronological findings of this study help to extend the geological understanding of the
central Wabigoon superterrane and provide additional insight into Mesoarchaean – Neoarchaean
evolution of the Superior Craton, and the architecture of the western part of the craton.
Inherited zircons within the Irene-Eltrut Lakes area establishes placement of the Marmion-Western
Wabigoon boundary westward 30 km from its current designation. Inheritance within the 2.72 Ga
Atikwa batholith suggests sampling of Winnipeg River – Marmion aged basement by 2.72 Ga, and
favours an autochthonous development of the Western Wabigoon terrane, or an earlier accretion.
The Jutten assemblage of the Western Wabigoon, built on the margin of the Winnipeg River
terrane, possibly correlates to the Steep Rock basal conglomerates of the Marmion terrane. If so,
contemporaneous uplift and emergence occurred in both localities, strengthening the case for a
composite terrane by 2.8 Ga. Similar magmatism across the Marmion - Eastern Wabigoon terranes
suggests that the Eastern Wabigoon terrane may not be exotic with respect to the Marmion terrane.
These results indicate that the distinct isotopic signatures of the Wabigoon superterrane are not
necessarily indicative of allochthonous origins. This suggests that models that envision in-situ
growth for the Superior Craton are permissible by this data, and models that are in part upheld by
isotopically distinct basement signatures, such as accretion of exotic fragments, may need revision.
Zircon inheritance records several periods of crustal reworking within the Wabigoon superterrane.
The Winnipeg River terrane, with the oldest preserved crust records the most inheritance in its
magmatism. Maps of geochronological data and igneous geochemistry image structures that
developed early (terrane margins, Marmion shear zone, Hillyer – White Otter structure) and were
exploited by later magmatism. These structures tend to also host plutons with older zircon
inheritance. Hence, late melts appear to have exploited an early architecture, and accordingly, these
late magmas map out fundamental lithospheric structures.
The protracted history of the Marmion terrane demonstrates that the greenstone and TTG
emplacement are intimately spatially and temporally linked. Accordingly, a tectonic process able to
produce synchronous bimodal geochemistry is required. The geochronology, combined with
stratigraphic correlations, supports disrupted and asymmetrical synclinal greenstone belt geometry
rather than exotic tectonostratigraphic assemblages. Consequently, geodynamic models that can
generate and preserve contemporaneous bimodal magmatism best account for the Mesoarchaean
crustal growth.
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The geochemistry of felsic intrusions changed at ~2.75 and ~2.69 Ga. The shift at 2.75 Ga records
evidence for deeper melting in addition to melting in the plagioclase stability field. This may reflect
a change in character of the crust/lithosphere such as structural thickening caused by compression
and/or a change in tectonic regime within the Wabigoon superterrane such as the onset of
subduction. Chemistry of TTG in the Marmion terrane indicates that melting and/or crystal
fractionation was occurring at both high (garnet stable) and low (plagioclase stable) pressures. The
shift associated with the onset of sanukitoid intrusion at 2.69 Ga has been noted across most
Archaean cratons and records a distinct mantle contribution as well as the greatest enrichments in
incompatible elements, most often attributed to melting of a TTG-metasomatised mantle triggered
by slab break-off (Laurent et al., 2014; Shirey and Hanson, 1986; Smithies and Champion, 2000).
The genesis of TTG and sanukitoid magmatism is examined in greater detail using insights from
Lu-Hf and O isotopes in Chapters 5 and 6.
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