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ABSTRACT

The Slave craton underwent widespread extension during the Paleoproterozoic. In the southern
Slave craton, this extension is manifest in multiple periods of continental mafic magmatism
emplaced between 2.3-2.2 Ga and prior to 2.0-1.9 Ga calc-alkaline magmatism of the Taltson and
Thelon zones along the Slave-Rae boundary. During this time the East Arm basin of Great Slave
Lake was formed and now preserves a protracted sedimentary and volcanic record along the
southeastern margin of the Slave craton. Within the East Arm basin package, the Union Island
Group represents voluminous mafic volcanism with subordinate interbedded carbonate/shale
sedimentary strata. Previous stratigraphic interpretations posit that the ca. 1928 Ma Wilson Island
Group is the base of the East Arm basin stratigraphy, and that the Union Island Group is younger.
This relationship is however equivocal; the Wilson Island Group is structurally isolated, and new
field observations indicate that the Union Island Group was deposited unconformably on Archean

granitic basement, the latter considered to be derived from the nearby Slave craton.

We report the first U-Pb baddeleyite crystallization age, 2042.7+3.0 Ma, for a diabase body which
intrudes volcaniclastic horizons belonging to the Union Island Group lower basalt unit; the diabase
intrusion is geochemically identical to flows of the lower basalt unit and is therefore interpreted as
a feeder to these flows. The diabase crystallization age demonstrates that the Union Island Group
is the oldest identified supracrustal package in the East Arm basin and that the East Arm basin is
~115 Myr older than previously thought. Our new stratigraphic interpretation is supported by
detrital zircon provenance age distribution in two Union Island Group sedimentary samples. These
detrital zircons are dominated by 2.76-2.56 Ga ages reflecting prominent input from the Archean
basement. The youngest detrital zircons have ages indistinguishable from the emplacement age of

the diabase. Zircon ages from the 1.9-2.0 Ga Taltson and Thelon magmatism, are absent from the
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Union Island Group sedimentary rocks while being prominent in all other strata of the East Arm

basin; further confirming that the Union Island Group is the oldest strata in the East Arm basin.

The Union Island Group contains two stratigraphically and geochemically distinct mafic volcanic
packages. The lower magmatism is predominantly alkaline, is characterized by high enrichment
levels of incompatible elements and a large compositional range (108—438 ppm Zr, 13—-62 ppm
Nb), and preserves an OIB-like chemical signature. The upper magmatism, in contrast, is tholeiitic,
displays much lower levels of incompatible elements with a uniform composition (83—101 ppm
Zr, 2-4 ppm Nb), and has a DM-like chemical signature. Both packages display overlapping
depleted time-integrated enag) values (+1.1 — +3.2). Petrological modeling suggests that the lower
magmatism originated from interaction between upwelling asthenosphere and a depleted mantle
reservoir; the upper magmatism was produced by decompression melting of the shallow mantle
consisting mostly of the depleted reservoir. The petrogenesis established in this study is consistent
with a continental rift origin for the Union Island Group magmatism and is further supported by

geochemical similarities with Proterozoic and Phanerozoic rift successions.

Combing geochronological and geochemical findings, we propose that the Union Island Group
represents an incipient rift sequence during the ca. 2043 Ma rifting at the southern margin of the
Slave craton. The proposed tectonic model is consistent with the break-up of the Slave craton from
a pre-Laurentia supercontinent during the 2.23-2.01 Ga period. Our conclusions further suggest
an intraplate origin for the Taltson and Thelon magmatism, and that the Slave craton and the Rae

domain were a contiguous crustal unit as early as ca. 2043 Ma.
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PREFACE

Research presented in this study is part of a larger project investigating the origin and evolution of
the East Arm basin, a collaboration between the University of Alberta and the Northwest

Territories Geological Survey.

The unconformity between the Union Island Group and the Archean basement, shown in Fig. 2.4b,
was discovered by L. Ootes and A. Bekker during additional fieldwork in the Union Island area.

The photograph of the unconformity was taken by L. Ootes.

Geochemical studies presented in this thesis include re-analysis of samples originally presented in
the late Stephen Goff’s 1984 Ph.D. thesis, entitled The magmatic and metamorphic history of the
East Arm of the Great Slave Lake, N.W.T. Standard materials WGB-1, TDB-1, and SY-2 were
provided by Bruce Kjarsgaard at the Geological Survey of Canada.

U-Pb purification of baddeleyite fractions #1 and #2 of sample LH14-27 was done by Dr. Larry
Heaman, with ID-TIMS analysis conducted by James LeBlanc. U-Pb detrital zircon LA-ICPMS
study of sample LHI5-EAS51 was conducted by Madisen Janzen as a research assistant under Dr.

Larry Heaman; the detrital zircon study is included in this thesis with her consent.

All ideas presented in this thesis are my own, although they have been developed through
discussions with my supervisor, Dr. Larry Heaman. All writing and figures presented here are my

own work.
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1 INTRODUCTION

The Paleoproterozoic Eon (2.5-1.6 Ga) is characterized by widespread mafic magmatism across
previously stabilized Archean crustal domains (Amelin et al., 1995; Heaman, 1997, Isley and
Abbott, 1999). In the Slave craton, for example, no less than fourteen Paleoproterozoic mafic dyke
swarms have been identified (Buchan et al., 2010). The abundance of mafic magmatism emplaced
in the Slave craton during the 2.2-2.0 Ga time period has been interpreted to reflect the protracted
Paleoproterozoic extension and subsequent break-up of a Neoarchean supercraton, Sclavia

(Bleeker, 2003).

The East Arm basin is situated on the southern flank of Slave craton and largely comprises
Paleoproterozoic supracrustal successions (Figs 1.1, 1.2). The deformed nature of the East Arm
basin, in addition to the general lack of geochronological constraints on the depositional age of the
basal stratigraphy, has contributed to several contrasting tectonic models, including a fold belt, a
failed rift, and a collisional back-arc (Hoffman, 1969, 1973, 1987, 1988b). Many studies have
interpreted the lowest stratigraphic unit in the East Arm basin to be the ca. 1.93 Ga Wilson Island
Group (Bowring et al., 1984), which is thought to relate to the 1.99—-1.91 Ga Slave-Rae collision
(Bowring et al., 1984; Hoffman, 1987, 1988b; Kjarsgaard et al., 2013a; Fig. 1.3). However, the
Wilson Island Group is structurally isolated from the Archean basement (Hoffman, 1981, 1988a),
therefore its stratigraphic relationship is unclear. The Union Island Group, a package of mafic
volcanic and intrusive rocks with subordinate sedimentary strata of conglomerate, quartz arenite,
dolomite, mudstone, and black shale, unconformably overlies Archean basement (Thorstad, 1976;
Hoffman et al., 1977, 1988a). The Union Island Group has been conventionally interpreted to post-
date the Wilson Island Group (Hoffman 1969, 1973; Hoffman et al., 1974, 1977; Kjarsgaard et al.,
2013a) based on correlating metamorphic fabrics, and that the Wilson Island Group has been
metamorphosed to a higher grade than the rest of basin stratigraphy (Hoffman et al., 1977; Johnson,
1990). This stratigraphic relationship is however equivocal due to the lack of any preserved

stratigraphic contact between the two groups.

In light of the uncertainties in the conventional stratigraphic model of the East Arm basin, this
study aims to constrain the timing and origin of mafic magmatism of the Union Island Group using

high-precision isotope dilution thermal ionization mass spectrometry (ID-TIMS) U-Pb



baddeleyite geochronology, laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) U-Pb detrital zircon geochronology, whole-rock geochemistry, Nd and Sr isotope
geochemistry, and petrological modeling. These new findings are combined to address the early
history of the East Arm basin with respect to contemporaneous major tectonic events in and around

the Slave craton.
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Figure 1.2. Geologic map of the East Arm basin, showing Paleoproterozoic igneous intrusions. Study area is denoted by the red box. Modified after

Hoffman et al. (1977) and Kjarsgaard et al. (2013b).
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2 BACKGROUND

2.1 Regional geology

The East Arm basin corresponds to the eponymous geographic region of the Great Slave Lake,
N.W.T. (Fig. 1.2). Surficial extent of the basin measures ~100 km by ~300 km. The East Arm
basin is bound to the northwest by the Slave craton. To the south, the basin is bound by mylonite
zones associated with the ca. 1.9 Ga Great Slave Lake shear zone (GSLsz; Hanmer et al., 1992;
Hoffman, 1987), which is partly separated from the basin by the post-1.86 Ga northeast-southwest
trending McDonald Fault (Bowring et al., 1984). Stratigraphic thickness of the basin ranges from
~10 km in the southeast to ~2 km in the northwest (Hoffman, 1969). The basin strata are generally
gently dipping towards the Slave craton, but become tightly folded in a synclinal structure towards
the GSLsz. Inliers of felsic Archean crust occur in the southwestern portion of the basin (Thorstad,
1976; Hoffman et al., 1977; Janzen, 2015), between the McDonald Fault and the southern shore
of the Great Slave Lake.

The stratigraphy of the East Arm basin is Paleoproterozoic in age and has been subdivided into
four units (in order of decreasing age): Wilson Island Group, Union Island Group, Great Slave
Supergroup, and Et-Then Group (Fig. 1.3; Hoffman, 1968, 1969, 1988a). Sedimentary and
volcanic rocks of the Union Island Group and the Wilson Island Group have a relatively limited
surficial exposure and show varying degrees of deformation and metamorphism prior to deposition
of the younger Great Slave Supergroup, which consists of marine and fluvial sequences with
intervening volcanic strata (Hoffman, 1968). Both the Wilson Island Group and the Great Slave
Supergroup were folded into an anticlinal structure prior to further deposition of the Et-Then

Group (Johnson, 1990).

Volcanic ages associated with the East Arm basin

A felsic volcanic rock of the Wilson Island Group (reported as a felsite in Bowring et al., 1984)
has been dated at 1928+11 Ma and represents the oldest known volcanism thus far in the East Arm
basin. A ca. 1857 Ma age for intermediate volcanic rocks of the Sosan Group is the only other

reported age of volcanism within the basin stratigraphy (Kjarsgaard et al., 2013a).



Regional Paleoproterozoic igneous intrusions and their relation to the East Arm basin

The East Arm basin and its surrounding region host a number of Paleoproterozoic igneous
intrusions (Table 2.1; Fig. 2.1). The central and southern regions of the Slave craton are intruded
by the ca. 2231 Ma Malley dykes, ca. 2210 Ma Mackay dykes, and the ca. 2126-2108 Ma Indin
dykes. In the southeastern end of North Simpson Island, the basement is cut by a 050°-070°-
trending, ca. 2219 Ma diabase dyke ("Simpson Island dyke" or "Easter Island dyke" in previous
reports; interpreted to be a Mackay dyke by Kjarsgaard et al. (2013a); hereafter referred to as
"North Simpson Island dyke"; Mumford et al., 2012). Another 050°-trending diabase dyke cuts
the basement ~10 km to the southeast ("Mid-Aphebian diabase dyke" of Goff, 1984 and Goff et
al., 1982; hereafter referred to as "South Simpson Island dyke") and is geochemically correlated
with mafic dykelets cutting the North Simpson Island dyke (Goff, 1984). Uranium-lead
baddeleyite geochronology in this study constrains the emplacement age of the South Simpson

Island dyke to be 2217-2198 Ma (Appendix C).

The ca. 2193-2164 Ma Southwest Slave magmatic province (SWSMP) consists of the Big Spruce,
Squalus Lake and Blatchford alkaline intrusive suites, as well as the Duck Lake mafic sill and
Dogrib dyke swarm (Bleeker and Hall, 2007; Mumford, 2013). In the GSLsz immediately south
of the McDonald Fault, the ca. 2038 Ma, ENE-trending McKee Lake dykes cut both deformed and
undeformed granites that share similar lithological attributes as basement inliers observed in the
East Arm basin (Pehrsson et al., 1993). The NNE-trending ca. 2027-2023 Ma Lac de Gras swarm

extends into the southern part of the Slave craton (Buchan et al., 2010).

The Wilson Island Group is intruded by the ENE-trending, ca. 1901 Ma Hearne dykes (Bleeker et
al., 2008) and the ca. 1895 Ma Butte Island epizonal granites (Bowring et al., 1984; Kjarsgaard et
al., 2013a). Several other ENE-trending diabase dykes have been observed to cut Archean inliers
in the East Arm basin (Kjarsgaard et al., 2013b) and are interpreted to be Hearne dykes based on
orientation (Kjarsgaard et al., 2013b), although the dykes' relationship with basin stratigraphy is
unclear. Gabbro intrusions on Jackson Island, in the western tip of the basin, are coeval with the
Hearne dykes (Kjarsgaard et al., 2013a). The ca. 1872—-1861 Ma Compton monzodiorite laccoliths
intrude the Christie Bay and Pethei groups of Great Slave Supergroup (Bowring et al., 1984;
Hoffman, 1988a), with cogenetic monzodiorite stocks intruding the Blatchford intrusive suites in

Slave craton. The Petitot Island breccia dykes intrude the Archean basement in close association
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Table 2.1. Paleoproterozoic igneous intrusions in the East Arm basin and in the southern Slave craton.

DOMAIN/Name Age (Ma) References
EAST ARM BASIN
N. Simpson Island dyke 2219+3.7 Mumford et al. (2012)
S. Simpson Island dyke* 2217 - 2198 this study
Wilson Island Group felsic volcanism 1928 + 11 Bowring et al. (1984)
Hearne dykes 1901 +4 Buchan et al. (2010)
SLAVE CRATON
Malley dykes 2231+2 Buchan et al. (2012)
Mackay dykes 2208 5 LeCheminant and van Breemen (1994)
Dogrib dykes 2193 +2 Mitchell et al. (2014)
Blatchford Lake intrusive suite 2185 -2176 Bowring et al. (1984), Sinclair et al.
(1994), Mumford et al. (2012), Mumford
(2013)
Big Spruce intrusive suite 2188+ 16 Cavell and Baadsgaard (1986)
Duck Lake sill 2181 %2 Bleeker and Kamo (2003)
Squalus Lake intrusion 2180+1 Villeneuve and van Breemen (1994)
Indin dykes 2126 - 2108 Buchan et al. (2016)
Lac de Gras dykes 20232 Buchan et al. (2009)
Blatchford stocks 1892 +4 Mumford and Cousens (2014)
Ghost dykes 1885 Buchan et al. (2016)
GREAT SLAVE LAKE SHEAR ZONE
McKee Lake dykes 2038+3 Pehrsson et al. (1993)
Granite intrusions 1978 5 van Breemen et al. (1990)
1976 £ 5 van Breemen et al. (1990)
1960 Hanmer et al. (1992)
1924 Hanmer et al. (1992)

* Data summarized in Appendix C of this study.
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Figure 2.1. Map of Paleoproterozoic mafic dyke swarms in the Slave craton. Modified after Buchan et al.

(2010). Age data references are listed in Table 2.1.



with the North and South Simpson Island dykes, but are interpreted to postdate the Sosan Group
of the Great Slave Supergroup (Badham, 1979).

Although Mesoproterozoic in age, mafic dykes and sills associated with the ca. 1267 Ma
Mackenzie igneous event (LeCheminant and Heaman, 1989) are regionally extensive and intrude

the entirety of basin stratigraphy, more prominently in the northeastern portion of the basin.
2.2 Geology of the Union Island Group

The Union Island Group outcrops in a ~25 km by ~10 km area south of the McDonald Fault in the
southwestern portion of the basin (Fig. 2.2). Outcrops are distributed in two separate areas, one
along the southern shore of Great Slave Lake (hereafter referred to as "mainland area") and the

other on islands north and northeast of Union Island (hereafter referred to as "Union Island area").

2.2.1 Previous work

Rocks of the Union Island Group were initially mapped and described by Stockwell (1932; 1936a,
1936b), Henderson (1939), Stockwell et al. (1968), and Reinhardt (1970), and then studied in more
detail as part of the East Arm basin stratigraphy by Hoffman (1968; 1969). Thorstad (1976) and
Hoffman et al. (1977) published the first stratigraphic division of the Union Island Group, along
with detailed lithological and structural descriptions. The first geochemical and isotopic analyses
of igneous units of the Union Island Group were presented by Goff et al. (1982) and Goff (1984).

This is followed by a more recent geochemical survey by Kjarsgaard et al. (2013a).

2.2.2 Stratigraphy

The Union Island Group comprises marine basinal to platform sequences with intervening mafic
volcanic and intrusive rocks. Combining previous studies and observations during field work
associated with this study, we recognize six stratigraphic units within the Union Island Group (Fig.

2.3; Thorstad, 1976; Hoffman, 1977):
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Figure 2.2. Geologic map of the Union Island Group. Geology after Thorstad (1976), Hoffman et al. (1977), and Goff (1984).
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Figure 2.3. A simplified stratigraphic column of the Union Island Group, based on Thorstad (1976) and
Goff (1984). Geochronology results from this study are labeled.
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1) Lower dolomite

The lower dolomite unit is generally massive (Fig. 2.4a) and contains irregular cherty beds and
lenses, in addition to pelitic layers that exhibit micaceous parting. Thorstad (1976) described radial

axial dolomite veins as a characteristic of the lower dolomitic unit.

The lower dolomite unit is basal to the Union Island Group and unconformably overlies Archean
basement. The exposed unconformity was identified during field work for this study on the
northeastern tip of Union Island; other exposures of the unconformity have been reported by
Thorstad (1976) and Hoffman et al. (1977). The unconformity exposure on Union Island consists
of a regolith profile of weathered granites preserved as quartz grains held in a calcareous matrix
(Fig. 2.4b). At the base of the lower dolomite unit Thorstad (1976) and Hoffman et al. (1977)
identified a discontinuous section of quartz conglomerate, with granule- to pebble-sized clasts. We
identified another unconformity with Archean basement on an island just south of the northeastern
tip of North Simpson Island. At this site the observed younging sequence is arenite, quartzite,
dolomite, the latter interpreted to be part of the lower dolomite unit. The lower dolomite unit has

an exposed apparent thickness of ~200 m.

2) Black shales

The black shale unit consists of massive to laminated carbonaceous black shale interbedded with
laminated dolomitic mudstone (Fig. 2.4c). Pyrite occurs in disseminated and nodular forms
throughout the unit (Thorstad, 1976). A local occurrence of a one-inch thick massive pyrite bed
was observed during fieldwork of this study (Fig. 2.4d). The black shale unit has an exposed lateral
thickness of ~500 m.

3) Lower basalts

The ~300 m thick lower basalt unit outcrops almost exclusively in the mainland area where it
overlies the black shale unit. The unit contains pillowed and massive basalt flows which are locally
plagioclase-phyric (Figs 2.4e, ), as well as interflows of mafic-intermediate volcaniclastic rocks
and tuff beds. Goff (1984) described the basalt flows as having massive bases and pillowed tops.
Pillowed basalt flows in the upper section of the unit commonly contain inter-pillow cavity infills
and cross-cutting dolomitic veins (Fig. 2.4g). Flow-top breccias on top of the basalt flows grade

upwards into massive lapilli tuffs (Goff, 1984). An outcrop of massive tuff with well-preserved
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Figure 2.4a. Union Island Group lower dolomite, showing generally massive and buff-weathering
appearance. Sediment reworking is reflected in fluid-fractured clasts. On a small island north of Union

Island, near collection site of samples LH14-EA22A, B.
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Figure 2.4b. Unconformity (dashed line) between the Union Island Group and the Archean basement.
Massive calcareous strata of the lower dolomite unit (Dol) overlies weathered basement granite (Gr); the
granite in this picture has been reduced to quartz grains held in a calcareous matrix. Stromatolitic structures
in the dolomite are indicated by white arrows. The way up is indicated by the shaft of the hammer.

Northeastern tip of Union Island. Photo by L. Ootes.
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Figure 2.4c. Black shale unit, containing a calcareous block (centre). Rusting pyrite (orange) is visible at

the tip of the hammer. Southwestern shore of Camp Island.

e A R

Figure 2.4d. Massive pyrite bed (grey to white) within black shale unit. Pen for scale is ~15 cm long.

Southwestern side of Camp Island.
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Figure 2.4e. Pillowed flow in lower basalt unit. Mainland area. Sample LH14-EA07 was collected from the

partially exposed pillow to the left of the hammer.

Figure 2.4f. Basalt flow containing white porphyritic plagioclase, lower basalt unit. Mainland area. Near

collection site of sample LH15-EA14.
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Figure 2.4g. Hydrothermal infill of carbonate minerals in fractures and cavities (red arrow) in the lower

basalt unit. Mainland area.
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interflow sediments occurs on a small island northeast of Union Island (hereafter referred to as
Tuff Island; Figs 2.2, 2.4h). A larger extent of massive, unsorted tuff in the southern limb of the

mainland area contains lenses of dolomite and tuffaceous mudstone (Thorstad, 1976).

4) Upper dolomite

The ~200 m thick upper dolomitic unit overlies the lower basalt unit in the mainland area and is
conformable over the black shale unit in the Union Island area. The unit is well-bedded (Fig. 2.41),
contrasting with the generally massive lower dolomitic unit (Thorstad, 1976). Grain size of the
unit ranges from silt- to sand-sized. Red and green mudstones occur as interbeds. Stromatolitic

intervals occur in the northeastern part of Union Island.

5) Upper basalts

The upper basalt unit occurs only in the Union Island area, largely restricted to a 3-km-long island
northeast of Union Island (hereafter referred to as “Camp Island’). The unit outcrops as a ~1000-
m-thick sequence of well-preserved pillowed basalt flows (Fig. 2.4j) intercalated with flow-top
breccias. Thin beds of interflow sedimentary horizons are also reported (Thorstad, 1976). Pillowed
basalts that were observed along the southern shore and northeastern tip of the island display a
wide range of morphologies, from amoeboid-like to lava-tube-like shapes to pillowed flows (Fig.
2.41), commonly with thick selvages. Some flows contain shelf structures (Fig. 2.4m), indicating
paleohorizontal direction. Internal cavities and interstices are filled with hydrothermal carbonate
minerals and quartz, although the unit overall appears less altered compared to the lower basalt

unit observed during fieldwork.

6) Red/green mudstones

The ~400-m-thick mudstone unit overlies the upper dolomitic unit, the upper basalt unit and
massive tuffs of the lower basalt unit, all with apparently conformable contacts (Thorstad, 1976).
The mudstone is well-laminated with alternating mudstone and siltstone intervals plus their
dolomitic variants. Soft-sediment deformation features such as convolute bedding and micro-faults
are common (Fig. 2.4n). The basal portion of the unit is characterized by black shale, concretionary
mudstone and dolomitic beds, while graded bedding becomes more common up-section. The
mudstone unit is unconformably overlain by quartzite of the basal Hornby Channel Group of the

Great Slave Supergroup.
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Figure 2.4h. Interflow sedimentary bed (red arrow) in tuff sequence, lower basalt unit. The bed shows

normal grading. Collection site of sample LH15-EAS1. Tuff Island.

Figure 2.4i. Fine-grained dolomitic beds (orange) interlayered with silt- to sand-sized clastic beds (grey),

upper dolomite unit. South shore of Camp Island. Younging up. Hammer for scale is ~40 cm long.
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Figure 2.4j. Pillowed flows in the upper basalt unit. Note the devitrified pillow rims and grey-white infill

of inter-pillow cavities by hydrothermal carbonate minerals. Southern shore of Camp Island.

Figure 2.4k. Amoeboid habit of pillowed flows in the upper basalt unit, here partially underwater. Note the

light-coloured rims indicative of basalt alteration. Northeastern tip of Camp Island.
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Figure 2.41. Shelves (red arrows) within a pillow in the upper basalt unit. Note the infill of white carbonate

minerals which has partly weathered away. Northeastern tip of Camp Island.

)

Figure 2.4m. Finely laminated beds of the red and green mudstone unit, showing micro-faults. Northeastern

part of Union Island, view northeast. Hammer for scale is ~40 cm long.
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Figure 2.4n. Columnar joining (red arrows) on a diabase sill in the mainland area. View towards northwest.

Figure 2.40. Close-up view of the weathered surface of a diabase sill, with distinguishable light-coloured
plagioclase laths.
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Union Island Group diabase sills and dykes

Diabase sills intrude the black shale and lower basalt units in the mainland area (Fig. 2.1), with
estimated thicknesses of up to 200 m (Goff, 1984). At least two sills are identified (Thorstad, 1976).
These display chill margins and columnar jointing (Goff, 1984; Fig. 2.40). Near one of the chill
margin sampled in this study, both the diabase and black shale exhibit shearing that may have

resulted from regional deformation.

The diabase ranges from black to black-green on fresh surfaces and weathers orange, often with
discernable white plagioclase (Fig. 2.4p). The sills show generally coarsening grain size from

margins towards centre.

Three correlative diabase dykes (sec. 4.1) cut the Archean basement and range 2—25 m in thickness
and 040-060° in trend. Two of these intrude the basement within ~200 m from the recessive basal
unconformity of the lower dolomite unit; the third (LH14-07) occurs ~5 km northeast of the
mainland area exposures. Only the center of one of these dykes (LH14-22B) is slightly magnetic.

Another correlative diabase body (sec. 4.1) intrudes the volcaniclastic sequences on Tuff Island
(Fig. 2.2) the geometry of this intrusion remains unclear such that it was not possible to identify if

it is a sill or a dyke. This diabase body is strongly magnetic.

2.2.3 Deformation and metamorphism

Strata of the Union Island Group are folded along a northeast-southwest trending axis. This is
evident as a southwest-facing anticlinal structure in the mainland area. In the Union Island area
the upper basalts are preserved in an anticlinal fold structure with axial trace striking to the
northeast. Many of the dolomitic carbonate outcrops in the Union Island area preserve a northeast-
striking, steeply dipping foliation that is axial planar to M-folds. As the area of the Union Island
Group is bisected by the McDonald fault, numerous fault-related fractures occur in the mainland

arca.

The Union Island Group is metamorphosed to lower-greenschist facies. This is typified in the
mafic units, where a characteristic assemblage of actinolite-chlorite-epidote-titanite is the

predominant transformed mineralogy (sec. 3.4). Plagioclase is commonly altered to sericite or
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albite. Abundant carbonate-rich veins and mineral replacement by carbonates suggest alteration

by hydrothermal fluids (Thorstad, 1976; Goff, 1984; sec. 3.4).
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Figure 2.4p. Close-up view of a relatively unweathered surface of the diabase intrusion on Tuff Island.
White laths of plagioclase are distinguishable alongside black pyroxene and orange-weathering metal

oxides. Collection site of sample LH15-EASS.
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3 METHODOLOGY

3.1 Sampling Strategy

Fieldwork was conducted in the East Arm area for a combined duration of eighteen days during
the 2014 and 2015 field seasons. The principal goals of fieldwork were 1) to evaluate stratigraphic
interpretations for the Union Island Group, both internally and relative to the rest of the
stratigraphy in the East Arm basin, by verifying observations in previous mapping studies (e.g.,
Thorstad, 1976) and possibly updating with new observations, and 2) to collect specimens from
the igneous units of the Union Island Group for geochemical and geochronological analysis, and
from the sedimentary units for detrital zircon geochronology analysis. Location and description of
all 45 samples collected are presented in Fig. 3.1 and Table 3.1. In general, at least 1 kg (fist-sized)
was collected for each volcanic sample; a minimum of 5 kg was collected for each intrusive sample

to maximize the amount of baddeleyite crystals available for geochronological analysis.
Union Island Group volcanic units

Given that the Union Island Group lower basalt unit may represent the earliest-known surficial
expression of mafic magmatism in the East Arm basin, a high-resolution investigation into
compositional variations of successive lava flows can yield insights into magmatic processes and
the origin of the Union Island Group mafic magmatism. We collected nine basalt samples (LH15-
EA06 to LH15-EA14) at a 10 m interval along the uppermost 90 m of the lower basalt unit exposed
in the mainland area. The outcrop is continuously exposed along the shoreline of Great Slave Lake.
The sampled flows overlie a layer of dolomitic, clay- to silt-sized interflow sediment and terminate
at an upper unconformity, which is truncated by a quartz pebble conglomerate bed that is in turn
overlain by the upper dolomite unit. Eight additional samples (LHI5-EA16 to LH15-EA23) were

collected from an outcrop of pyroclastic rocks 5 km to the southwest.

A previously undescribed outcrop of well-preserved tuffs and interflow sediments was surveyed
on Tuff Island (Fig. 3.1) and was interpreted as belonging to the lower basalt unit based on the
observation that it is intruded by a diabase body; the diabase is geochemically identical to sills
intruding the lower Union Island Group strata in the mainland area (sec. 4.1.7). Eight samples were

collected from the tuff sequence (LH14-26A, B, LH15-EA51-LH15-EAS56) for petrographic and
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Figure 3.1. Geologic map of the Union Island Group, showing locations of samples collected in this study (“LH* series) and archive samples selected

for analysis (“UI” series).
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Table 3.1. List of Union Island Group samples collected during field work of this study, with location coordinates and collection notes.

Sample Number Unit Lithology Latitude Longitude Notes
LH14-07B Diabase intrusions Diabase dyke 62°02.53N 111°27.23 W Dyke center, trend 050-060, width 25m, cuts basement granitoid, some dyke
splaying
LH14-14 Diabase intrusions Diabase sill 61°59.46 N 111°31.70 W Coarse-grained, visible greenschist alteration, with carbonate veins, fractures
LH14-16 Diabase intrusions Diabase dyke 62°00.21 N 111°31.40 W Dyke, trend 050, width 2-3m, cuts basement granitoid; vesicular with spherical pit
weathering; overall colour transitions to grey 15m east of sample site, showing
black spheroids; ~200m from recessive unconformity
LH14-22A Diabase intrusions Diabase dyke 62°00.41 N 111°50.74 W Dyke margin, trend 040, width 12m, cuts basement granitoid; non-magnetic;
fairly altered internally despite lacking apparent deformation; ~30m from
recessive unconformity
LH14-22B Diabase intrusions Diabase dyke 62°00.41 N 111°50.74 W Dyke centre of LH14-22A, slightly magnetitc; alteration sic.
LH14-25A Diabase intrusions Diabase 62°01.71N 111°44.09 W NE of landing, medium-grained, highly fractured, moderately magnetic
LH14-26A Lower basalt Tuff 62°01.73 N 111°44.95 W
LH14-26B Lower basalt Tuff 62°01.73 N 111°44.95 W
LH14-27 Diabase intrusions Diabase 62°01.69 N 111°44.99 W Collected from landing site; moderately magnetic
LH14-32 Upper basalt Basalt 62°01.33N 111°44.88 W Possibly syn-volcanic dyke, contact not demonstrated, possibly ponded flow
LH14-33 Upper basalt Basalt 62°01.31N 111°44.77 W Possibly syn-volcanic dyke, gradational boundary into pillowed flows
LH14-34 Upper basalt Basalt 62°01.32N 111°44.76 W Same as sample LH14-33
LH14-36 Upper basalt Basalt 61°58.86 N 111°48.72 W Pillowed flow, contains carbonate veins
LH15-EA01 Diabase intrusions Diabase sill 62°00.271 N 111°32.394 W Lower sill, coarse-grained centre; bag 1 contains grabs within 5-10m radius, bag 2
contains broken fragments from a single boulder collected at specified
coordinates
LH15-EA02 Diabase intrusions Diabase sill 62°00.264 N 111°32.445W W (upper) side of lower sill, distance from actual margin indeterminate
LH15-EA04 Diabase intrusions Diabase sill see notes E (lower) margin of lower sill, fine-grained, ~20cm from sheared contact, ~30cm
upslope from LH15-EA03
LH15-EA05 Lower basalt Basalt 62°01.023 N 111°33.665W Clay- to silt-sized dolomitic interflow sediments below LH15-EA06
LH15-EA06 Lower basalt Basalt see notes 10m SW of LH15-EAQ5
LH15-EAQ7 Lower basalt Basalt 62°01.017 N 111°33.692 W Pillow centre
LH15-EA08 Lower basalt Basalt 62°01.008 N 111°33.703 W
LH15-EA09 Lower basalt Basalt 62°00.998 N  111°33.705W Coordinates taken from a slightly higher elevation due to steep slope
LH15-EA10 Lower basalt Basalt 62°00.995N  111°33.677 W
LH15-EA11 Lower basalt Basalt 62°00.987 N 111°33.678 W Contains black amygdules of secondary chlorite
LH15-EA12 Lower basalt Basalt 62°00.980 N  111°33.682 W
LH15-EA13 Lower basalt Basalt 62°00.965 N  111°33.677 W Plagioclase-phyric, weathers black
LH15-EA14 Lower basalt Basalt 62°00.955 N  111°33.678 W Small cm-scale flow banding, possibly reflecting magmatic shear
LH15-EA15 Upper dolomite Qtz. pebble conglomerate 10m SW of LH15-EA14 Directly above unconformity between upper dolomite and lower basalt
LH15-EA16 Lower basalt Volcanoclastics 61°58.155N  111°36.070 W
LH15-EA17 Lower basalt Volcanoclastics 61°58.144 N 111°36.019 W Contains visible dissemintated grey-silver metal oxides
LH15-EA18 Lower basalt Volcanoclastics 61°58.124 111°35.990 W
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Table 3.1. (continued)

Sample Number

Unit

Lithology

Latitude Longitude

Notes

LH15-EA19
LH15-EA20
LH15-EA21
LH15-EA22
LH15-EA23
LH15-EA51
LH15-EA52
LH15-EA53
LH15-EA54
LH15-EA55
LH15-EA56
LH15-EA57

LH15-EA58

Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Lower basalt
Diabase intrusions

Diabase intrusions

Volcanoclastics
Volcanoclastics
Volcanoclastics
Volcanoclastics
Volcanoclastics

Tuff

Tuff

Tuff

Tuff

Tuff

Tuff
Basaltic breccia

Diabase

61°58.129 111°35.939 W
61°58.102 111°35.950 W
61°58.091 111°35.846 W
30m N of LH15-EA21
61°58.147 111°35.854 W
see inset of sample map
see inset of sample map
see inset of sample map
see inset of sample map
see inset of sample map
see inset of sample map
see inset of sample map

see inset of sample map

Contains amygdules and black carbonate veins

Normally-graded interflow sediments, largest clasts ~2mm
Contains 3mm thick layer containing vesicular basalt fragments (1mm)

Right by shore

Vesicular breccia lens (5cm x 40cm) within diabase; surrounding diabase shows

fractures infilled by breccia matrix; 1m~ away from diabase-tuff boundary
5m SW from LH14-27 along shore
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detrital zircon provenance study (sec. 4.2.2). An additional sample was collected from a lens of

vesicular basaltic breccia cutting the diabase body.

Four samples were collected from the upper basalt unit on Camp Island and in the northeastern
part of Union Island (LH14-32-LH14-34, LH14-36; Fig. 3.1). Samples include centers of pillowed

basalts and linear dyke-like structures within pillowed flows, interpreted to be syn-volcanic dykes.
Union Island Group diabase sills and dykes

Four samples of Union Island Group diabase sills were collected in the mainland area (LH14-14,
LH15-EAO01, LH15-EA02, LH15-EA04; Fig. 3.1). Three additional samples were collected from
the diabase intrusion on Tuff Island (LH14-25, LH14-27, LH15-EAS58); the geometry of the Tuff
Island diabase remains unclear such that it was not possible to demonstrate in the field if the body

is a sill or a dyke.

As there exist several known Paleoproterozoic mafic dyke swarms in the East Arm basin and its
surrounding area, collection was also made of other mafic dyke bodies observed during fieldwork,
including some that were previously mapped. Due to the reconnaissance nature of this portion of
the fieldwork, a margin-center pair was not collected for every mafic dyke surveyed. Three of
these dykes (LH14-07, LH14-14, LH14-22) were subsequently interpreted as likely feeder dykes
to the Union Island Group basalt package based on their similar whole-rock geochemistry (sections

4.1,5.1).
Union Island Group sedimentary units

A quartz pebble conglomerate (LH15-EA15) was collected from the base of the upper dolomite
unit for LA-ICPMS U-Pb detrital zircon geochronology (sec. 4.2). In addition, a layer of dolomitic

interflow sediment was sampled at the base of the lower basalt geochemical transect.
Archive samples

In addition to field collection, eighteen igneous specimens were selected from the extensive Union
Island Group thesis collection of S. Goff (1984) archived at the Department of Earth and
Atmospheric Sciences, University of Alberta. Archive samples (denoted by sample numbers

beginning with “UI”’) were selected based on sample freshness (i.e. lack of visible alteration and
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weathering), volume available for analysis, and corresponding field location with the aim of

expanding existing sample coverage.
Analytical sample selection

As all rocks of the East Arm basin have been subjected to lower greenschist-facies metamorphism
and hydrothermal alteration (Thorstad, 1976; Goff, 1984), care was taken in selecting fresh
specimens wherever possible. Samples with significant internal heterogeneity were excluded from
whole-rock chemical analyses, as were those with abundant hydrothermal veins and visible signs

of deformation.

For each diabase intrusion, the coarsest portion was sampled for U-Pb age dating to maximize the
size of potential baddeleyite and/or zircon crystals and therefore the precision of analytical results.
Fine-grained chilled margin samples were also collected for whole-rock chemical analysis as these
may record the most primitive magma composition during the early stage of intrusion (e.g.,

Skelhorn et al., 1979; Upton et al., 1985; Kuehner, 1986).
3.2 Sample preparation

Samples for whole-rock chemical analysis were crushed following standard techniques. Care was
taken to remove weathered surfaces, visible alteration crusts and veins. Cut rock chips (0.5-0.7

cm thick) were crushed to at least 200 mesh (<74 um) using a tungsten carbide puck mill.

For U-Pb ID-TIMS geochronology, petrographic thin sections of diabase samples were first
screened under petrographic microscope for the presence of baddeleyite or zircon. Igneous
baddeleyite may contain magmatic zircon overgrowths, or is itself altered to zircon during
metamorphism (Heaman and LeCheminant, 1993). Therefore, select thin sections were further
examined under electron microprobe via secondary electron (SE) and backscatter electron (BSE)

imagery to determine the morphology and paragenesis of baddeleyite crystals (secs 3.4.3, 3.4.4).

Sample LH14-27, which contains the largest and least zircon-rimmed baddeleyite crystals, was
selected for a U-Pb ID-TIMS study. A separate portion of this sample was crushed in a similar
fashion as samples for chemical analysis, but at a coarser grain size in order to preserve baddeleyite
crystals. To separate baddeleyite crystals, the sample powder was first passed over a Wilfley Table

at a slow feed rate (~0.2 kg/hr), then the heavy mineral fraction is further passed under a Frantz
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Isodynamic Separator to remove the abundant, magnetic ilmenite and Ti-magnetite phases.
Methylene iodide heavy liquid separation was bypassed due to the small size of the baddeleyite
crystals (<60 um). During separation procedures in this study, it was discovered that ~90% of all
separated baddeleyite grains remained on metal surfaces of the Frantz Isodynamic Separator (e.g.
feed trough), and that optimal recovery was achieved by rinsing these machine components with
ethanol into petri dishes. A total of ~140 baddeleyite grains, measuring at least 20 um in length,
was separated from two batches of sample powder, each weighing ~0.2 kg before separation.
Individual multi-grain fractions of baddeleyite were then selected via hand-picking under
stereoscopic microscope; preference was given to grains that were intact, inclusion-free, and

exhibited minimal zircon overgrowth.

Extraction of detrital zircon grains from sedimentary samples followed the same procedures as
those for separating baddeleyite, except that a steel disk mill was used for crushing in order to
obtain a coarser grind, and that standard Wilfley Table and methylene iodide heavy liquid density
separation techniques were used. Approximately 1 kg of the sample rock was processed. From the
hand-picked zircon fraction, a random population of ~200 grains was selected and mounted in
epoxy. The mounts were polished first using a Carborundum 400B grit silicon carbide wet
sandpaper, followed by 1 pm and 0.3 um alumina on pellon polishing cloth, such that most zircon
grains were exposed. Cathodoluminescent (CL) imagery of the polished zircons was taken using
a Zeiss Axioscope 40 microscope to survey zircon morphology and for determining the placement

of primary beam for spot analyses.
33 Analytical protocols

All analyses in this study, except for whole-rock element abundances, were conducted at the
Department of Earth and Atmospheric Sciences, University of Alberta, with isotopic analysis done

at the Canadian Centre of Isotopic Microanalysis.
3.3.1 Elemental geochemistry

Major-, minor-, and trace-element abundances were determined for 50 whole-rock samples via
ICP (major, minor, and some trace elements) and ICP-MS analysis (trace elements) of lithium

borate infused glasses at the Activation Laboratories Ltd., Ancaster, ON. The analytical package
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4LITHORES was selected for all samples. Relative errors in three submitted blind standards are

summarized in Table 3.2.
3.3.2 Srand Nd tracer isotope analysis

Sample powders for isotope dilution tracer isotope analysis were weighed (4.4—4.9 mg), then
dissolved in a 2:1 mixture of 16M HNO3:48% HF, added 3’Rb-*!Sr and '*Sm—'"Nd spikes, for
48 hours. This was followed by dissolution in 6 mL 12N HCI for 24 hours on a hotplate at 110—
120°C. Dissolved samples were dried down, then converted to 1 mL 2M HCI for chromatography
separation. Rb—Sr and REE fractions were obtained separately through cation exchange resin
(BioRad AG 50W-X8, 100-200 mesh) columns before being further purified through additional
chemistry columns. Rb—Sr was collected in 2.5M HCI. Strontium was further purified from this
fraction by elution with 0.05M HNOs through Sr spec resin (Eichrom 50-100 pm) columns.
Rubidium was purified from the 3M HNOj3 and 7M HNO3 wash of the Sr column and was collected
through cation exchange resin (Eichrom AG 50W-X8) columns. REE fractions were collected in
6M HCl in the same procedures that separated the Rb—Sr fraction. Samarium and neodymium were
further purified from the REE fraction through Ln spec resin (Eichrom 50-100 pum) columns by
elution with 0.5M HCl and 0.25M HCI, respectively.

Rubidium isotopic ratios were measured on Micromass Sector 54 thermal ionization mass
spectrometer. Purified Rb fractions were dried down with H3POy, then dissolved in 10 pL. Milli-Q
water. Between 10% and 50% of sample solution was loaded on a Ta filament, with the loaded
amount determined based on ICP-MS Rb concentrations in order to optimize the measured signal
and minimize the error propagation from spiking. Samples were loaded at 1 A current, then 2 pL
TaF activating complex is added onto the filament. Filament current is then slowly increased to 2
A until samples are dry. Measurements were taken at 1.4—1.5 V on Faraday cups. Analytical error

1s 0.03% based on analysis of the RbCl standard NBS984.

Strontium isotopic ratios were measured on a Thermo Fisher Scientific Triton Plus multi-collector
thermal ionization mass spectrometer. Loading procedure is similar to that for Rb fractions, with
the exception that samples were dissolved in 4 uLL TaCls+HF activator complex before loading
onto outgassed Re filaments. Measurements were made using Faraday detectors (10'! ohm
amplifiers) at filament temperatures between 1380°C and 1420°C. Data were reduced offline in

an Excel-based program. To measure the accuracy of the mass spectrometer, the Sr standard
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Table 3.2. Major, minor, and trace element analyses of standard materials WGB-1, TDB-1, and SY-2, with associated relative errors and repeatability

values.

Analyte Symbol Sio, Al,O3 Fe,05m) MnO MgO Ca0o Na,O K,O TiO, P,05 LOI
Unit Symbol % % % % % % % % % % %
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP

WGB-1
Published value (20) 49.1+0.8 11.1540.27 6.71+0.14* 0.143+0.014 9.4+0.19*  15.78#0.85 2.15+40.08 0.94+0.04* 0.8440.07 0.099+0.034 3.6-4.0
Analysis 1 49.56 10.66 6.45 0.13 9.46 16.47 2.09 0.88 0.88 0.07 3.81
Analysis 2 48.47 11.12 6.26 0.14 9.22 16.29 2.13 0.91 0.88 0.09 3.73
Relative error 1% 0-4% 4-7% 6-8% 1-2% 3-4% 1-3% 3-6% 5% 9-29% 0-2%
Repeatability 1% 2% 1% 1% 1% 1% 1% 2% 0% 13% 1%
TDB-1
Published value (20) 50.2 13.620.40 14.440.29* 0.204+0.010 5.940.3 9.610.7 2.240.1 0.8910.08 2.340.2 0.231£0.05 0.3
Analysis 1 50.26 13.48 14.38 0.20 5.64 9.81 2.23 0.87 2.39 0.22 0.39
Analysis 2 50.99 13.38 14.19 0.19 5.7 9.83 2.21 0.88 2.36 0.23 0.34
Relative error 0-2% 1-2% 0-1% 4-6% 4-3% 2% 0-1% 1-2% 2-4% 0-4% 13-30%
Repeatability 1% 0% 1% 1% 1% 0% 0% 1% 1% 2% 7%
SY-2

Published value (20) 60.11+0.86 12.04+0.46 6.31+0.34 0.32+0.02 2.69+0.24 7.96+0.30 4.31+0.26 4.45+0.22 0.15+0.04 0.43+0.06 1.08+0.24
Analysis 60.53 12.11 6.26 0.31 2.6 7.98 4.38 4.54 0.14 0.43 1
Relative error 1% 1% 1% 3% 3% 0% 2% 2% 8% 0% 7%

For standards WGB-1 and TDB-1, certified values are denoted by asterisk (*), provisional values are denoted italic font, and remaining values are informational

ranges or values (Canadian Certified Reference Materials Project, 1994, 1997). Published values for SY-2 are taken from compilation by Gladney and Roelandts

(1990).

Relative error =

[literature value—analysis value|

literature value

X 100%

)
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Table 3.2. (continued)

Analyte Symbol Sc Be Vv Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 1 1 5 20 1 20 10 30 1 0.5 5 1 2 0.5 1
Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-ICP FUS-MS FUS-ICP
WGB-1
Published value (20) 44+4 0.2-0.8 222417 291+13* 29.8+1.7 76+7 1069 31.548.5 11-13 0.2-7 1.5-5 19.5+#1.5 11849 14.6+2.7 44+16
Analysis 1 40 <1 224 270 26 70 100 30 11 2 <5 17 106 14.4 56
Analysis 2 39 <1 228 290 26 70 90 30 11 1.9 <5 17 105 14.1 54
Relative error 9-11% 1-3% 0-7% 13% 8% 6-15% 5% 8% 44-47% 13% 10-11% 1-3% 23-27%
Repeatability 1% 1% 4% 0% 0% 5% 0% 0% 3% 0% 0% 1% 2%
TDB-1
Published value (20) 36+3 1.5 471421 251+13* 47+4 92+6*  323+15* 155+11%* 2142 1 2.5+0.5 2312 230124 3614 15620
Analysis 1 35 1 445 220 43 90 320 150 21 1.6 <5 20 213 33.9 164
Analysis 2 36 1 446 230 44 80 320 160 22 1.5 <5 20 219 34.6 164
Relative error 0-3% 33% 5-6% 8-12% 6-9% 2-13% 1% 3% 0-5% 50-60% 13% 5-7% 4-6% 5%
Repeatability 1% 0% 0% 2% 1% 6% 0% 3% 2% 3% 0% 1% 1% 0%
SY-2
Published value (20) 7.0£1.2 22+10 50+16 9.5+5.8 8.612 9.917.6 5.214.4 248+30 296 1.3  17.3#4.2 217130 27128 128+34 280148
Analysis 7 25 49 <20 8 <20 <10 270 29 1.5 16 215 277 129 298
Relative error 0% 14% 2% 7% 9% 0% 15% 8% 1% 2% 1% 6%
Analyte Symbol Nb Mo Ag In Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.2 2 0.5 0.1 1 0.2 0.1 3 0.05 0.05 0.01 0.05 0.01 0.005 0.01
Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-ICP FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS
WGB-1
Published value (20) 8+4 1.240.5 0.1-1 24+0.4 0.52+#0.15 851461 8.7#1.1 14-20 2.3-2.6 9.940.9 2.840.3 1.27+0.06 2.5-35
Analysis 1 5.1 <2 <0.5 <0.1 4 1.9 0.4 849 7.72 16 2.12 9.47 2.4 1.16 2.61
Analysis 2 3.8 <2 <0.5 <0.1 4 1.9 0.4 831 7.74 16.2 2.16 9.48 2.63 1.2 2.75
Relative error 36-53% 5% 23% 0-2% 11% 5-6% 12-13% 4% 6-14% 6-9% 9-15%
Repeatability 15% 0% 0% 0% 1% 0% 1% 1% 0% 5% 2% 3%
TDB-1
Published value (20) 11 1.620.7 0.5 0.2 2+1 1+0.4 241+13* 1742 41+4* 6 23+1 610.2 2.1+0.1 7
Analysis 1 11 <2 <0.5 <0.1 2 0.6 0.4 235 16.7 39.4 5.2 23.5 6.22 1.95 6.44
Analysis 2 11.7 <2 <0.5 <0.1 3 0.5 0.4 235 16.2 38.6 5.1 23.5 6.04 2.02 6.34
Relative error 6% 50% 50% 2% 2-5% 4-6% 13-15% 2% 1-4% 4-7% 8-9%
Repeatability 3% 20% 9% 0% 0% 2% 1% 1% 0% 1% 2% 1%
SY-2
Published value (20) 29412 1.843.2 1.1+2 <0.5 5.7 0.25+0.2 2.410.6  460+100 75118 175¢70 18.8+3.4 73122 16.1+2 2.42+0.66 1743.6
Analysis 29.8 <2 <0.5 <0.1 6 <0.2 2.6 473 72.1 168 20.1 75.4 15.8 2.53 15.9

Relative error

3%

8%

3%

4%

4%

7%

3%

2%

5%

6%
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Table 3.2. (continued)

Analyte Symbol Tb Dy Ho Er Tm Yb Lu Hf Ta W Tl Pb Bi Th U
Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.01 0.01 0.01 0.01 0.005 0.01 0.002 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01
Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS
WGB-1
Published value (20) 0.540.1 2.5-3.5 0.5240.07 1.2-1.8 0.15-0.30 1.42+0.18 0.20-0.36 1.5#0.2 0.3-1 1-3.5 4-14 0.1-2 1+0.1  0.75#0.1
Analysis 1 0.45 2.74 0.51 1.4 0.202 1.33 0.204 1.4 0.25 1.4 0.17 6 <0.1 1.04 0.7
Analysis 2 0.49 2.9 0.57 1.55 0.212 1.39 0.218 1.4 0.39 <0.5 0.15 8 <0.1 1.11 0.87
Relative error 2-10% 3-9% 2-10% 3-7% 6-10% 2-6% 22-27% 7% 40-62% 11-33% 4-11% 7-16%
Repeatability 4% 3% 6% 5% 2% 2% 3% 0% 22% 6% 14% 3% 11%
TDB-1
Published value (20) 1.240.1 8+1 1.340.4 4  0.6%0.1 3.440.4 0.5240.06 540.5 0.840.2 0.6 1743 0.8 2.7#0.3* 1+0.1
Analysis 1 1.02 6.46 1.24 3.46 0.492 3.05 0.477 4.7 0.66 0.8 <0.05 14 <0.1 2.68 0.91
Analysis 2 1.08 6.47 1.26 3.49 0.484 3.09 0.483 4.6 0.68 0.8 <0.05 14 <0.1 2.72 1.1
Relative error 10-15% 19% 3-5% 13-14% 18-19% 9-10% 7-8% 6-8% 15-18% 33% 18% 1% 9-10%
Repeatability 3% 0% 1% 0% 1% 1% 1% 1% 1% 0% 0% 1% 9%
SY-2
Published value (20) 2.5+1.8 1816 3.841.2 12.443.4 2.1+0.4 17 2.740.8 7.7+2.0 2.01+0.36 0.76 1.5+0.6 8516 216 379458 284+18
Analysis 2.96 20.1 4.43 14.4 2.32 17.6 3 9.1 1.43 0.8 1.14 202 <0.1 376 283
Relative error 18% 12% 17% 16% 10% 4% 11% 18% 29% 5% 24% 138% 1% 0%
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Table 3.3. Primary, secondary standards, analytical errors and repeatability for measuring Rb—Sr isotopes, Sm—Nd isotopes, and determining U-Pb

model ages.
Analytical Method ID-TIMS MC-ICP-MS ID-TIMS
%SD 207pp/*°°Pb model Error Isochron Error
Standard Name 875y B0 2S.E.  %Rp/% 75 m 1 13Ng /14 2S.E. %Disc
Sr/ s Rb/™sr Error Sm/""Nd Nd/™"Nd age (Ma) (Ma) age (Ma) (Ma) '
NBS987° literature 0.710249
measured 0.71025 0.000017
0.71027 0.000015
BHvVO-2° literature 0.703478 0.512979
measured 0.70350 0.00002 3.67 0.53
measured 0.70348 0.00002 3.27 0.75
measured 0.1503 0.512993 0.000010
measured 0.1502 0.513006 0.000019
NBS984° literature 0.38470
measured 0.38483 0.52
INdP® literature 0.512103
measured 0.512086 0.000032
IN1° literature 2059.60 0.35
measured® 2057.5 1.2
measured" 2061.9 0.6 -7.58
measured® 2058.1 0.7 -0.23
measured® 2055.8 15 0.04
Primary standard
tical error® 0.0003-0.0029% 0.03% 0.003%
analyti
Secondary standard
tical error® 0.001-0.004% 0.003-0.005% 0.10%
analy
Repeatabilityf 0.002% 5.7% 0.001% 0.001% 0.12%
a. Primary standards
b. Secondary standards
c. Regression result of three U-Pb analyses
d. Individual U-Pb analysis
. literature value—measured value
e. Standard analytical error = I - L% 100%
literature value
s standard deviation (o) of all measured values
f. Repeatability = ©) X 100%

mean of all measured values
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NBS987 (100 ng) was analyzed along with the samples at the beginning of each day of analysis;
200 measurements were taken at filament temperatures between 1390°C and 1400°C. Two
analyses of NBS987 (100 ng) yielded mean 37Sr/*®Sr ratios of 0.710265+0.000017 (2 standard
errors; n=191) and 0.710277+0.000015 (2 standard errors; n=193), with associated relative errors
0f 0.0029% and 0.0003%, respectively, compared to the literature value of 0.710249 (Table 3.3).
Isotopic ratios of Sm and Nd were measured using a Thermo Fisher Scientific Neptune Plus multi-
collector inductively-coupled plasma mass spectrometer (MC-ICP-MS). Purified sample fractions
were evaporated to dryness, dissolved in 9.5 mL 2% HNOs3; a greater-than-usual amount of 2%
HNOs3 was necessary to dilute the Nd signal within optimal measurement range. 1 mL of the
sample solution was taken for aspiration into plasma. Offline corrections were made based on

measurements of the primary standard JNdI.

In addition to the primary standards analyzed on each instrument, two replicates of the Hawaiian
basalt standard BHVO-2 was processed alongside each analytical batch as a secondary standard.
Analytical errors and repeatability associated with both primary and secondary standards are

summarized in Table 3.3.
3.3.3 Isotope dilution thermal-ionized mass spectrometry (ID-TIMS)

Uranium-lead analysis of baddeleyite follows protocols similar to those outlined in Heaman et al.
(2002) and Heaman (2009). Selected baddeleyite fractions, ranging <0.5-0.9 pg, were cleaned in
4N HNO:;, then rinsed sequentially with Milli-Q water and acetone. Baddeleyite fractions were
weighed prior to being transferred into TFE Teflon digestion vessels except where the grains were
too small (<40 pm). A 2°Pb—2%U tracer solution was added to each sample before dissolution in
a ~15:1 mixture of 48% HF and 7N HNOj for 48 hours at 190°C. Dissolved samples were dried
down on hotplate before an additional dissolution cycle with 3.1N HCI at 190°C for 24 hours. The
samples were loaded directly from dissolution vessels into anion-exchange resin columns for
chromatographic purification of U and Pb, following protocols outlined in Heaman et al. (2002).
Chromatography separation was omitted for baddeleyite fractions weighing <0.5 pg. For mass
spectrometer analyses, sample solutions were dried down, then dissolved in a mixture of 4ul
silicic acid and 0.1N H3PO4 before loading onto outgassed Re filaments. Uranium and lead isotopic
ratios were measured on a Thermo Fisher Scientific Triton Plus MC-TIMS, using secondary

electron multiplier (SEM) detector mode (Sarkar et al., 2015) at temperature ranges of 1200—
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1295°C (Pb) and 1290-1350°C (U). Age calculations were carried out in Isoplot 4.15 (Ludwig,
2003), using decay constants of 1.55125x1071% yr! (33¥U) and 9.8485x1071° yr'! (***U) , and a
238/235U ratio of 137.88.

Three fractions from the Phalaborwa baddeleyite standard IN1 were analyzed alongside the
unknowns to ensure analytical accuracy. Analyses of standard IN1 are presented in Table 3.4 and
Figure 3.2. The three fractions yielded 2°’Pb/?%Pb ages of 2061.9+1.2 Ma, 2058.1+1.3 Ma, and
2055.8+3.0 Ma (10), with a weighted mean of 2059.94+6.7 Ma (20). These compare well with the
literature value of 2059.60+0.35 Ma (2o0; Heaman, 2009). The three analyses are between 0.04%
and -7.58% discordant, with fraction #1 being reversely discordant outside the analytical errors;

the reverse discordance is most likely due to incomplete dissolution of baddeleyite fragments.
3.3.4 Detrital zircon dating

Uranium-lead isotopic analysis of detrital zircons was conducted using laser-ablation multi-
collector inductively-coupled plasma mass spectrometry (LA-MC-ICPMS) following procedures
modified from Simonetti et al. (2005). The instrument setup consisted of a New Wave UP-213
laser ablation system interfaced with a Nu plasma 1 MC-ICPMS. The laser was operated at 4 Hz
with a beam diameter of 30 um. Each spot analysis represents the average of 60 1-second readings.
Zircon reference material LH94-15 (Ashton et al., 1999) was analyzed between sets of 10 unknown
analyses in order to monitor and correct for U-Pb fractionation, reproducibility, and instrument
drift. Zircon standard OG1 (Stern et al., 2009) was analyzed as a blind standard between every ten
analyses (Table 3.5). Analysis of OG1 during analytical session of sample LH15-EAS51 yielded
seven analysis with a weighted mean 2°’Pb/?%Pb age of 3465.4+6.3 Ma (26; MSWD=0.68),
identical with the reported ID-TIMS age of 3465.4+0.6 Ma (Stern et al., 2009). Analysis of OG1
during analytical session of sample LH15-EA15 yielded nine out of ten analysis with a weighted
mean 2"’Pb/?*Pb age of 3462.2+5.1 Ma (20; MSWD=1.03), also identical with the reported ID-
TIMS age for OG1.

All data were reduced offline using an Excel-based program, where unknowns were normalized
to the in-house zircon standard LH94-15. Data were not corrected for common Pb due to the
difficulty in resolving transient isobaric contributions of ***Hg present in the Ar gas from ***Pb
present in either the crystal and/or the blank. For sample LH15-EAS5]1, the effect of common Pb

correction is negligible due to low measurements of 2*Pb overall (10-129 cps). However, some
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Table 3.4. TIMS U-Pb analysis of baddeleyite standard IN1. Associated errors are given in 1oc.

Fraction Weight (pg) 1] (ppm) Th (ppm) Pb (ppm) Th/U TCPb (pg) ZOGPbIZMPb ZOSPbIZ:sBU 207Pbl235U 201PbI206Pb 206Pbl238U 201Pbl235U

207Pb/206Pb %Disc
1(4) 40.3 556 7 219 0.01 2.7 213456 0.4055 + 5 7.121 £10 0.12737 + 4 2194.4 + 2.4 2126.7 + 1.3 2061.9 + 0.6 -7.6
2(2) 2.4 669 9 246 0.01 2.4 15861 0.3770 + 5 6.606 £+ 10 0.12709 + 5 2062.2 + 2.4 2060.1 + 1.3 2058.1 + 0.7 -0.2
3(2) 4.6 429 3 157 0.01 3.1 15185 0.3755+5 6.571 £+11 0.12692 + 11  2055.1 + 2.3 20554 + 1.5 2055.8 + 1.5 0.04

All atomic ratios are corrected for spike (composition), estimated blank (0.5 pg U, 1.0 pg Pb), and initial common lead (Stacey and Kramers, 1975).
Number in parentheses refers to the number of baddeleyite grains analysed; TCPb refers to total common Pb present in the analysis.

Age calculations based on decay constants of Jaffey et al. (1971); 2°°Pb/?38U and 2*’Pb/?°°Pb ages corrected for initial disequilibrium in 2**Th/?**U using a Th/U
(magma) ratio of 3.

Model Th/U ratio estimated from radiogenic 2*Pb/2°°Pb ratio and 2’Pb/?**U age.
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Figure 3.2. Concordia plot of U-Pb results for baddeleyite standard IN1.
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Table 3.5. U-Pb LA-ICPMS results of secondary zircon standard OG1 analyzed during the analytical
session of a) sample LH15-EA51 and b) sample LH15-EA15. Analysis that does not agree with the
literature 2’Pb/?%Pb value of 3465.4+0.6 Ma (Stern et al., 2009) is struck out.

a.

Apparent Ages (Ma)

Spot name 207Pb/zoepb 26 zo7Pb/235U 26 zoepb/zasu 26 Disc (%)
0G1-1 3473 16 3452 46 3415 124 2.2
0G1-2 3468 16 3465 52 3460 141 0.3
0G1-3 3472 16 3476 41 3485 110 -0.5
0G1-4 3461 16 3459 44 3455 118 0.2
0G1-5 3457 16 3451 45 3440 120 0.7
0G1-6 3461 16 3476 44 3503 119 -1.6
0oG1-7 3458 16 3414 39 3340 100 4.4

b.
Apparent Ages (Ma)

Spot name W7ph*%pp 26 2Pb/PU 20 ™Pb/PU 20 Disc (%)
0G1-1 3461 16 3450 36 3431 96 1.1
0G1-2 3462 15 3455 46 3445 125 0.6
0G1-3 3466 16 3461 37 3453 97 0.5
oG1-4 3444 16 344+ 39 3356 19083 33
0G1-5 3455 16 3463 49 3477 132 -0.8
0G1-6 3477 15 3480 44 3484 119 -0.2
0G1-7 3466 15 3452 50 3427 134 1.5
0G1-8 3451 16 3295 44 3044 107 14.8
0G1-9 3465 16 3465 53 3465 143 0.0
0G1-10 3454 17 3455 39 3456 104 0.0
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grains in sample LH15-EA15 have high measured 2**Pb (maximum 2757 cps), indicating high
common Pb content. To avoid erroneous 2°’Pb/?°Pb zircon ages resulting from high common Pb
content, we exclude from discussion those grains from sample LH15-EA15 with 2%*Pb greater than

1000 cps.
3.4  Petrography of the Union Island Group mafic igneous rocks

A total of 69 petrographic thin sections were made for the purpose of determining the lithology,
mineralogy and textures of Union Island Group igneous and sedimentary rocks. Due to the altered
nature of the mafic igneous rocks, eight samples (LH14-14, LH14-33, LH14-27, LH15-EA11,
LH15-EA12, UI68D, UI79B, and LH15-EA23) were analyzed using X-ray powder diffraction
(XRD) to confirm the mineral assemblages observed in thin sections. Mineralogical characteristics

of each studied unit are outlined below.
3.4.1 Lower basalt

The lower basalt unit is divided into two distinct textural groups. Group A contains fine-grained
(<1 mm), sericitized plagioclase in matrix that has been entirely altered to chlorite and dolomite
(Fig. 3.3a). Large (up to 10 mm), altered plagioclase and clinopyroxene antecrysts are observed in
sample LH15-EA12 (Fig. 3.3b). Group B consists of plagioclase and clinopyroxene phenocrysts
in glomeroporphyritic to intergranular textures (Fig. 3.3c). Larger clinopyroxene crystals locally
develop subophitic texture around plagioclase laths. In all samples, plagioclase is commonly
skeletal and variably sericitized. Clinopyroxene show patchy to complete alteration to feathery
chlorite. Titanium-bearing oxide phases, up to 9 modal percent, include finely acicular ilmenite
and sawtooth-like or skeletal Ti-magnetite with ilmenite exsolution lamellae (Fig. 3.3d). In some
cases, oxide minerals show euhedral titanite overgrowths. The devitrified groundmass commonly
contains epidote, with patches of fine chlorite and carbonate minerals throughout. Some samples
contain veins and amygdules that are filled with chlorite, dolomite, and quartz. Olivine, although
identified by XRD, is not observed in any of the thin sections. Accessory minerals include zircon

(Fig. 3.3e), rutile, and apatite.
3.4.2 Upper basalt

Most of the upper basalt samples show fine-grained textures (<1 mm) similar to the second textural

group of the lower basalt, although clinopyroxene is present. Samples from the centre of pillowed
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Figure 3.3. Photornicroraphs nin'Is Group ﬁc nits. a) Lowe bast uni (LH15—EA7b); ﬁne—graned r typical of type A lava
flows; metal oxides are dominated by acicular ilmenite; cross-polarized light. b) Lower basalt unit (LH15-EA12); large plagioclase and
clinopyroxene antecrysts in type A flow; plagioclase is strongly sericitized and equant clinopyroxene is replaced by concentric growths of chlorite
and dolomite, plane-polarized light. c) Lower basalt unit (LH15-EA08); glomeroporphyritic texture in type B lava flows; cross-polarized light. d)
Lower basalt unit (LH15-EA13); skeletal magnetite with darker-coloured lamellae of exsolved ilmenite; laths of ilmenite-magnetite on right; plane-

polarized light with reflected light.
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Figure 3.3. (continued) Photomicrographs of Union Island Group mafic units. ) Lower basalt unit (LH15-EA13); zircon in chloritized glass; cross-
polarized light. f) Upper basalt unit (UI39); quenched texture in pillow flows, shown by swallow-tail habit of plagioclase, with a secondary population
showing radiating, acicular growth; plane-polarized light. g) Upper basalt unit (LH14-33); quenched texture in pillowed flow shown by radiating
growth of acicular clinopyroxene from plagioclase faces; cross-polarized light. h) Upper basalt unit (UI35A); porphyritic flow with plagioclase and

clinopyroxene phenocrysts; plagioclase is entirely replaced by sericite and quartz, and clinopyroxene by chlorite and dolomite; cross-polarized light.

46



flows show a quenched texture with radial and dendritic clusters of fine plagioclase (Fig. 3.3f) and
clinopyroxene (Fig. 3.3g). Rounded to lath-like clinopyroxene are extensively chloritized. Veins
and amygdules are filled with fine chlorite and coarse dolomite. One specimen (UI35A) exhibits
a distinct porphyritic texture (Fig. 3.3h), in which euhedral plagioclase and clinopyroxene
phenocrysts have been extensively replaced by sericite, chlorite, and quartz; the glassy matrix is

devitrified.
3.4.3 Diabase sill and dykes

The diabase intrusions exhibit ophitic to subophitic textures (Fig. 3.31). Euhedral olivine has been
completely replaced by fine chlorite. Plagioclase, extensively sericitized, is moderately sodic
(Anss-45) and is altered to albite and epidote. Flow orientation of plagioclase is observed in one sill
sample (LH14-14). Titanaugite, sometimes displaying compositional zoning, is altered to fine
chlorite and epidote, and displays alteration rims of green actinolite and brown amphibole (Fig.
3.3j). Secondary amphibole also occurs as minor euhedral crystals where clinopyroxene has been
completely replaced by chlorite and actinolite (Fig. 3.3k). Resorbed Ti-magnetite contains ilmenite
exsolution lamellae (Fig. 3.31) and breaks down further to yield euhedral or fine titanite overgrowth.
Trace biotite occurs as alteration product of chlorite. Accessory minerals include apatite, zircon,

baddeleyite, allanite, and pyrite.

In all diabase samples screened under SE and BSE imaging, baddeleyite occurs as 10-100 pum,
brown to dark brown blades embedded in a chloritized glass (Figs 3.4, 3.5a). Larger crystals tend
to be isolated crystals, whereas smaller crystals form clusters. Most blades are fractured such that
the largest intact pieces of baddeleyite are usually ~40 pm in length. In BSE imagery, almost all
baddeleyite crystals display metamorphic zircon overgrowth. Zircon overgrowths occur as
irregularly-shaped rims enclosing baddeleyite fragments that have been broken down (Fig. 3.5b).
Some zircon overgrowth also occurs as small, subhedral grains extending away from the
baddeleyites (Fig. 3.5¢), or as anhedral infill in fractured baddeleyite crystals. In some cases entire
laths of baddeleyite have been replaced by polycrystalline zircon aggregates (Fig. 3.5d). These
latter types of zircon overgrowth indicate crystallization during metamorphism (Heaman and

LeCheminant, 1993).
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Figure 3.3. (continued) Photomicrographs of Union Island Group mafic units. i) Diabase sill (UI82); ophitic texture typical in both mainland sills;

cross-polarized light. j) Diabase dyke (LH14-07B); marginal alteration of clinopyroxene to pleochroic hornblende; cross-polarized light. k) Diabase
sill (UI102A); euhedral hornblende with green actinolite alteration rim at the core of chloritized clinopyroxene; plane-polarized light. 1) Diabase
intrusion (LH14-25); resorbed Ti-magnetite (light grey) with ilmenite exsolution lamellae (medium grey); euhedral titanite (dark grey) formed from

breakdown of the magnetite; microprobe back-scattered electron image.
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Figure 3.4. Fractured baddeleyite blades in chloritized interstitial glass between altered plagioclase and
clinopyroxene. Unfractured length of the blade in centre is ~80 um. Sample LH14-27. Plane-polarized light.
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Figure 3.5. Electron microprobe imagery of baddeleyite morphology in Union Island Group diabase intrusions. a) Pristine baddeleyite blade (centre)
with almost no zircon overgrowth (sample LH14-27); back-scattered electron image. b) Baddeleyites with metamorphic zircon overgrowth rims
(sample LH14-25); secondary electron image. c) Baddeleyites with fine metamorphic zircon overgrowth (sample LH14-27); back-scattered electron

image. d) Baddeleyites that have been entirely replaced by metamorphic zircon overgrowth (sample UI102A); back-scattered electron image.
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3.4.4 Hand sample characterization of geochronology samples
Diabase intrusion LHI14-27

Sample LH14-27 was collected from a diabase body which intrudes a thinly bedded volcaniclastic
sequence on Tuff Island. We interpret these tuffs and interflow sediments at this location to belong
to the lower basalt unit based on similar occurrences reported in the mainland area and that tuff

sequences are absent from the upper basalt unit (Thorstad, 1976).

The sample is black-coloured in fresh surfaces and weathers dark green. White plagioclase laths,
ranging 2-3 mm in length, are visible on the sample surface (Fig. 2.4p). Petrographically, the
sample has a crystallization order of plagioclase>clinopyroxene>metal oxides. Olivine or
pseudomorphs suggesting primary olivine are absent. Plagioclase, which dominates the samples
at 60 modal percent, ranges from lath-shaped to tabular and is >80% sericitized and extensively
fractured. Titanaugite (10—15 modal %) is ~1 cm large and shows ophitic texture with plagioclase.
The clinopyroxene has been extensively altered to a chloritet+epidoteamphibole assemblage (~30
modal %). Secondary actinolite-amphibole produced by clinopyroxene breakdown occurs as ~0.3
mm idioblastic clusters mantled by a fine chlorite matrix, and are highly pleochroic. Metal oxides
(5 modal %) occur mostly as skeletal, 0.5-1.0 mm Ti-bearing magnetite with exsolution lamellae
of ilmenite. Resorbed boundaries are common. Titanite occurs as small euhedral crystals or blobs
of fine-grained masses from the breakdown of the oxides. Accessory minerals include apatite,

baddeleyite, and pyrite.

Baddeleyite occurs mostly in chloritized interstitial glass. Brown to dark-brown blade-shaped
crystals, ranging 15-50 um in length, occur individually or in clusters (Figs 3.5a, c¢). Blades are
often fractured, with only minor metamorphic zircon overgrowth observed on the smaller blades

(<20 um).
Interflow sediment LH15-EA51

Sample LH15-EAS51 (Fig. 2.4h) is a dark, 3-cm-thick interflow sediment layer collected from a
thinly bedded tuff sequence on Tuff Island (Fig. 3.1). Bedding of the sediments are normally
graded, with the largest clast size being ~1 mm and fining upwards into siltstone. The sediment
clasts are angular to subangular, and consist of quartz, feldspar, fragments of tuff, basalt, and

dolomite, plus trace biotite.
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Quartz pebble conglomerate LHI15-EA15

Sample LH15-EA15 (Fig. 3.6) was collected from a layer of quartz pebble conglomerate at the
base of the upper dolomite unit in the mainland area (sample location is shown in Fig. 3.1). The
contact between the upper dolomite and the underlying lower basalt is recessive at this location,
such that the nature of the contact could not be determined. A separate occurrence of quartz pebble
conglomerate grading upwards into quartzite was reported by Thorstad (1976) and was interpreted

as a local channel fill.

The sample is clast-supported and consists of moderately sorted, rounded to sub-rounded clasts of
predominantly white quartz (~95%) and minor dolomite and basalt (Fig. 3.6b). Quartz clasts range
from 0.5-3 cm in diameter, while smaller grains are closely packed in the dolomitic matrix. All
quartz grains display fractures and the sample shows some micro-faulting. Basaltic clasts are small

(0.3—0.7 mm) and contain white plagioclase flecks (< 0.5 mm).
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Figure 3.6. Photographs of quartz pebble conglomerate sample LH15-EA15. a) Coarse quartz clasts with
orange-weathering dolomitic cement. b) Poorly-sorted quartz clasts and occasional small basalt clasts that

show white plagioclase flecks.
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4  RESULTS

4.1 Geochemistry

Major, minor, and trace element abundances are reported in Table 4.1. In both field observations
and in petrographic thin sections, mafic rocks of the Union Island Group show signs of lower
greenschist-facies metamorphism, deformation, and hydrothermal alteration. It is therefore
necessary, prior to any meaningful discussion of geochemical data, to evaluate how much post-
magmatic processes have influenced the chemistry of the rocks with respect to their original

composition.

The loss-on-ignition content (LOI) measures the amount of volatile phases and is more appropriate
than the chemical index of alteration (CIA) as a proxy for the degree of chemical alteration in the
case of the Union Island Group mafic rocks, where hydrous minerals such as amphibole, chlorite,
and serpentine make up the alteration products. Overall, the Union Island Group mafic rocks have
LOI values ranging 2—12%. We evaluate the mobility of select elements during chemical alteration
with bivariate plots illustrating the pattern of these elements versus LOI contents (Fig. 4.1). Alkali
elements such as K>O and large ion lithophile elements (LILE) such as Rb, Sr, and Ba can be easily
mobilized during hydrothermal alteration and metamorphism. These elements show negative
correlation with LOI, suggesting that they were mobile post-eruption and have been removed from
the rocks. This may be due to interaction between basaltic glass and seawater (Menzies and
Seyfried, 1979) and/or post-depositional folding and faulting of the Union Island Group strata
(Thorstad, 1974). In contrast, high field strength elements (HFSE; represented here by Nb and
Ti0;) and rare earth elements (REE; represented here by La and Sm/Yb ratio) display trends
independent of LOI, suggesting that these elements have remained relatively undisturbed during
chemical alteration and therefore are more likely to reflect the original magma composition. Other

major alkali elements (Na;O, CaO), which are fluid-mobile, show weak to no correlation with LOIL.

Mafic igneous rocks of the Union Island Group are classified on the Zr/Ti versus Nb/Y plot (Fig.
4.2; Pearce, 1996). This classification scheme is more robust for altered Precambrian rocks as it
employs only incompatible elements which are less fluid-mobile relative to silica and alkali
contents. The lower basalt unit and the diabase intrusions plot as a coherent, approximately linear

array, which falls mostly within the alkali basalt field (Nb/Y > 0.8; n=34) and partly crosses into
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Table 4.1. Whole-rock geochemistry data of Union Island Group mafic units. Analytical methods are

described in chapter 3.

Analyte Si0, Al,03 Fe,05) MnO MgO Mg#* Cao Na,0 K,0 TiO, P,0s

Method FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP
UNIT/Sample Number  Unit % % % % % % % % % %
DIABASE INTRUSIONS
LH14-14 46.00 14.52 14.11 0.22 8.25 54 6.86 2.46 1.58 1.58 0.18
LH14-25 47.95 13.39 17.45 0.20 4.09 32 5.87 2.89 1.55 3.57 0.46
LH14-27 44.54 14.47 17.83 0.26 5.13 36 5.89 2.25 2.38 3.52 0.38
ul16B 45.05 14.74 14.97 0.18 6.62 47 6.97 1.93 1.10 2.40 0.27
UI59A 48.74 13.73 14.90 0.20 5.80 44 6.61 2.48 1.23 2.80 0.37
ule3 46.97 15.12 12.61 0.19 8.21 56 7.47 2.07 2.17 1.83 0.18
ul82 47.83 13.25 15.96 0.25 5.19 39 7.15 4.01 0.27 2.64 0.32
ul95I 47.65 14.71 14.05 0.18 6.38 47 6.25 3.58 0.96 2.30 0.28
ul102B 46.71 14.66 14.88 0.19 6.48 46 6.46 3.33 1.21 2.38 0.31
ul102c 47.06 11.50 16.71 0.23 4.36 34 8.63 2.77 1.26 4.47 0.30
Ul106 48.46 12.55 15.52 0.20 4.85 38 8.20 2.06 0.88 3.53 0.44
LH15- EAO1-2 47.70 14.69 14.13 0.21 5.44 43 8.16 3.26 1.15 3.04 0.30
LH15- EAO2 47.22 13.85 15.90 0.21 4.68 37 7.59 2.53 1.62 3.21 0.40
LH15- EAO4 47.32 15.53 14.63 0.17 4.44 38 7.45 2.76 0.93 2.78 0.34
LH15- EAS8 45.31 14.70 17.21 0.26 4.40 34 4.75 2.32 2.09 3.52 0.38
LH14-07B 47.87 13.72 14.57 0.28 6.04 45 9.37 2.38 1.16 2.21 0.25
LH14-22A 44.71 14.16 13.73 0.09 9.47 58 3.04 1.75 0.37 2.99 0.37
LH14-22B 44.95 13.55 16.93 0.22 5.87 41 5.86 1.95 1.79 2.71 0.32
LH14-16 41.73 14.81 11.04 0.18 5.99 52 6.54 1.09 3.63 2.78 0.34
LOWER BASALT
UI68A 42.95 13.44 16.47 0.17 4.40 35 6.98 0.87 1.36 2.64 0.37
ul68D 44.44 12.51 12.10 0.13 3.52 37 9.98 1.00 1.53 2.17 0.26
ul798 46.92 13.73 12.10 0.15 4.40 42 5.87 3.67 0.87 3.30 0.54
UI89E 46.74 14.24 13.61 0.17 5.37 44 4.90 3.54 0.32 2.55 0.34
UI95A 51.31 13.02 15.40 0.24 3.77 33 4.91 2.57 0.99 3.02 0.44
ul95D 48.46 12.83 10.77 0.16 4.37 45 6.30 3.37 0.71 2.59 0.39
UI128A 47.05 12.87 13.96 0.15 3.19 31 9.44 2.92 0.66 2.50 0.37
ul147 58.12 12.91 12.13 0.11 3.32 35 1.55 3.90 0.33 3.11 0.50
LH15- EAO6 44.89 13.13 14.02 0.13 4.53 39 8.35 2.67 0.38 3.10 0.45
LH15- EAO7B 39.58 13.63 16.17 0.22 4.42 35 8.72 3.23 0.33 3.01 0.41
LH15- EAO8 48.58 13.68 14.06 0.33 4.40 38 8.22 2.43 2.16 2.47 0.32
LH15- EAO9 49.02 13.71 14.76 0.25 4.89 40 8.27 2.37 2.08 2.41 0.31
LH15- EA10 51.49 14.22 11.55 0.20 4.77 45 5.63 2.31 0.84 2.63 0.34
LH15- EAl11 40.84 13.74 13.12 0.18 4.20 39 9.65 3.67 0.27 3.05 0.41
LH15- EA12 42.60 14.95 17.00 0.13 5.61 40 5.62 2.40 0.91 3.43 0.46
LH15- EA13 49.17 13.75 15.08 0.24 4.65 38 6.50 2.40 2.02 2.49 0.33
LH15- EA14 49.84 13.60 14.35 0.23 4.48 38 7.40 2.15 2.49 2.56 0.33
LH15- EAl16 45.72 13.76 14.45 0.18 5.28 42 7.03 3.55 0.50 2.43 0.29
LH15- EA17 47.55 13.83 13.78 0.21 5.06 42 7.51 3.93 0.48 2.43 0.29
LH15- EA18 41.10 14.03 13.84 0.26 3.69 35 10.33 3.19 1.20 3.17 0.43
LH15- EA19 48.41 14.40 15.67 0.16 4.07 34 2.19 2.60 2.22 3.33 0.44
LH15- EA20 48.87 12.88 14.66 0.17 3.54 32 5.52 2.83 0.78 2.93 0.38
LH15- EA21 53.06 10.62 13.61 0.18 4.87 41 4.12 1.76 1.07 3.03 0.34
LH15- EA22 47.06 14.38 13.65 0.13 5.62 45 4.96 1.72 2.29 2.91 0.38
LH15- EA23 46.47 13.05 15.65 0.21 491 38 3.85 3.39 0.80 2.96 0.44
UPPER BASALT
LH14-32 47.00 15.99 11.27 0.17 7.15 56 8.37 2.19 2.26 1.71 0.14
LH14-33 45.73 15.35 12.16 0.16 7.68 56 8.84 2.88 0.99 1.69 0.14
LH14-34 48.22 15.60 9.87 0.14 6.67 57 8.16 3.91 0.35 1.68 0.13
LH14-36 46.01 15.52 10.69 0.14 5.52 51 7.23 4.86 0.40 1.62 0.13
U139 46.43 15.49 12.65 0.19 5.71 47 9.06 3.30 1.03 1.68 0.15
UI35A 41.86 16.47 24.63 0.13 6.49 34 0.71 0.04 0.79 1.70 0.14
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01

*Mg# is calculated from Mg?"/(Mg?*+Fe?")x100 on a molar basis, and where Fe?" is assumed to represent all Fe

present in Fe;O3(ty analysis.
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Table 4.1. (continued)

LOI Total Sc Be \ Cr Co Ni Cu Zn Ga Ge
FUS-ICP  FUS-ICP FUS-ICP  FUS-ICP  FUS-ICP FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS  FUS-MS  FUS-MS

UNIT/Sample Number % % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
DIABASE INTRUSIONS
LH14-14 3.44 99.23 22 1 214 240 75 130 70 230 21 1.9
LH14-25 3.37 100.80 31 3 397 100 51 120 210 200 26 1.4
LH14-27 2.42 99.08 26 2 565 80 83 130 190 160 27 1.6
uUl16B 5.38 99.61 31 2 303 60 60 60 120 70 24 2.0
UI59A 3.59 100.40 26 2 294 80 67 80 90 100 23 1.4
ule3 3.51 100.30 26 1 245 120 75 190 20 120 20 1.4
U182 2.86 99.74 36 2 334 130 52 40 120 70 21 1.6
ul195I 3.75 100.10 29 2 291 60 61 90 90 80 22 1.6
ul1102B 3.63 100.20 20 1 235 70 67 120 90 150 21 1.3
ul102¢c 2.30 99.60 41 2 470 20 55 <20 120 150 24 1.8
ul1106 3.24 99.93 31 2 357 60 68 30 100 160 25 1.9
LH15- EAO01-2 2.60 100.70 31 2 342 180 57 100 100 130 23 1.6
LH15- EAO2 1.99 99.20 29 2 323 90 56 70 110 160 24 1.6
LH15- EAO4 3.65 99.99 26 2 288 90 71 120 80 150 24 1.5
LH15- EA58 4.15 99.10 26 3 499 70 57 110 70 160 26 1.6
LH14-07B 2.08 99.91 36 2 342 70 55 90 180 220 21 1.6
LH14-22A 8.07 98.75 37 2 465 40 39 100 <10 120 24 1.7
LH14-22B 4.68 98.82 35 1 408 50 53 90 90 240 22 1.9
LH14-16 11.91 100.00 26 3 284 110 55 110 90 80 23 1.0
LOWER BASALT
UI68A 10.23 99.88 32 2 334 30 62 60 120 130 23 1.7
uU168D 11.66 99.31 32 2 304 50 54 70 120 100 20 1.5
uUl79B 8.19 99.73 29 2 264 20 50 <20 150 330 24 1.1
UIB9E 8.17 99.97 32 2 300 50 37 40 170 70 24 1.2
UI95A 4.35 100.00 30 3 317 40 59 <20 170 110 25 1.5
uU195D 8.53 98.49 31 2 301 40 58 40 100 60 21 0.9
UI128A 7.48 100.60 32 3 326 30 66 50 150 100 21 1.2
ul1147 4.44 100.40 29 2 305 30 41 <20 140 380 20 1.2
LH15- EAO6 8.49 100.10 29 2 286 40 42 50 170 140 24 1.8
LH15- EAO7B 9.70 99.41 30 3 310 40 49 50 160 130 27 1.5
LH15- EAO8 2.16 98.81 34 2 336 50 70 60 140 140 22 1.8
LH15- EA09 1.96 100.00 34 2 332 60 61 60 140 110 24 2.0
LH15- EA10 6.08 100.10 34 2 342 40 52 50 160 230 23 1.3
LH15- EA11 10.42 99.55 29 2 309 40 42 40 90 110 26 1.4
LH15- EA12 6.66 99.77 36 4 347 120 55 260 140 120 29 2.9
LH15- EA13 3.16 99.80 33 2 332 40 55 50 140 120 22 1.7
LH15- EA14 2.06 99.49 34 2 342 40 46 50 140 120 22 2.0
LH15- EA16 7.20 100.40 31 2 306 60 49 60 140 130 23 1.5
LH15- EA17 5.23 100.30 31 2 304 50 51 50 140 120 22 1.7
LH15- EA18 8.21 99.47 32 3 340 40 49 40 160 180 25 1.4
LH15- EA19 5.15 98.64 34 3 352 30 48 50 190 70 25 0.8
LH15- EA20 6.78 99.34 30 3 310 30 47 40 150 210 24 1.5
LH15- EA21 6.22 98.88 26 2 350 <20 26 20 60 490 20 1.3
LH15- EA22 7.49 100.60 34 2 383 50 41 50 80 130 21 1.1
LH15- EA23 6.97 98.70 32 4 337 30 51 40 170 90 26 1.5
UPPER BASALT
LH14-32 3.17 99.42 31 <1 332 320 59 110 50 70 21 2.0
LH14-33 4.02 99.63 31 <1 330 320 63 110 60 110 21 1.4
LH14-34 3.60 98.36 30 1 332 330 44 100 30 80 20 1.9
LH14-36 8.19 100.30 29 1 316 310 56 110 60 130 20 1.2
Uli39 3.98 99.68 30 1 308 280 65 110 20 70 21 1.4
UI35A 7.72 100.70 22 1 239 220 107 120 <10 110 21 2.6
Detection Limit 0.01 1 1 5 20 1 20 10 30 1 0.5
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Table 4.1. (continued)

As Rb Sr Y Zr Nb Mo Ag In Sn Sb Cs
FUS-MS  FUS-MS  FUS-ICP  FUS-MS  FUS-ICP  FUS-MS  FUS-MS FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS

UNIT/Sample Number ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
DIABASE INTRUSIONS

LH14-14 <5 47 406 17.0 108 13.0 <2 <0.5 <0.1 <1 <0.2 0.5
LH14-25 <5 57 298 39.4 308 43.2 <2 0.8 0.1 2 <0.2 6.0
LH14-27 8 104 370 32.5 250 36.4 <2 0.7 0.1 1 <0.2 6.7
ul16B <5 32 258 26.0 197 26.6 <2 <0.5 <0.1 2 <0.2 1.2
UI59A <5 39 328 26.1 182 22.4 <2 <0.5 <0.1 1 <0.2 1.5
ul63 <5 69 448 19.4 130 17.2 <2 <0.5 <0.1 1 <0.2 1.9
u182 <5 3 298 31.4 200 25.8 <2 <0.5 0.1 2 <0.2 0.6
ul195I <5 25 358 26.9 188 25.5 <2 <0.5 <0.1 2 <0.2 1.4
uUl1102B <5 20 423 22.3 155 18.9 <2 <0.5 <0.1 1 <0.2 0.8
ul102C <5 28 462 29.5 196 26.5 <2 <0.5 0.1 2 <0.2 3.5
u1106 <5 19 272 34.1 226 27.6 <2 <0.5 0.1 2 <0.2 1.1
LH15- EA01-2 <5 28 424 23.0 145 17.6 <2 <0.5 <0.1 1 <0.2 1.6
LH15- EAO2 <5 45 429 29.3 193 23.0 <2 <0.5 0.1 1 <0.2 4.7
LH15- EAO4 <5 23 378 25.1 161 18.6 <2 <0.5 <0.1 1 0.6 1.9
LH15- EA58 <5 72 326 32.8 253 35.4 <2 <0.5 0.1 2 0.4 4.6
LH14-07B <5 37 303 25.2 162 19.2 <2 0.6 0.1 1 <0.2 1.0
LH14-22A <5 18 40 26.8 174 22.8 <2 0.6 <0.1 2 <0.2 0.5
LH14-22B <5 62 215 27.8 150 20.4 <2 <0.5 0.1 1 <0.2 1.9
LH14-16 <5 138 47 22.6 159 19.1 <2 <0.5 <0.1 2 <0.2 1.4
LOWER BASALT

UI68A <5 35 134 34.6 277 38.5 <2 <0.5 <0.1 3 0.4 0.6
u168D <5 52 215 28.0 174 23.9 <2 <0.5 <0.1 2 <0.2 0.8
uU1798 19 13 142 47.4 438 62.1 <2 0.7 0.2 4 0.4 0.6
UI89E <5 5 185 29.2 259 39.1 <2 <0.5 <0.1 2 <0.2 0.5
UI95A <5 24 288 45.0 375 54.0 <2 0.6 0.1 3 <0.2 3.3
uU195D 6 8 128 30.4 264 35.5 <2 <0.5 <0.1 2 0.2 0.1
UI128A <5 20 302 36.9 269 37.2 <2 <0.5 <0.1 2 <0.2 1.5
ul1147 <5 2 89 40.2 370 54.5 <2 0.5 <0.1 3 <0.2 0.4
LH15- EAO6 9 6 120 40.7 340 51.6 <2 <0.5 0.1 3 <0.2 0.4
LH15- EAO7B <5 8 160 42.0 343 49.8 <2 0.5 0.1 3 <0.2 0.6
LH15- EAO8 <5 49 306 37.1 201 25.5 <2 <0.5 0.1 2 <0.2 2.4
LH15- EA09 <5 49 293 35.6 238 29.5 <2 <0.5 0.1 2 <0.2 2.6
LH15- EA10 <5 28 232 37.1 260 34.0 <2 <0.5 0.1 2 <0.2 2.0
LH15- EA11 <5 5 179 34.9 350 50.0 2 <0.5 <0.1 1 <0.2 0.2
LH15- EA12 <5 14 99 74.5 394 59.2 <2 0.5 0.2 19 <0.2 0.8
LH15- EA13 <5 63 329 36.1 251 32.7 <2 <0.5 <0.1 2 <0.2 3.4
LH15- EA14 <5 58 327 36.8 256 33.8 <2 <0.5 0.1 2 <0.2 2.2
LH15- EAl6 <5 17 224 34.0 232 35.1 2 <0.5 <0.1 2 0.6 2.2
LH15- EA17 <5 11 264 323 243 33.9 <2 <0.5 0.1 2 <0.2 2.1
LH15- EA18 <5 22 318 42.2 355 50.2 <2 <0.5 0.1 3 <0.2 4.0
LH15- EA19 29 30 215 38.2 338 47.3 2 0.5 0.1 3 0.3 1.4
LH15- EA20 16 9 188 39.6 321 45.8 <2 <0.5 <0.1 2 0.3 0.5
LH15- EA21 6 19 187 33.8 208 24.7 <2 <0.5 0.1 2 0.3 1.3
LH15- EA22 17 44 214 33.2 239 31.0 <2 <0.5 0.1 2 0.3 0.8
LH15- EA23 10 16 211 46.2 335 34.1 <2 <0.5 0.2 3 0.3 3.9
UPPER BASALT

LH14-32 <5 68 755 16.2 95 2.8 <2 <0.5 <0.1 <1 <0.2 0.6
LH14-33 <5 26 569 16.9 92 2.6 <2 <0.5 <0.1 <1 <0.2 0.8
LH14-34 <5 10 352 16.0 93 2.0 <2 <0.5 0.1 <1 <0.2 0.6
LH14-36 <5 9 271 15.4 90 1.8 <2 <0.5 <0.1 <1 0.4 0.4
ul39 <5 33 411 15.6 101 3.9 <2 <0.5 <0.1 <1 <0.2 0.4
UI35A 8 29 10 11.8 99 4.0 <2 <0.5 <0.1 <1 0.5 0.7
Detection Limit 5 1 2 0.5 1 0.2 2 0.5 0.1 1 0.2 0.1
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Table 4.1. (continued)

Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er
FUS-ICP  FUS-MS FUS-MS FUS-MS  FUS-MS  FUS-MS  FUS-MS FUS-MS  FUS-MS FUS-MS  FUS-MS  FUS-MS

UNIT/Sample Number ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
DIABASE INTRUSIONS

LH14-14 1125 18.6 40.1 5.07 21.7 4.52 1.77 4.18 0.61 3.50 0.66 1.80
LH14-25 420 49.6 106.0 13.00 53.6 11.40 3.63 9.97 1.51 8.50 1.60 4.30
LH14-27 939 39.8 87.0 10.90 44.4 9.13 2.84 8.07 1.15 6.71 1.30 3.57
ul16B 324 26.5 60.6 7.44 31.7 6.72 2.27 6.43 0.97 5.33 0.99 2.61
UI59A 348 26.3 59.6 7.45 32,5 6.83 2.35 6.75 0.92 5.30 0.95 2.59
ul63 792 17.6 39.4 4.95 20.9 4.62 1.70 4.51 0.67 3.85 0.73 1.90
u182 286 28.3 64.1 8.10 35.0 7.92 2.34 7.19 1.02 6.15 1.12 3.07
uUl95I1 285 25.4 57.2 7.21 30.4 6.89 2.15 6.27 0.93 5.34 0.95 2.66
uUl1102B 1104 22.7 52.1 6.67 28.9 6.47 1.91 5.70 0.83 4.60 0.82 2.22
ul102C 671 26.7 61.3 7.87 34.4 7.64 2.77 7.13 1.07 6.05 1.08 2.87
u1106 285 33.7 77.3 9.69 42.0 9.34 2.96 8.40 1.22 6.84 1.21 3.19
LH15- EA01-2 336 20.7 48.8 6.55 29.6 6.41 2.31 6.02 0.90 4.95 0.87 2.35
LH15- EAO2 723 29.1 66.6 8.52 37.5 8.66 2.63 7.60 1.15 6.33 1.10 2.95
LH15- EAO4 598 24.6 56.7 7.25 31.8 7.03 2.44 6.17 0.96 5.26 0.94 2.38
LH15- EA58 603 39.0 86.1 10.60 43.1 9.41 2.17 7.91 1.27 6.92 1.26 3.32
LH14-07B 747 23.9 54.0 6.69 29.0 6.22 2.13 6.06 0.93 5.40 1.01 2.78
LH14-22A 36 27.2 59.2 7.59 32.4 7.05 1.58 6.57 0.97 5.90 1.09 3.11
LH14-22B 568 22.1 50.7 6.68 29.3 6.85 2.30 6.73 1.01 5.69 1.09 2.95
LH14-16 421 21.8 50.4 6.50 28.1 5.93 1.81 5.41 0.82 4.66 0.83 2.20
LOWER BASALT

UI68A 305 35.6 79.3 9.61 40.1 8.49 2.24 7.07 1.14 6.52 1.28 3.52
u168D 423 24.2 54.4 6.89 28.1 6.24 2.00 6.21 0.96 5.48 0.98 2.63
uU1798 198 60.8 133.0 15.80 63.6 12.50 2.98 10.60 1.70 9.54 1.73 4.67
UI89E 149 35.1 77.4 9.05 36.6 7.41 1.58 6.02 0.98 5.45 1.05 3.04
UI95A 531 52.7 114.0 13.60 54.6 11.10 2.86 10.20 1.59 8.87 1.61 4.19
uU195D 161 14.2 36.3 5.18 23.7 5.70 1.48 5.56 0.93 5.54 1.06 3.00
UI128A 568 31.5 71.9 8.99 37.4 8.04 2.45 7.62 1.22 7.12 1.32 3.55
ul1147 61 38.0 86.7 10.80 45.3 9.71 2.39 9.06 1.41 7.97 1.50 4.02
LH15- EAO6 203 26.0 72.6 10.80 47.0 10.70 3.06 9.68 1.51 8.42 1.57 4.20
LH15- EAO7B 194 56.7 115.0 13.30 53.9 11.40 2.11 10.20 1.52 8.16 1.59 4.15
LH15- EAO8 1571 28.1 65.2 8.49 36.9 8.56 2.45 8.39 1.29 7.37 1.40 3.76
LH15- EA09 1046 37.4 82.9 9.94 39.7 8.56 2.48 7.56 1.22 7.07 1.35 3.58
LH15- EA10 342 31.5 70.5 8.95 36.9 8.41 2.51 7.93 1.27 7.59 1.40 3.81
LH15- EA11 221 18.8 45.3 5.91 249 5.77 1.67 6.15 1.02 6.31 1.25 3.77
LH15- EA12 549 53.6 135.0 20.30 98.8 26.80 13.50 23.80 3.26 16.10 2.74 6.42
LH15- EA13 2113 28.3 67.0 8.80 37.2 8.75 2.31 8.05 1.27 7.26 1.36 3.82
LH15- EA14 1837 28.7 69.2 9.14 37.4 8.69 2.61 8.13 1.28 7.44 1.39 3.70
LH15- EAl6 209 37.7 81.6 10.10 40.3 8.84 2.60 7.96 1.20 6.92 1.30 3.30
LH15- EA17 187 34.9 77.3 9.70 38.9 8.74 2.45 7.72 1.15 6.61 1.23 3.35
LH15- EA18 389 54.1 120.0 14.60 57.2 12.20 3.74 10.60 1.66 9.31 1.63 4.25
LH15- EA19 1326 44.5 101.0 12.40 49.4 10.30 2.21 8.78 1.36 8.02 1.48 4.06
LH15- EA20 313 45.4 99.4 12.20 48.4 10.30 2.49 9.40 1.45 8.34 1.57 4.14
LH15- EA21 318 29.5 68.1 8.71 36.3 8.46 2.17 7.82 1.22 6.94 1.34 3.52
LH15- EA22 690 29.6 69.3 9.20 38.6 8.54 2.85 8.06 1.21 6.87 1.29 3.70
LH15- EA23 205 59.0 125.0 15.10 59.8 12.80 3.78 11.10 1.72 9.29 1.74 4.60
UPPER BASALT

LH14-32 1680 9.9 23.3 3.14 15.3 3.82 1.43 3.94 0.59 3.37 0.62 1.71
LH14-33 400 10.2 24.0 3.30 15.6 4.44 1.63 4.06 0.60 3.40 0.63 1.83
LH14-34 110 8.7 23.2 3.31 15.4 3.73 1.45 3.81 0.60 3.49 0.64 1.68
LH14-36 124 9.9 23.9 3.31 15.5 3.56 1.24 3.79 0.60 3.37 0.61 1.73
ul39 375 7.6 19.3 2.70 12.4 3.22 1.10 3.65 0.55 3.17 0.58 1.58
UI35A 38 2.8 8.6 1.29 7.3 2.37 0.57 2.27 0.39 2.33 0.44 1.25
Detection Limit 3 0.05 0.05 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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Table 4.1. (continued)

Tm Yb Lu Hf Ta Tl Pb Bi Th u
FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS  FUS-MS

UNIT/Sample Number ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
DIABASE INTRUSIONS

LH14-14 0.240 1.47 0.229 2.6 1.02 <0.05 28 <0.1 1.56 0.38
LH14-25 0.584 3.50 0.528 7.1 3.21 0.09 14 <0.1 5.54 1.30
LH14-27 0.486 2.99 0.437 6.1 2.58 0.40 10 <0.1 4.51 1.05
uUl16B 0.357 2.17 0.331 5.0 1.73 <0.05 <5 <0.1 2.85 0.65
UI59A 0.344 2.18 0.317 4.9 1.28 <0.05 <5 <0.1 2.14 0.49
ul63 0.263 1.66 0.244 3.4 1.05 0.20 <5 <0.1 1.67 0.39
U182 0.415 2.68 0.440 5.4 1.74 <0.05 <5 <0.1 2.86 0.63
ul195I 0.357 2.40 0.363 4.9 1.58 <0.05 <5 <0.1 2.76 0.62
uU1102B 0.290 1.87 0.281 4.1 1.22 <0.05 <5 <0.1 1.80 0.42
ul102C 0.374 2.34 0.362 5.3 1.65 <0.05 <5 <0.1 2.21 0.54
ul106 0.438 2.76 0.416 6.2 1.73 0.09 <5 <0.1 2.69 0.62
LH15- EA01-2 0.317 2.02 0.315 3.7 1.27 0.06 <5 <0.1 1.67 0.36
LH15- EAO2 0.389 2.34 0.367 4.7 1.60 0.15 <5 <0.1 2.28 0.50
LH15- EAO4 0.333 2.24 0.345 4.1 1.41 0.11 <5 <0.1 2.09 0.44
LH15- EA58 0.467 2.96 0.420 6.3 2.64 0.26 26 <0.1 4.26 0.93
LH14-07B 0.399 2.36 0.355 3.9 1.52 <0.05 51 <0.1 2.19 0.58
LH14-22A 0.418 2.55 0.383 4.3 1.66 <0.05 <5 <0.1 2.04 0.67
LH14-22B 0.396 2.48 0.354 3.7 1.51 0.14 38 <0.1 1.83 0.46
LH14-16 0.292 1.78 0.274 4.3 1.23 0.52 <5 <0.1 1.86 0.47
LOWER BASALT

UI68A 0.497 3.13 0.494 7.0 2.45 0.14 10 <0.1 4.25 1.05
ul68D 0.373 2.34 0.352 4.6 1.60 0.08 <5 <0.1 2.34 0.54
Ul179B 0.644 4.08 0.621 10.9 3.67 <0.05 <5 <0.1 8.20 1.84
UI89E 0.432 2.74 0.436 6.7 2.23 <0.05 <5 <0.1 4.53 1.10
UI95A 0.596 3.76 0.562 9.3 3.38 <0.05 <5 <0.1 6.72 1.62
ul95D 0.425 2.79 0.416 6.4 2.69 <0.05 <5 <0.1 4.86 1.25
UI128A 0.481 3.11 0.488 7.0 2.36 <0.05 6 <0.1 3.84 0.94
ul147 0.548 3.47 0.528 9.5 3.12 <0.05 27 <0.1 6.74 1.44
LH15- EAO6 0.589 3.68 0.534 8.6 3.64 <0.05 15 <0.1 6.76 2.11
LH15- EAO7B 0.590 3.83 0.586 8.4 3.44 <0.05 <5 <0.1 6.67 1.63
LH15- EAO8 0.526 3.30 0.498 5.1 2.23 0.22 15 <0.1 4.02 0.98
LH15- EA0O9 0.499 3.14 0.451 6.1 2.35 0.28 9 <0.1 3.93 0.95
LH15- EA10 0.531 3.40 0.490 6.6 2.48 0.17 27 <0.1 4.16 0.96
LH15- EA11 0.542 3.53 0.578 8.5 3.44 <0.05 <5 <0.1 6.78 1.58
LH15- EA12 0.821 4.94 0.704 9.6 4.03 <0.05 6 <0.1 7.58 1.82
LH15- EA13 0.521 3.30 0.499 6.4 2.35 0.30 8 <0.1 3.95 0.93
LH15- EA14 0.534 3.56 0.530 6.2 2.41 0.23 <5 <0.1 4.01 1.01
LH15- EA16 0.468 3.08 0.472 5.9 2.33 0.10 <5 <0.1 4.39 0.99
LH15- EA17 0.456 3.00 0.452 5.8 2.36 0.07 <5 <0.1 4.42 1.05
LH15- EA18 0.615 3.91 0.585 8.9 3.68 0.07 <5 <0.1 6.70 1.56
LH15- EA19 0.570 3.74 0.575 8.5 3.64 0.13 <5 <0.1 7.07 1.73
LH15- EA20 0.564 3.58 0.570 8.0 3.22 <0.05 9 <0.1 6.28 1.55
LH15- EA21 0.494 3.32 0.513 5.1 1.97 0.08 117 <0.1 3.33 0.72
LH15- EA22 0.512 3.12 0.449 5.7 2.10 0.31 <5 <0.1 3.23 0.70
LH15- EA23 0.638 3.97 0.609 6.4 3.08 0.09 <5 <0.1 6.59 1.58
UPPER BASALT

LH14-32 0.229 1.34 0.197 2.4 0.24 0.75 <5 <0.1 0.59 0.10
LH14-33 0.256 1.52 0.218 2.6 0.23 0.12 6 <0.1 0.60 0.12
LH14-34 0.227 1.31 0.191 2.3 0.23 <0.05 <5 <0.1 0.58 0.13
LH14-36 0.235 1.37 0.201 2.2 0.19 <0.05 25 <0.1 0.57 0.09
ul39 0.216 1.34 0.210 2.9 0.23 0.22 <5 <0.1 0.77 0.13
UI35A 0.185 1.22 0.182 2.6 0.24 0.08 <5 <0.1 0.75 0.65

Detection Limit 0.005 0.01 0.002 0.1 0.01 0.05 5 0.1 0.05 0.01
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Figure 4.1. Bivariate plots of select major and trace elements against loss-on-ignition content (LOI).
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Figure 4.2. Zr/Ti vs. Nb/Y igneous classification (Pearce et al., 1996) of Union Island Group mafic units.
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the subalkaline basalt field (Nb/Y < 0.8; n=10). The diabase tends to have higher Zr/Ti and Nb/Y
ratios than the lower basalt unit. The upper basalt unit plots in the subalkaline basalt field and

forms a linear trend with varying Nb/Y values (0.1-0.3) over a relatively constant Zr/Ti ratio

(~0.01).

Significant compositional overlap between the diabase intrusions and the lower basalt unit is

described below.
4.1.1 Major elements

Select Fenner diagrams for the Union Island Group mafic units are presented in Fig. 4.3. The lower
basalt unit has Mg# ranging from 30 to 45, and displays a fairly constant range of SiO2 (40-55
wt%). A,O3 (12-15 wt%) and MgO (3—6 wt%) decrease with decreasing Mg#, while Fe2O3(r)
(11-17 wt%), TiO2 (2.2-3.2 wt%), and P>Os (0.26-0.54 wt%) increases (Table 4.2).

Samples of the upper basalt unit can be further subdivided into a low-Mg# (~35) and a mid-Mg#
(45-55) group. No rocks of the upper basalt unit have Mg# in the range of 35-45. The gap is also
present in geochemical data previously reported by Goff (1984) and Kjarsgaard et al. (2013a); thus
it is unlikely to have been caused by sampling bias and may be a real compositional gap. Combined
with analyses by Kjarsgaard et al. (2013a), the upper basalt unit shows a narrower range of SiO:
content (39—48 wt%) compared to the lower basalt unit, but has generally higher AloO3 (15-17
wt%), lower Fe O3y (<13 wt%), TiO2 (1.5-1.7 wt%), and P05 (0.12-0.15 wt%), and a larger
range of MgO (1-8 wt%).

The diabase intrusions show a greater range of Mg# (32—58). A dyke margin sample (LH14-22A)
has the highest Mg# value (58) of all Union Island Group samples. The larger range of Mg# of the
diabase suggests a higher degree of magma fractionation. The diabase intrusions have similar
major element trends as those of the lower basalt unit, with 40-58 wt% SiO», 11-15 wt% ALOs3,
3—6 wt% MgO, 11-17 wt% Fe2O3(t), 1.6-4.5 wt% TiO2, and 0.18-0.46 wt% P20s.
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Figure 4.3. Fenner diagrams of select major, minor and trace elements for the Union Island Group mafic
units. Analyses below detection limit are not plotted. See Figure 4.2 for symbol legend. Open symbols are
analyses reported by Kjarsgaard et al. (2013a).
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Table 4.2. Summary of key geochemical parameters of Union Island Group mafic units. For each parameter,

the total range of values is given, followed by the mean in brackets.

Lower basalt Upper basalt Diabase intrusions
n 25 14° 19
Mgt 30-45 (38) 34-57 (50) 32-58 (43)
ALO;  wt% 11-15 (13) 14-16 (15) 12-16 (14)
MgO wt% 3-6 (4) 2-8 (6) 4-9 (6)
Fe,03q) Wt% 11-17 (14) 7-14 (11)° 11-18 (15)
Tio,  wt% 2.2-3.4(2.8) 1.5-1.7 (1.6) 1.5-4.5 (2.9)
P,0s  wt% 0.26-0.54 (0.38) 0.12-0.15 (0.13) 0.18-0.46 (0.33)
Ni ppm 20-260 (58)° 80-120 (103) 30-190 (100)°
Cr ppm 20-120 (50)° 220-330 (289) 20-240 (89)
Zr ppm 174-438 (293) 83-101 (93) 108-308 (186)
Nb ppm 24-62 (41) 2-4(3) 13-43 (24)
La ppm 14-61 (37) 8-10 (9)° 18-50 (28)
La/Smy 1.3-3.2(2.5) 1.5-1.8 (1.6)" 2.1-2.8(2.4)
Gd/Yby 1.4-4.0 (2.1) 2.2-2.4(2.3)° 2.1-2.7 (2.4)

a. Includes eight analyses from Kjarsgaard et al. (2013a), except for La, La/Smx, and Gd/Ybx.

b. Excludes sample UI35A, which shows REE mobility due to alteration (discussed in Appendix A).
c. Excludes four samples below 1.0.d. (20 ppm).
d. Excludes one sample below l.0.d. (20 ppm).

64



4.1.2 Compatible trace elements

All three Union Island Group mafic units show a positive correlation between Cr content and Mg#
(Fig. 4.3f). The lower basalt unit has lower Cr levels (<20-120 ppm) compared to the upper basalt
unit (220-330 ppm). All lower basalt unit samples have Ni contents below 70 ppm except for
LH15-EA12, which contains an anomalously high Ni level of 260 ppm. Nickel content of the upper
basalt unit (80-100 ppm) is higher than the lower basalt unit. The diabase intrusions have Cr
content ranging 30-240 ppm and Ni content ranging 30—190 ppm. Both the lower basalt unit and
the diabase display positive correlation between Ni and Mg#, whereas the upper basalt unit

maintains a constant, narrower range of Ni (80—120 ppm; Fig. 4.3g).
4.1.3 Incompatible trace elements

With respect to immobile incompatible elements (e.g., HFSE, Y, Ti, P), the lower basalt unit and
the diabase intrusions display a wide range of enrichment levels that increases with decreasing
Mg# (e.g., Figs 4.3d, e, h). The upper basalt unit is only moderately enriched in immobile
incompatible elements and maintains a narrow composition range. For example, Zr and Nb
contents of the lower basalt unit vary between 174—439 ppm and 24-62 ppm, respectively, whereas
the upper basalt unit displays a much narrower range of 90—101 ppm Zr and 2-4 ppm Nb,
respectively (Fig. 4.4). The diabase intrusions have Zr (108-308 ppm) and Nb (13-43 ppm)
contents that overlap those of the lower basalt unit. Incompatible element ratio Zr/Nb is nearly
identical for both the lower basalt unit (7-10; average 7.3) and the diabase intrusions (7-9; average

7.8).

The upper basalt unit displays a uniform composition with respect to most incompatible element
ratios (e.g. La/Smn; Table 4.2), however it displays an apparent large range in Zr/Nb ratios.
Samples UI39 and UI35A in this study, together with eight analyses reported by Kjarsgaard et al.
(2013a), have a restricted Zr/Nb range of 23-26. In contrast, samples LH14-32, LH14-33, LH14-
34, and LH14-36 have Zr/Nb ratios ranging between 34 and 50 (Table 4.3). Blind re-analysis of
these four samples returned a much smaller Zr/Nb range of 37—41, which remains distinctly
separate from other upper basalt unit samples. We ruled out the possibility of sampling bias, since
three of these four samples come from the same area as some of the samples collected by
Kjarsgaard et al. (2013a), with the fourth sample from a previously unsampled locality. We

attribute this discrepancy in Zr/Nb ratios to analytical imprecision when measuring low amounts
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Figure 4.4. Zr vs. Nb plot for Union Island Group mafic units. See Figure 4.2 for symbol legend. All samples
from the lower basalt unit and the diabase intrusions follow a well-defined trend with Zr/Nb ratios between
6.6 and 9.8, except for sample LH15-EA12 (discussed in Appendix A). A Zr/Nb=7 line is shown for

reference.
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Table 4.3. Zr and Nb analysis and calculated Zr/Nb ratios of upper basalt samples.

Sample Zr (ppm) Nb (ppm)  Zr/Nb
LH14-32 95 2.8 34
LH14-32 repl 101 2.7 37
LH14-33 92 2.6 35
LH14-33 repl 100 2.6 38
LH14-34 93 2.0 47
LH14-34 repl 102 2.5 41
LH14-36 90 1.8 50
LH14-36 repl 98 2.4 41
uUl39 101 3.9 26
UI35A 99 4.0 25
KIAO9-001A* 89.9 3.6 25
KIA09-001B* 82.5 3.6 23
KIA09-002* 91 3.7 25
KIA09-003* 91.8 4.0 23
KIA09-004A* 97.6 4.0 24
KIA09-004B* 91.6 3.7 25
KIA09-005* 90 3.8 24
KIA09-006* 91.9 3.9 24

“repl” indicates replicate analysis.
* Data from Kjarsgaard et al. (2013a).



of Nb which is characteristic in all upper basalt samples (2—4 ppm; Fig. 4.4). Blind analyses of the
low-Nb standard reference material WGB-1 (8+4 ppm Nb; provisional value; 2c6) returned relative
errors of 36% and 53%, with a repeatability of 15%. Repeatability associated with the re-analyzed
four samples, which have even lower Nb content (1.8-2.8 ppm), ranges from 0% to 14%. In
contrast, the four re-analyses of Zr levels have lower repeatability values of 3—5%. Therefore, we
consider the discrepancy in Zr/Nb ratios between the four re-analyzed samples and the rest of the
upper basalt unit samples to be a result of analytical imprecision of measuring low amounts of Nb.
As arestricted Zr/Nb range of 2326 is represented by ten analyses from two independent studies
(Kjarsgaard et al., 2013a; this study), we interpret this as a more accurate representation of Zr/Nb

ratios of the upper basalt unit.
4.1.4 Rare earth elements (REE)

All three Union Island Group mafic units display fractionated chondrite-normalized rare earth
element (REE) profiles with LREE enrichment over HREE (Fig. 4.5). The lower basalt unit and
the diabase intrusions display a wide range of enrichment levels (18—-61 ppm La); LREE are highly
fractionated (average La/Smn: 2.5) and HREE are moderately fractionated (average Gd/Ybn: 2.2).
Slightly negative Eu anomaly, reaching a minimum Eu*/Eu value of 0.7, is observed for a few

samples of the lower basalt unit and of the diabase intrusions.

The upper basalt is distinguished from the other two units by being less enriched in REE overall

(8—10 ppm La) and having less fractionated LREE (average La/Smn: 1.6).
4.1.5 Other high field strength elements (HFSE)

Primitive mantle normalized incompatible-element plots further highlight the marked
compositional difference between the two basalt units and the compositional similarity between
the lower basalt unit and the diabase intrusions (Fig. 4.6). The lower basalt unit displays an
enrichment order of Tan>Lan=Nbn=Thn (average Th/Nbn = 1.1), whereas the upper basalt unit
is characterized by depletion of Nb and Ta relative to Th and La (average Th/Nbx = 2.0). In
addition, the lower basalt unit displays a slightly negative Ti anomaly (average Ti/Ti* = 0.7),
which is absent in the upper basalt unit (average Ti/Ti* = 1.1). The diabase intrusions display
similar incompatible element enrichment profiles with the lower basalt unit, with an average

Th/Nbn ratio of 0.9 and an average Ti/Ti* ratio of 0.9.
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Figure 4.5. Chondrite-normalized rare earth element plots for the Union Island Group mafic units: a) lower
basalt, b) upper basalt, and c¢) diabase intrusions. Grey band represents geochemical data from Kjarsgaard
et al. (2013a). Sample LH15-EA 12, which shows anomalous REE enrichment (discussed in Appendix A),
is excluded from diagram a. Chondrite data from Sun and McDonough (1989).
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Figure 4.6. Incompatible element multi-element plots for Union Island Group mafic units. Normalization
is relative to primitive (pyrolite) mantle (McDonough and Sun, 1995). Shaded area represents analysis

reported in Kjarsgaard et al. (2013a).
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Fractionation between REE and the rest of HFSE is observed for a few samples from both the

lower and upper basalt units; this is discussed in more detail in Appendix A.
4.1.6 Geochemical transect of the lower basalt unit

Nine samples of the lower basalt package were collected along a transect where the lower basalts
are continuously exposed in the mainland section. These nine transect samples are subdivided into
two geochemically distinct types based on the abundances of select HFSE (Table 4.4; Fig. 4.7).
Type A, including samples LH15-EA06, LH15-EA07B, LHI5-EA11, and LHI15-EA12, is
characterized by having higher Hf (8.4-9.6 ppm) and Ta (3.4—4.0 ppm) contents relative to the
less enriched type B (LH15-EA0O8 to LH15-EA10, LH15-EA13, and LH15-EA14; Hf: 5.1-6.6
ppm; Ta: 2.2-2.5 ppm; Fig. 4.8). We further note that this distinct gap in HFSE contents is also
exhibited by the remainder of samples from the lower basalt unit. This second-order distinction
implies that two geochemical subgroups of lava exist in the lower basalt unit. In the transect, each
lava type is represented by at least two flows, alternating in the order of A1, B1, A2, B2 from bottom
to top. Samples LH15-EA16 to LH15-EA23, collected on a continuously exposed, ~200 m x ~100
m outcrop south of the transect, also contain both type A and B lavas in close vicinity of each other.

Thus, alternating layers of both lava types most likely extends through the entire lower basalt unit.

Within the sampled transect, type A lavas are finer-grained overall (<1 mm) and contain a more
isotropic texture, whereas type B lavas are marked by coarser grain sizes (1-4 mm) and weakly
glomeroporphyritic textures. Samples within flows B1 and Az show slight increase in incompatible
element enrichment levels; Hf increases from 5.1 ppm to 6.6 ppm in flow By, and 8.5 ppm to 9.6

ppm in flow A».
4.1.7 Internal geochemical variations of Union Island Group diabase sills and dykes

Of the diabase sills intruding the mainland Union Island Group strata, samples from
stratigraphically lower positions tend to display the most primitive compositions (e.g., UI63),
whereas those from stratigraphically higher positions tend to display the most evolved
compositions (e.g., UI106). This stratigraphic correlation suggests progressive magma evolution
with decreasing depth of sill emplacement. The diabase intrusion on Tuff Island (LH14-25, LH14-
27, LH15-EA58) has the most evolved composition of all diabase samples, with sample LH14-25
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Table 4.4. Geochemical summary of samples from the lower basalt unit transect.

Stratigraphic Depth (m below

Lava Type* upper unconformity) Mgt Zr (ppm) Hf (ppm) Ta (ppm)
B, 10 39 340 8.6 3.64
B, 20 35 343 8.4 3.44
A, 30 38 201 5.1 2.23
A, 40 40 238 6.1 2.35
B, 50 45 260 6.6 2.48
B, 60 39 350 8.5 3.44
B, 70 40 394 9.6 4.03
A, 80 38 251 6.4 2.35
A, 90 38 256 6.2 2.41

*Number in subscript denotes sequence of lava layers.
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Table 4.5. Geochemical summary for centre-margin sample sets of diabase sills and dykes.

Sample Name Sample Type Mgt Cr (ppm) Zr (ppm) Sc/Y
LH15-EAO01-2 Sill centre 43 180 145 13
LH15-EA02 Sill upper margin 37 90 193 1.0
LH15-EA04 Sill lower margin 38 90 161 1.0
LH14-22A Dyke margin 58 40 174 1.4
LH14-22B Dyke centre 41 50 150 1.3
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having 308 ppm Zr, 43 ppm Nb, and a Mg# of 32. These may represent a stratigraphically higher
portion of the sill complex that is not preserved in the mainland area, or a separate intrusive body

of highly evolved liquids related to the emplacement of the mainland sills.

A centre-margin sample set from one of the mainland sills indicates internal geochemical variation
within the sill body (Table 4.5). The coarse centre (LH15-EA01-2) has higher Mg#, Cr, and Sc/Y
ratio, and lower incompatible element enrichment than both the upper (LH15-EA02) and lower
margins (LH15-EA04). Th/Nb ratio is lower at the sill centre (0.09), compared with the margins
(0.10 and 0.11).

The margin of a Union Island Group diabase dyke cutting the Archean basement (LH14-22A) is
significantly more primitive than its respective dyke centre (LH14-22B) and has a higher Mg# (58;
highest of all Union Island Group samples), slightly higher incompatible element enrichment

levels, and a pronounced negative Eu anomaly (Eu/Eu*=0.7). The two samples do not differ in

Th/ND ratio.
4.2 Geochronology
4.2.1 Diabase intrusion LH14-27

Uranium-lead isotope analyses for eight small multi-grain (2—8 grains) baddeleyite fractions from
diabase intrusion LH14-27 are presented in Table 4.6. Most of these baddeleyite fractions have
Th/U ratios typical for igneous baddeleyite (<0.1; Heaman and LeCheminant, 1993), although
fractions #1, #4, and #7 have slightly elevated values (0.13—-0.15). Total common Pb contents for
all fractions are generally low (<3 pg). All analyses are between 3% and 10% discordant, which
indicates a significant component of lead loss occurred. 2*’Pb/**Pb model ages for all analyses
range between 2056 Ma and 2029 Ma. A Concordia plot (Fig. 4.9a) shows that the analyses display
some scatter but generally follow a linear trend that defines an upper intercept age of 2042+20 Ma
(MSWD=11.7). Four baddeleyite fractions (#2, 5, 7, 8) have identical 2°’Pb/?%Pb dates within
analytical uncertainty and define a regression line with an upper intercept date of 2042+8.0 Ma
(20; MSWD = 0.34). These four fractions have a weighted mean 2*’Pb/**°Pb age of 2042.7+3.0
Ma (20; MSWD = 0.23; Fig. 4.9b), which we interpret as the best estimate for the time of
baddeleyite crystallization in diabase intrusion LH14-27.
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Table 4.6. TIMS U—-Pb analysis of baddeleyite fractions for diabase intrusion LH14-27. Associated errors are reported at 1c.

Weight U Th Pb TCPb

Fraction (1g) (opm) (pom) (ppm) ThiU (9) 206pp,204pp,  206pp 238y 207pp 235 WTpp2pp,  26pp28Yy (Ma) 27Pb/2U (Ma) 2Pb/2Pb (Ma) %Disc
1(5) 0.9 137 19 49 0.14 2.0 1386 0.3485+9 6.024 £19 0.1254 +2 1927.5 £ 4.3 1979.4 + 2.7 2030.4 + 2.8 5.9
2(8) 0.9 135 13 50 0.10 2.4 1131 0.3583 +9 6.227 £19 0.1261 + 2 1974.1 + 4.4 2008.3 + 2.7 2043.7 £ 2.8 4.0
3(3) 0.5 249 24 89 0.10 1.4 2038 0.3568 +9  6.244 £ 19 0.1269 * 2 1966.8 + 4.3 2010.7 + 2.7 2056.1 + 2.6 5.0
4(7) 0.5 464 63 170 0.13 2.9 1792 0.3577 6 6.194 £+13 0.1256 +1 1971.4 £ 3.1 2003.6 + 1.8 2037.1 £ 1.7 3.8
5(6) 0.5* 208 23 70 0.11 13 1730 0.3354 +10 5.830 £21 0.1261 + 2 1864.3 + 4.8 1950.8 + 3.1 2044.1 £ 3.3 10.1
6(3) 0.5* 306 34 110 0.11 1.7 2024 0.3576 £+ 8 6.165 £ 16 0.1250 + 2 1971.0 + 3.8 1999.5 + 2.3 2029.2 £ 2.2 3.3
7(2) 0.5* 100 15 36 0.15 1.8 619 0.3399 £+ 19 5.896 +41 0.1258 +5 1886.0 + 9.0 1960.6 + 6.0 2040.4 £ 6.7 8.7
8(5) 0.5* 307 28 111 0.09 2.9 1168 0.3525 +8 6.118 £17 0.1259 + 2 1946.3 + 3.8 1992.8 + 2.4 20414 + 2.4 5.4

All atomic ratios are corrected for spike (composition), estimated blank (0.5 pg U, 1.0 pg Pb), and initial common lead (Stacey and Kramers, 1975).
Number in parentheses refers to the number of baddeleyite grains analysed; TCPb refers to total common Pb present in the analysis.
Weights were estimated for fractions #5—8 (marked by asterisk) based on similarity in grain count and grain size to fractions #3 and #4.

Age calculations based on decay constants of Jaffey et al. (1971); 2°°Pb/?38U and 2*"Pb/?°°Pb ages corrected for initial disequilibrium in 2**Th/?**U using a Th/U
(magma) ratio of 3.

Model Th/U ratio estimated from radiogenic 2*Pb/2°°Pb ratio and 2’Pb/?**U age.
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4.2.2 Interflow sediment LH15-EAS51

U—Pb LA-MC-ICPMS detrital zircon ages were determined for interflow sediment sample LH15-
EAS1, collected from volcaniclastic beds on Tuff Island, are reported in Table 4.7. A total of 36
zircon grains were analyzed, yielding a mean age of 2627 Ma and a median age of 2656 Ma, with
a standard deviation of 105 Ma (1o). With one exception (grain #5), all zircon dates are
Neoarchean and range between 2704 Ma and 2570 Ma, forming two prominent peaks at 2676+8
Ma and 2603+10 Ma (20; Fig. 4.10). This distribution pattern is broadly identical to that of granite
crystallization ages within Neoarchean domains of the Slave craton (Geological Survey of Canada,
2013), which include the 2635-2620 Ma Defeat suite, the 2615-2608 Ma Concession suite, the ca.
2596 Ma Prosperous suite, the 25862584 Ma Morose granite, the 2585-2581 Ma Contwoyto suite,
and the ca. 2582 Ma Yamba suite (van Breemen et al., 1992; Davis and Bleeker, 1999).

Only one zircon grain yielded a Proterozoic °’Pb/?*Pb age, at 2049+29 Ma (26; 4.6% discordant).
As this is the youngest zircon analyzed in this sample, we interpret 2049+29 Ma to be the

maximum deposition age for this interflow sediment.
4.2.3 Quartz pebble conglomerate LHI15-EA15

U-Pb LA-MC-ICPMS detrital zircon ages in conglomerate sample LH15-EA15, located at the
base of the upper dolomite unit, are reported in Table 4.8. A total of 81 zircon grains were analyzed
(n=88 before 2**Pb screening; not screened for discordance). The vast majority of zircon ages range
between 2761 Ma and 2558 Ma, forming two prominent peaks at 2607+3 Ma and 2692+4 Ma (2c;
Fig. 4.10). This age distribution, like that of sample LH15-EAS51, is similar to Neoarchean granite

crystallization ages of the Slave craton.

Three zircon grains (grains #2, 3, and 51) are distinctively younger than the rest of the population,
with 27Pb/2%Pb dates of 2141+37 Ma (35% discordant), 2029+20 Ma (6% discordant), and
2026+19 Ma (4.3% discordant) (2c). The two youngest ages are identical within analytical
uncertainty and also identical with the youngest zircon age from sample LH15-EAS51 (grain #5;
2049+£29 Ma; 20); these identical zircon ages suggest provenance from the same source. We
interpret 202619 Ma to be the maximum deposition age for the conglomerate bed and hence a
maximum deposition age estimate for the upper dolomite unit. High discordance of the 2141+37

Ma zircon grain suggests that its 22’Pb/?%Pb age may have been significantly affected by Pb loss.
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Table 4.7. LA-ICPMS U-Pb analysis for detrital zircon grains from interflow sediment sample LH15-EAS51.

Spot name 206py, (cps) 204pp, (cps) 207Pb/me 20 207Pb/235U 20 206Pb/mU 20 p
LH15-EA51-1 679585 129 0.1822 0.0019 11.74 0.33 0.4671 0.0122 0.928
LH15-EA51-2 265945 28 0.1839 0.0019 13.56 0.61 0.5347 0.0236 0.974
LH15-EA51-3 214787 28 0.1771 0.0018 12.39 0.48 0.5074 0.0189 0.963
LH15-EA51-4 155982 40 0.1761 0.0019 12.72 0.54 0.5239 0.0216 0.968
LH15-EA51-5 12035 31 0.1264 0.0021 6.22 0.23 0.3570 0.0119 0.897
LH15-EA51-6 304554 45 0.1754 0.0019 10.69 0.42 0.4421 0.0167 0.962
LH15-EA51-7 403747 24 0.1713 0.0018 11.13 0.46 0.4712 0.0191 0.969
LH15-EA51-8 399313 42 0.1810 0.0019 13.32 0.46 0.5336 0.0176 0.954
LH15-EA51-9 196448 40 0.1759 0.0019 12.26 0.41 0.5057 0.0158 0.947
LH15-EA51-10 302467 35 0.1810 0.0019 12.91 0.42 0.5171 0.0158 0.946
LH15-EA51-11 48421 18 0.1821 0.0022 12.85 0.65 0.5117 0.0252 0.970
LH15-EA51-12 224932 37 0.1821 0.0019 12.93 0.39 0.5147 0.0144 0.937
LH15-EA51-13 186561 51 0.1820 0.0019 13.06 0.39 0.5207 0.0146 0.939
LH15-EA51-14 189284 29 0.1849 0.0019 12.79 0.41 0.5016 0.0153 0.947
LH15-EA51-15 156758 10 0.1841 0.0019 13.45 0.67 0.5298 0.0256 0.977
LH15-EA51-16 171952 24 0.1747 0.0018 12.29 0.51 0.5103 0.0206 0.968
LH15-EA51-17 69383 18 0.1856 0.0022 13.80 0.53 0.5391 0.0199 0.953
LH15-EA51-18 198561 17 0.1821 0.0019 13.40 0.42 0.5336 0.0159 0.942
LH15-EA51-19 112824 30 0.1823 0.0020 12.77 0.51 0.5079 0.0195 0.963
LH15-EA51-20 272126 38 0.1734 0.0018 11.71 0.37 0.4898 0.0148 0.944
LH15-EA51-21 187806 49 0.1838 0.0019 12.65 0.47 0.4994 0.0180 0.961
LH15-EA51-22 222930 61 0.1829 0.0019 12.28 0.54 0.4868 0.0207 0.971
LH15-EA51-23 167384 51 0.1829 0.0019 12.41 0.52 0.4919 0.0199 0.968
LH15-EA51-24 280916 67 0.1796 0.0019 12.12 0.48 0.4895 0.0189 0.964
LH15-EA51-25 94187 32 0.1734 0.0018 12.20 0.50 0.5104 0.0203 0.966
LH15-EA51-26 357523 54 0.1787 0.0018 12.11 0.34 0.4914 0.0128 0.930
LH15-EA51-27 178102 33 0.1734 0.0019 11.92 0.45 0.4987 0.0182 0.960
LH15-EA51-28 160617 17 0.1823 0.0019 12.62 0.76 0.5022 0.0299 0.985
LH15-EA51-29 129146 58 0.1837 0.0019 13.13 0.53 0.5185 0.0203 0.966
LH15-EA51-30 156668 45 0.1743 0.0019 11.48 0.43 0.4778 0.0172 0.958
LH15-EA51-31 135257 43 0.1825 0.0019 12.58 0.48 0.5000 0.0185 0.961
LH15-EA51-32 247842 51 0.1743 0.0018 11.83 0.53 0.4925 0.0215 0.972
LH15-EA51-33 130057 45 0.1750 0.0019 11.87 0.41 0.4919 0.0163 0.953
LH15-EA51-34 381195 71 0.1770 0.0018 11.56 0.55 0.4736 0.0220 0.976
LH15-EA51-35 233447 77 0.1750 0.0018 11.99 0.40 0.4972 0.0158 0.949
LH15-EA51-36 78559 42 0.1725 0.0019 11.76 0.38 0.4942 0.0152 0.939
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Table 4.7. (continued)

Apparent Ages (Ma)
Spot name Tpp**ph* 26 2Pb*/P°U 20 2Pb*/P*U 20 Disc (%)
LH15-EA51-1 2673 17 2584 26 2471 53 9.1
LH15-EA51-2 2689 17 2719 42 2761 98 -3.3
LH15-EA51-3 2626 17 2635 36 2645 80 -0.9
LH15-EA51-4 2616 18 2659 39 2716 91 -4.7
LH15-EA51-5 2049 29 2008 32 1968 56 4.6
LH15-EA51-6 2610 18 2496 36 2360 74 11.4
LH15-EA51-7 2570 17 2534 38 2489 83 3.8
LH15-EA51-8 2662 17 2702 32 2756 73 -4.4
LH15-EA51-9 2614 18 2625 31 2638 67 -1.1
LH15-EA51-10 2662 17 2673 30 2687 67 -1.1
LH15-EA51-11 2672 20 2669 47 2664 107 0.4
LH15-EA51-12 2673 17 2674 28 2677 61 -0.2
LH15-EA51-13 2671 17 2684 28 2702 62 -1.4
LH15-EA51-14 2698 17 2664 30 2620 66 3.5
LH15-EA51-15 2690 17 2711 46 2741 107 -2.3
LH15-EA51-16 2603 17 2627 38 2658 87 -2.6
LH15-EA51-17 2704 19 2736 36 2780 83 -3.5
LH15-EA51-18 2672 17 2708 29 2757 66 -3.9
LH15-EA51-19 2674 18 2663 37 2648 83 1.2
LH15-EA51-20 2591 17 2582 30 2570 64 1.0
LH15-EA51-21 2687 17 2654 35 2611 77 3.4
LH15-EA51-22 2679 17 2626 40 2557 89 5.5
LH15-EA51-23 2680 17 2636 38 2579 85 4.6
LH15-EA51-24 2649 17 2614 37 2568 81 3.7
LH15-EA51-25 2590 18 2620 38 2659 86 -3.2
LH15-EA51-26 2641 17 2613 26 2577 55 3.0
LH15-EA51-27 2590 18 2598 35 2608 78 -0.8
LH15-EA51-28 2674 17 2652 55 2623 127 2.3
LH15-EA51-29 2686 17 2689 38 2693 86 -0.3
LH15-EA51-30 2599 18 2563 34 2518 74 3.8
LH15-EA51-31 2676 17 2649 35 2614 79 2.8
LH15-EA51-32 2599 17 2591 41 2581 92 0.8
LH15-EA51-33 2606 18 2594 32 2579 70 1.3
LH15-EA51-34 2625 17 2569 44 2499 95 5.8
LH15-EA51-35 2606 17 2604 31 2602 68 0.2
LH15-EA51-36 2582 19 2585 30 2589 65 -0.3

Disc = Discordance relative to origin = 100% * ((**’Pb/2%Pb age - 2°°Pb/**U age)/(**’Pb/***Pb age))
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Table 4.8. LA-ICPMS U-Pb analysis for detrital zircon grains from quartz pebble conglomerate sample
LH15-EA15. Samples with high common Pb content are excluded (struck out values) using a filter of 2*‘Pb
> 1000 cps (n=7).

Spot name 206p ), (cps) 204p (cps) 2°7Pb/2°6Pb 26 2°7Pb/235U 26 zospb/zssu 26 0
LH15-EA15-1 260711 34 0.1749 0.0018 11.25 0.43 0.4663 0.0173 0.965
LH15-EA15-2 407349 154 0.1332 0.0029 4.69 0.29 0.2553 0.0146 0.935
LH15-EA15-3 3275058 261 0.1409 0.0019 12.66 0.47 0.6515 0.0226 0.929
LH15-EA15-4 209035 87 0.1741 0.0018 9.73 0.38 0.4055 0.0154 0.963
LH15-EA15-5 449978 45 0.1730 0.0018 11.90 0.53 0.4989 0.0214 0.973
LH15-EA15-6 151706 43 0.1762 0.0019 11.95 0.54 0.4920 0.0215 0.972
LH15-EA15-7 233814 85 0.1749 0.0018 9.59 0.43 0.3977 0.0175 0.974
LH15-EA15-8 302318 34 0.1770 0.0018 12.14 0.47 0.4977 0.0184 0.964
LH15-EA15-9 357199 39 0.1748 0.0018 12.11 0.62 0.5027 0.0254 0.981
LH15-EA15-10 139841 56 0.1762 0.0019 10.08 0.41 0.4147 0.0162 0.966

LH15-15-11 194423 112 0.1798 0.0019 8.62 0.40 0.3477 0.0158 0.975
LH15-15-12A 182323 28 0.1860 0.0019 12.77 0.69 0.4980 0.0265 0.981

LH15-15-13 207224 221 0.1839 0.0032 11.05 0.65 0.4357 0.0244 0.956

LH15-15-14 137776 42 0.1752 0.0018 12.29 0.53 0.5090 0.0215 0.971

LH15-15-15 188997 42 0.1840 0.0019 13.45 0.59 0.5302 0.0226 0.972

LH15-15-17 286654 157 0.1854 0.0023 10.36 0.48 0.4053 0.0181 0.962

LH15-15-18 228313 54 0.1750 0.0018 12.21 0.49 0.5059 0.0198 0.968

LH15-15-19 160565 100 0.1758 0.0019 10.18 0.36 0.4202 0.0140 0.951

LH15-15-20 194506 76 0.1822 0.0019 6.60 0.30 0.2627 0.0118 0.975
LH15-EA15-21 136429 86 0.1830 0.0019 7.95 0.35 0.3150 0.0137 0.973
LH15-EA15-22 441339 83 0.1700 0.0018 11.65 0.45 0.4969 0.0183 0.961
LH15-EA15-23 366544 83 0.1730 0.0018 11.63 0.45 0.4874 0.0184 0.965
LH15-EA15-24 165862 113 0.1721 0.0019 6.40 0.77 0.2698 0.0323 0.996
LH15-EA15-25 199716 905 0.1926 0.0021 2.95 0.18 0.1110 0.0067 0.984
LH15-EA15-26 200050 276 0.1810 0.0019 6.37 0.38 0.2553 0.0149 0.984
LH15-EA15-28 231853 114 0.1812 0.0018 12.69 0.62 0.5080 0.0243 0.978
LH15-EA15-29 209602 131 0.1736 0.0019 7.50 0.43 0.3130 0.0176 0.982
LH15-EA15-30 94039 126 0.1824 0.0020 12.43 0.58 0.4943 0.0224 0.973
LH15-EA15-31 43168 91 0.1826 0.0021 12.82 0.53 0.5091 0.0202 0.960
LH15-EA15-33 270026 366 0.1864 0.0019 8.95 0.41 0.3484 0.0154 0.974
LH15-EA15-34 111028 491 0.2161 0.0026 6.29 0.63 0.2111 0.0209 0.993
LH15-EA15-35 44236 123 0.1778 0.0020 11.48 0.53 0.4683 0.0210 0.969
LH15-EA15-36 145449 119 0.1768 0.0019 11.57 0.49 0.4746 0.0194 0.968
LH15-EA15-37 220134 284 0.1982 0.0035 13.07 0.58 0.4783 0.0195 0.919
LH15-EA15-38 377345 142 0.1744 0.0018 5.75 0.30 0.2392 0.0123 0.981
LH15-EA15-40 313223 295 0.1759 0.0020 4.82 0.39 0.1985 0.0158 0.990
LH15-EA15-41 120283 147 0.1751 0.0019 11.73 0.52 0.4859 0.0210 0.971
LH15-EA15-43 102841 13 0.1879 0.0019 12.29 0.52 0.4741 0.0194 0.971
LH15-EA15-44 229762 268 0.1898 0.0026 10.31 0.44 0.3939 0.0161 0.948
LH15-EA15-45 311121 7 0.1846 0.0019 12.73 0.55 0.4999 0.0208 0.972
LH15-EA15-46 390489 20 0.1757 0.0022 12.95 0.58 0.5348 0.0231 0.960
LH15-EA15-47 166997 56 0.1742 0.0022 9.96 0.69 0.4148 0.0281 0.983
LH15-EA15-48 210294 78 0.1917 0.0022 9.30 0.69 0.3519 0.0257 0.988
LH15-EA15-49 224820 666 0.2008 0.0023 5.76 0.29 0.2083 0.0102 0.974
LH15-EA15-50 330938 0 0.1884 0.0019 13.35 0.60 0.5138 0.0224 0.974
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Table 4.8. (continued)

206,

2%pp (cps) *7’Pb/**°Pb

207Pb/235U

206P b/ZSSU

Spot name Pb (cps) 20 20 20 p
LH15-EA15-51 69397 0 0.1250 0.0014 6.00 0.24 0.3479 0.0135 0.958
LH15-EA15-52 240651 32 0.1803 0.0019 7.25 0.35 0.2916 0.0136 0.977
LH15-EA15-53 256577 126 0.1922 0.0024 8.83 0.51 0.3333 0.0186 0.975
LH15-EA15-54 165425 2 0.1776 0.0018 8.75 0.32 0.3574 0.0125 0.959
LH15-EA15-55 720016 34 0.1737 0.0019 11.34 0.44 0.4736 0.0175 0.960
LH15-EA15-56 213249 9 0.1739 0.0018 4.72 0.29 0.1970 0.0118 0.986
LH15-EA15-57 272203 17 0.1766 0.0019 9.37 0.47 0.3846 0.0189 0.977
LH15-EA15-58 129201 0 0.1831 0.0019 12.33 0.57 0.4885 0.0221 0.974
LH15-EA15-59 268939 367 0.1832 0.0019 6.34 0.26 0.2510 0.0101 0.969
LH15-EA15-60 247678 503 0.1966 0.0038 3.31 0.31 0.1223 0.0110 0.977
LH15-EA15-61 242830 0 0.1754 0.0026 10.32 0.46 0.4267 0.0180 0.943
LH15-EA15-64 279493 160 0.1873 0.0026 11.89 0.66 0.4605 0.0247 0.967
LH15-EA15-65 211360 0 0.1758 0.0018 12.21 0.62 0.5038 0.0250 0.979
LH15-EA15-66 143540 0 0.1747 0.0018 9.15 0.36 0.3801 0.0146 0.966
LH15-EA15-67 131409 24 0.1806 0.0019 5.72 0.30 0.2299 0.0118 0.980
LH15-EA15-68 428101 65 0.1610 0.0019 16.36 0.93 0.7371 0.0409 0.979
LH15-EA15-69 289158 123 0.1887 0.0027 12.15 0.58 0.4670 0.0211 0.953
LH15-EA15-70 302150 0 0.1977 0.0020 14.39 0.62 0.5278 0.0223 0.973
LH15-EA15-71 151897 0 0.1818 0.0019 4.57 0.36 0.1825 0.0143 0.992
LH15-EA15-72 280459 0 0.1807 0.0018 12.39 0.50 0.4971 0.0195 0.967
LH15-EA15-74 235082 0 0.1749 0.0018 11.55 0.45 0.4790 0.0179 0.965
LH15-EA15-75 228960 102 0.1863 0.0021 9.74 0.44 0.3794 0.0168 0.969
LH15-EA15-76 354952 514 0.1941 0.0030 10.88 0.77 0.4065 0.0282 0.976
LH15-EA15-77 125398 14 0.1893 0.0024 10.74 0.39 0.4114 0.0140 0.936
LH15-EA15-78 261857 0 0.1791 0.0019 9.95 0.51 0.4028 0.0203 0.979
LH15-EA15-80 292410 78 0.1774 0.0024 10.69 0.82 0.4373 0.0328 0.984
LH15-EA15-81 127305 14 0.1754 0.0035 5.79 0.35 0.2393 0.0136 0.943
LH15-EA15-82 101772 0 0.1861 0.0019 13.06 0.59 0.5089 0.0226 0.975
LH15-EA15-83 333374 0 0.1831 0.0019 11.27 0.75 0.4463 0.0292 0.988
LH15-EA15-84 170899 0 0.1248 0.0013 6.08 0.24 0.3534 0.0134 0.963
LH15-EA15-85 577271 53 0.1731 0.0017 7.25 0.53 0.3036 0.0220 0.991
LH15-EA15-86 56454 0 0.1866 0.0020 12.84 0.53 0.4989 0.0200 0.966
LH15-EA15-87 379148 0 0.1750 0.0018 11.49 0.53 0.4761 0.0215 0.976
LH15-EA15-88 160801 0 0.1857 0.0020 12.13 0.55 0.4735 0.0207 0.972
LH15-EA15-89 442065 0 0.1788 0.0022 12.23 0.50 0.4958 0.0194 0.953
LH15-EA15-90 149872 9 0.1824 0.0021 11.89 0.43 0.4729 0.0162 0.950
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Table 4.8. (continued)

Apparent Ages (Ma)
Spot name P7pp*Pppx 25 pp*/PU 26 °Pb*/P'U 26 Disc (%)
LH15-EA15-1 2605 17 2544 35 2468 75 6.4
LH15-EA15-2 2141 37 1765 50 1466 74 35.2
LH15-EA15-3 2239 24 2655 35 3234 88  -56.9
LH15-EA15-4 2597 18 2410 36 2194 70 18.3
LH15-EA15-5 2587 17 2597 41 2609 91 -1.1
LH15-EA15-6 2617 17 2601 41 2579 92 1.7
LH15-EA15-7 2606 17 2397 41 2159 80 20.1
LH15-EA15-8 2625 17 2615 35 2604 79 1.0
LH15-EA15-9 2604 17 2613 47 2625 108 -1.0
LH15-EA15-10 2618 17 2442 37 2237 73 17.2
LH15-15-11 2651 17 2298 42 1924 75 31.6
—+H15-15-12 2872 23 1526 87 750 8 788
LH15-15-12A 2707 17 2663 50 2605 113 4.6
LH15-15-13 2688 28 2527 53 2331 109 15.8
LH15-15-14 2608 17 2627 40 2652 91 -2.1
LH15-15-15 2690 17 2712 41 2742 94 -2.4
—+H15-15-16 3123 2% 1734 42 823 39 781
LH15-15-17 2701 21 2467 42 2193 83 22.1
LH15-15-18 2606 17 2620 37 2639 84 -1.6
LH15-15-19 2613 18 2452 32 2262 63 15.9
LH15-15-20 2673 17 2059 40 1504 60 48.9
LH15-EA15-21 2680 17 2225 39 1765 67 38.9
LH15-EA15-22 2558 18 2576 35 2601 79 -2.0
LH15-EA15-23 2587 17 2575 36 2559 79 1.3
LH15-EA15-24 2578 18 2033 100 1540 162 45.1
LH15-EA15-25 2765 18 1394 45 679 39 79.3
LH15-EA15-26 2662 17 2029 51 1466 76 50.1
—HI5-EALS-27 2824 20 2458 34 2041 6 322
LH15-EA15-28 2664 17 2657 45 2648 103 0.7
LH15-EA15-29 2593 18 2172 50 1756 86 36.8
LH15-EA15-30 2674 18 2637 43 2589 96 3.9
LH15-EA15-31 2676 19 2666 38 2653 86 1.1
—HI5-FATS-32 3113 45 1692 58 75% 56 798
LH15-EA15-33 2710 17 2333 41 1927 73 33.3
LH15-EA15-34 2952 19 2017 84 1235 110 63.7
LH15-EA15-35 2633 19 2563 42 2476 92 7.2
LH15-EA15-36 2623 17 2570 39 2504 84 5.5
LH15-EA15-37 2811 28 2685 41 2520 85 12.5
LH15-EA15-38 2600 17 1939 44 1383 64 51.8
—HI5-FATS-39 2893 19 2361 41 1796 68 433
LH15-EA15-40 2615 19 1788 65 1167 84 60.3
LH15-EA15-41 2607 18 2583 41 2553 91 2.5
LH15-EA15-43 2724 17 2626 39 2502 84 9.8
LH15-EA15-44 2741 22 2463 39 2141 74 25.6
LH15-EA15-45 2695 17 2660 40 2613 89 3.7
LH15-EA15-46 2612 21 2676 41 2762 96 -7.0
LH15-EA15-47 2598 21 2431 62 2237 127 164
LH15-EA15-48 2757 18 2368 65 1944 121 34.1
LH15-EA15-49 2832 19 1941 43 1220 54 62.3
LH15-EA15-50 2729 17 2705 41 2673 95 2.5
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Table 4.8. (continued)

Apparent Ages (Ma)

Spot name PTpp*2%pp* 26 Pb*/U 20 2°Pb*/P*U 206 Disc (%)
LH15-EA15-51 2029 20 1976 35 1925 64 6.0
LH15-EA15-52 2656 17 2143 42 1649 68 42.8
LH15-EA15-53 2761 21 2321 51 1854 89 37.7
LH15-EA15-54 2630 17 2312 33 1970 59 29.1
LH15-EA15-55 2594 18 2552 35 2499 76 4.4
LH15-EA15-56 2596 17 1772 50 1159 63 60.3
LH15-EA15-57 2622 18 2375 45 2098 87 23.4
LH15-EA15-58 2681 17 2630 43 2564 95 5.3
LH15-EA15-59 2682 17 2024 36 1443 52 51.4
LH15-EA15-60 2798 32 1485 70 744 63 77.5
LH15-EA15-61 2610 25 2464 41 2291 81 14.5
LH15-EA15-64 2719 23 2596 51 2442 108 12.2
LH15-EA15-65 2614 17 2621 46 2630 106 -0.8
LH15-EA15-66 2603 17 2353 36 2077 68 23.6
LH15-EA15-67 2658 17 1935 44 1334 62 55.0
LH15-EA15-68 2466 20 2898 53 3560 150 -58.2
LH15-EA15-69 2731 23 2616 44 2470 92 11.5
LH15-EA15-70 2808 16 2776 40 2732 93 3.3
LH15-EA15-71 2669 17 1744 64 1081 77 64.4
LH15-EA15-72 2659 17 2634 37 2602 83 2.6

—+HI5-EATS-73 3180 19 2224 50 1339 66 638
LH15-EA15-74 2605 17 2569 36 2523 78 3.8
LH15-EA15-75 2709 19 2411 41 2074 78 27.4
LH15-EA15-76 2777 25 2513 64 2199 128 24.5
LH15-EA15-77 2737 21 2501 33 2221 64 22.2
LH15-EA15-78 2644 17 2430 46 2182 93 20.6

—+HI5-EATS-79 3347 33 1026 52 288 23 933
LH15-EA15-80 2628 23 2497 68 2338 145 13.1
LH15-EA15-81 2610 33 1945 51 1383 70 52.1
LH15-EA15-82 2708 17 2684 42 2652 96 2.5
LH15-EA15-83 2681 17 2545 60 2379 129 13.5
LH15-EA15-84 2026 19 1988 34 1951 64 4.3
LH15-EA15-85 2588 17 2142 63 1709 108 38.5
LH15-EA15-86 2712 18 2668 38 2609 85 4.6
LH15-EA15-87 2606 17 2564 42 2510 93 4.4
LH15-EA15-88 2705 17 2614 41 2499 90 9.2
LH15-EA15-89 2642 21 2622 38 2596 83 2.1
LH15-EA15-90 2675 19 2596 33 2496 70 8.1

Disc = Discordance relative to origin = 100% * ((**’Pb/2%Pb age - 2°°Pb/*8U age)/(>**’Pb/***Pb age))
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Figure 4.10. Probability distribution diagrams of detrital zircon 2°’Pb/**Pb ages of a) conglomerate sample
LH15-EA15, b) interflow sediment sample LH15-EAS51, with ¢) a summary of Archean igneous
crystallization ages of the Slave craton (Geological Survey of Canada, 2013). Probability distribution of the
Slave detrital zircon ages is based on an assigned error of £15 Ma to allow comparison with detrital zircon
ages. Data for LHI5-EA51 were screened for discordance using a filter of 2**Pb > 1000 cps (7 analyses
excluded).
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4.3 Isotope analysis
43.1 Rb-Sr

Rubidium—strontium isotope analyses of Union Island Group mafic units are presented in Table
4.9 and Fig. 4.11. Measured present-day %’Sr/%®Sr ratios of the samples range from 0.70716 to
0.71463, with ’Rb/*®Sr ratios of 0.15-0.51. These present-day isotopic ratios overlap for the three
units distinguished above (lower basalt, upper basalt, and diabase intrusions). On the Rb—Sr
isochron plot, the lower basalt unit (n=5) plots along a slightly scattered trend; linear regression
yields an imprecise Rb—Sr isochron age of 1403+880 Ma (MSWD=1527) with an initial #’Sr/3¢Sr
ratio of 0.70324+0.0046 (20). Diabase sample LH14-14 plots approximately along this trend,
suggesting compositional similarity with the lower basalt. Linear regression of the six points yields
an errorchron age of 1538+930 Ma (MSWD=1533) and an initial 3’Sr/*®Sr ratio of 0.7029+0.0050
(20). Despite the imprecision associated with linear regression of data spanning a limited range of
87Sr/%6Sr and 8’Rb/3°Sr, our calculated initial 'St/ Sr ratios agrees with reported values of 0.7021—

0.7030 for igneous clinopyroxene separates from the diabase sills (Goff et al., 1982).

Resetting of Rb—Sr systematics under low-grade metamorphism is well-documented for basaltic
rocks (e.g., Cann, 1970; Wood et al., 1976; Page, 1978). Goff (1984) suggests that Rb—Sr
systematics of rocks of the East Arm basin may have been affected by Rb-bearing metamorphic
fluids that moved along the post-1.86 Ga McDonald Fault and/or the ca. 1.9 Ga Great Slave Lake
shear zone. In Rb—Sr isochron space, Rb-addition shifts data points to the right (i.e. higher
87Rb/*°Sr ratios). This is demonstrated in our data by a 2043 Ma reference isochron which, when
anchored at any of the clinopyroxene initial 8’Sr/**Sr ratios reported by Goff et al. (1982), plots
to the left of the lower basalt unit and diabase samples from this study (Fig. 4.12). Furthermore,
diabase sample LH14-14 and basalt sample LH15-EA20, which plot closest to this reference line,
have low LOI values (3.4 wt% and 6.8 wt%, respectively), while samples with higher LOI values
plot further to the right of the reference line. Therefore, Rb-addition during deformation and/or
metamorphism is the most likely cause for the scattering of Rb—Sr data in these samples; samples
LH14-14 and LH15-EA20 represent the least altered Rb—Sr compositions of the Union Island

Group lower basalt.
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Table 4.9. Rb—Sr analysis of Union Island Group samples. Shown for comparison are clinopyroxene

analyses (UI102C, UI102A, UI63; marked by asterisk) reported in Goff et al. (1982). Initial ’Sr/*¢Sr; ratio

for samples analyzed in this study are calculated based on a U-Pb crystallization age of 2043 Ma.

87 86
UNIT/Sample Rb (ppm) Sr(ppm) *Rb/*sr ¥sr/*sr  2S.E.  ¥sr/*sr iso‘:if(:r:o(:‘lla) Sriﬁocs:;)ofr:om
LOWER BASALT, DIABASE INTRUSIONS 1564 0.7029
LH14-14 32.1 218.9 0.42 0.71410 0.00002 0.7018
Ul79B 10.5 68.3 0.44 0.71098 0.00002 0.6981
LH15-EA12 9.5 53.3 0.51 0.71463 0.00003 0.6997
LH15-EA18 12.9 156.7 0.24 0.70716 0.00001 0.7003
LH15-EA20 5.4 93.9 0.17 0.70741 0.00001 0.7026
LH15-EA23 12.4 112.2 0.32 0.70954 0.00002 0.7003
UPPER BASALT 1752 0.7059
ul39 18.8 213.3 0.26 0.71226  0.00002
LH14-33 14.6 275.4 0.15 0.70973 0.00003
CLINOPYROXENES IN DIABASE SILL*
U1102C-cpx 0.7027
UI102A-cpx 0.7021
Ul163-cpx 0.7030
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Figure 4.11. ¥’Sr/*%Sr vs. ¥Rb/*Sr plot for Union Island Group samples.
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Figure 4.11. Arrows indicate direction of data scatter expected from Rb addition during metamorphism.
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In contrast to the lower basalt unit, the upper basalt unit (n=2) has generally higher 8’Sr/*Sr ratios
for the same values of ¥’ Rb/%¢Sr. Although direct age dating is unavailable for the upper basalt unit
at present, we estimate the initial Sr isotopic composition given the maximum age constraint of ca.
2026 Ma (sec. 4.2.3). A 2026 Ma reference isochron anchored on sample UI39, which has a lower
LOI value (3.98 wt%), yields an initial 8’Sr/%6Sr ratio of 0.7049 (Fig. 4.13). This initial 8’Sr/*®Sr
ratio would be higher if the age of the upper basalt unit is younger than 2026 Ma, and lower if

87Rb/%®Sr ratios has been increased due to Rb addition during metamorphism.
43.2 Sm-Nd

Samarium—neodymium isotope analyses of Union Island Group mafic rocks are summarized in
Table 10. Present-day **Nd/'*Nd ratios for all Union Island Group mafic rocks range from
0.511760-0.512186, with eng values between —8.8 and —17.1. Time-corrected (t=2.04 Ga) initial
Nd/"*Nd;) ratios for four lower basalt samples and one diabase feeder range between 0.51004—
0.51015 (endq): +1.1 to +3.2) and are indistinguishable. Based on the relatively large eruption age
constraint range of 20261928 Ma, samples of the upper basalt have possible initial "**Nd/'**Ndj;
ratios ranging 0.51009-0.51011 (enag): +1.5 —+2.0) at 2026 Ma, and 0.51019-0.51021 (endc): +1.0
—+1.4) at 1928 Ma. A small shift of ~0.5 in estimated enac) is associated with the age uncertainty.

These values overlap with the mid- to low-eng(i) range of the lower basalt and diabase feeders.
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Table 4.10. Sm—Nd analysis for Union Island Group samples.

Sm Nd

UNIT/Sample
P (ppm) (ppm)

147Srnl144Nd 143Ndl144Nd 143Ndl144Nd(i)* ENd(i)*

LOWER BASALT

KIA09-009 7.99 36.98 0.1306 0.511802 0.510043 1.1
LH15-EA09 7.39 36.86 0.1212 0.511760 0.510128 2.7
LH15-EA14 7.42 33.23 0.1350 0.511917 0.510098 21
ul68D 5.08 23.09 0.1330 0.511945 0.510155 3.2
DIABASE INTRUSIONS
LH14-27 8.73 41.54 0.1271 0.511833 0.510123 2.6
UPPER BASALT
LH14-34 4.47 17.21 0.1570 0.512186 0.510092 1.5
LH14-36 3.28 13.26 0.1495 0.512109 0.510114 2.0

* BN J/*Nd; ratios and endg) calculated using Sm decay constant of 6.54x10712 yr! (Lugmair and Marti, 1978), with

an assigned age of 2043 Ma for the lower basalt and diabase intrusions, and 2026 Ma for the upper basalt.
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5  DISCUSSION

5.1 Timing of the Union Island Group mafic magmatism

Multiple metamorphic and structural overprints have complicated stratigraphic interpretations of
the East Arm basin (Goff et al., 1982; Hoffman, 1981; Hoffman et al., 1977; Johnson, 1990). The
1928+11 Ma Wilson Island Group has previously been interpreted to be the oldest Proterozoic
supracrustal package within the basin and is stratigraphically below the Union Island Group (Fig.
5.1a; Bowring et al., 1984; Hoffman, 1987, 1988a; Kjarsgaard et al., 2013), despite the important
observation that the Union Island Group unconformably overlies Archean basement in a number
of locations (Thorstad, 1976; Hoffman et al., 1977; this study, sec. 2.2.2). This existing
stratigraphic interpretation is primarily based on correlating metamorphic fabrics, and that the
Wilson Island Group has been metamorphosed to a higher grade than the rest of basin stratigraphy
(Hoffman et al., 1977; Johnson, 1990). However, the geology preserved in the East Arm basin is
deformed with numerous NE-trending faults, high strain gradients and complex folding. Clear
evidence for primary stratigraphic contacts between the Wilson Island and Union Island groups
have not been reported; the Wilson Island Group is structurally isolated from both the Union Island
Group and the Archean basement. Although the Union Island Group deposition has previously
been interpreted to post-date the Wilson Island Group (Fig. 5.1a), this stratigraphic relationship is
equivocal. The lack of any preserved stratigraphic contact between these two supracrustal
packages is a significant weakness in understanding the Paleoproterozoic geologic evolution of
the basin. In order to address this uncertainty in the stratigraphic relationship, we have attempted
to date mafic units within the East Arm basin that, based on field and geochemical criteria, are

most likely a product of Union Island Group mafic magmatism.

Our key finding of the 2042.7+3.0 Ma U—Pb baddeleyite crystallization age of diabase intrusion
LH14-27, which intrudes volcaniclastic beds interpreted to belong to be Union Island Group lower
basalt unit, forces a reinterpretation of the stratigraphic relationship between the Wilson Island and
Union Island groups. This diabase intrusion has compatible and incompatible trace-element
abundances that exactly overlaps the composition of the Union Island Group lower basalt unit and
is geochemically distinct from other Paleoproterozoic mafic intrusions in the East Arm basin.
Sample LH14-27, together with the lower basalt unit and other East Arm basin diabase sills and
dykes sampled in this study, are characterized by an alkaline composition (Fig. 4.2), high levels of
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Figure 5.1. a) Stratigraphic model of the East Arm basin prior to this study, as adopted by Hoffman (1969,
1973), Hoffman et al. (1974, 1977), and Kjarsgaard et al. (2013a). b) Revised stratigraphic model based on

U-Pb dating in this study, compared with U-Pb igneous ages from the rest of the basin and from the

Archean basement. The Wilson Island Group is structurally isolated from the rest of the basin strata. Age

data from '"Bowring et al. (1984), 2Kjarsgaard et al. (2013), 3this study, and *Kjarsgaard et al. (2013b).
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incompatible element enrichment, Zr/Nb ratios in the range of 7-8, and a lack of negative Nb
anomalies on primitive mantle normalized multi-element plots. Such attributes are distinguished
from the upper basalt package (Zr/Nb: 23-26) and other similar-trending regional mafic dyke
swarms including the Malley (Zr/Nb: 13—17), Mackay (Zr/Nb: 13—19), and Hearne swarms (Zr/Nb:
18-26), plus the North Simpson Island dyke (Zr/Nb: 8—11), and the South Simpson Island dykes
(Zxr/Nb: 10-12). In a Zr vs. Nb plot (Fig. 4.4), the lower basalt unit forms a high Zr and Nb
continuation of the trend defined by the diabase sills and dykes. Given the strong geochemical
similarity and close stratigraphic association, we interpret many of the diabase sills and dykes
investigated in this study to represent the feeder system for the lower basalt unit. The 2042.7+3.0
Ma crystallization age of for the diabase feeder LH14-27, therefore, represents a minimum age
constraint for the Union Island Group lower basalt unit; it also places a minimum depositional age

for the volcaniclastic sequence which the diabase intrudes.

Our age dating result demonstrates that the Union Island Group predates the 1928+11 Ma Wilson
Island Group by over 100 million years. The Union Island Group therefore represents the earliest
known record of volcanic activity and sedimentation in the East Arm basin (Fig. 5.1b). This is
supported by our observations of a basal unconformity between the lower dolomite unit and the
Slave craton basement (sec. 2.2.2), in addition to the prevalence of Archean basement ages in the
detrital zircon record of sedimentary samples LHI5-EA15 and LH15-EAS51, and the absence of
2.0-1.9 Ga zircon ages from the Taltson and Thelon zones from these sedimentary samples (sec.
4.2). The youngest of these detrital zircons have indistinguishable 2°’Pb/*°Pb ages of 2049+29 Ma,
2029420 Ma, and 2026+19 Ma, which are consistent with our age constraint of 2042.7+3.0 Ma for
the lower basalt unit. These young detrital zircons are unlikely to have originated from felsic
plutons of the Taltson and Thelon zones (TTZ), for which the earliest known crystallization age 1s
1986+2.4 Ma (Bostock et al., 1987). It is therefore more plausible that these young zircons were
derived from weathering of the lower volcanic package; zircons are observed in some of the lower

basalt unit samples (sec. 3.4).

We note that the 2042.743.0 Ma crystallization age for diabase feeder LH14-27 is
indistinguishable, with analytical uncertainties taken into account, from the 2038+3 Ma McKee
Lake dykes (Pehrsson et al., 1993). Similar to the Union Island Group dykes, the McKee Lake

dykes are 060°-trending and exhibit similar petrographic attributes such as a subophitic texture,
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the replacement of clinopyroxene by chlorite and epidote, and the skeletal habit of titanite-mantled
ilmenite (Pehrsson et al., 1993). We therefore propose that the McKee Lake dykes are an extension
of the Union Island Group dykes and that, overall, diabase intrusions associated with the Union

Island Group have a uniform age.

There exists no reliable radiometric age dating for the upper basalt unit. Although at present the
two basalt packages of Union Island Group are not known to occur in one continuously exposed
stratigraphic sequence, the upper basalt unit is interpreted to post-date the lower basalt unit based
on the observation that it overlies the black shale unit whereas the upper basalt unit overlies the
upper dolomite unit, which in turns overlies the black shale unit in the Union Island area (Thorstad,
1976; Hoffman et al., 1977). Consistent with this, we observed in fieldwork of this study a
continuous section of black shale—upper dolomite—upper basalt on the south side of Camp Island.
As the Wilson Island Group post-dates the Union Island Group in our revised stratigraphic model,
the eruption age of the upper basalt unit is bracketed between 2026 Ma, the maximum deposition
age of conglomerate LH15-EA15, and 1928 Ma, the age of felsic volcanism of the Wilson Island
Group.

Detrital zircon dates from sedimentary samples LH15-EA15 and LH15-EAS51 are dominated by
Neoarchean ages and distinctively lack any zircons that indicate provenance from the 2.0-1.9 Ga
TTZ. In contrast, sedimentary rocks of the younger Wilson Island Group, Great Slave Supergroup,
and Et-Then Group show a prominent ca. 2.0-1.9 Ga detrital zircon population, interpreted to
reflect significant erosion of the TTZ and westerly to northwesterly sediment transport into the
East Arm basin (van Breemen et al., 2013; Shaulis et al., 2014). The absence of 2.0-1.9 Ga detrital
zircons from the Union Island Group sedimentary rocks either reflects paleocurrent directions from
the west or that the samples were deposited prior to the development of the TTZ. There are no
available paleocurrent measurements of sedimentary units of the Union Island Group. If the latter
interpretation is correct, then the upper age constraint for the upper basalt unit should be placed at

1986+2.4 Ma, the earliest age of magmatism in the TTZ (Bostock et al., 1987).
5.2 Eruption dynamics of the lower basalt unit

A unique feature of the lower basalt unit revealed in the detailed basalt stratigraphy transect is the
identification of two geochemically distinct types of lava flows. The flows can be distinguished

based on petrographic textures and HFSE enrichment levels (sec. 4.1.6). Higher levels of
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incompatible element enrichment in type A lavas imply that it represents a more evolved
composition relative to type B lavas. The alternating nature of the two lava types throughout the
lower basalt sequence suggests close temporal association throughout the eruption history of the
entire unit; there is no one-step transition from one composition to the other. Although inflation of
a basalt flow by synvolcanic sills also may account for the interlayered nature of the two lava types,
the presence of pillowed flows throughout the lower basalt unit precludes this. Cyclic geochemical
variations in lava flows can be created by episodic recharge of magma into a fractionating chamber
(Shervais et al., 2006). Magma erupted from a newly recharged chamber will be more primitive in
composition (type B). Then, as the chamber continues to undergo fractional crystallization, the
remaining liquid becomes more evolved prior to erupting (type A). We note, however, that the
HFSE gap between the two lava types is very distinct (Fig. 4.8); no sample from the lower basalt
unit records an intermediate composition between the two types, as is typically seen in lava

packages showing cyclic geochemical variations (cf. Huijsmans and Barton, 1989; Shervais et al.,

2006).

An alternative theory for the distinction between type A and B lavas in the lower basalt unit is that
they reflect two consanguineous magma chambers that evolved slightly differently but were
simultaneously eruptive (Fig. 5.2). Simultaneous activity of multiple magma chambers may be
sustained by a complex plumbing system (Medynski et al., 2013), which is represented in the
Union Island Group by the feeder sills and dykes. The evolution of two individual magma
chambers is also supported by the observation that, in flows A2 and B; (Fig. 4.7), Ta and Hf levels
of the bottom-most samples (representing initial composition of each flow) are similar to those of
the uppermost samples from layers A and B, (representing final composition of previous flows),
respectively. This reflects fractional crystallization occurring in both chambers, creating a
decreasing HFSE trend for each chamber. The observed HFSE volcanistratigraphic profile results
from interlayering between lavas from these two continuously evolving chambers (Fig. 5.2). If
both type A and type B lavas were derived from a single chamber undergoing fractional
crystallization with periodic recharge, one would expect progressive shifts from type B to type A
flows instead of the observed step-like pattern (Fig. 4.7). Also, periodic recharge would cause
more irregular shifts in HFSE composition between each flow. Therefore, the distinction of type
A and type B lavas is best explained by two consanguineous magma chambers undergoing

fractional crystallization, with chamber A having a slightly more evolved composition overall.
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Figure 5.2. Simplified cartoon illustrating the two-chamber model for the origin of type A and B lavas in
the lower basalt unit and of the observed HFSE variations with stratigraphy. a) Chamber A erupts,
depositing high-HFSE type A lavas that show progressive enrichment in HFSE up-stratigraphy due to
closed-system fractional crystallization. b) Chamber B erupts, depositing lavas with lower HFSE content
but nevertheless showing similar HFSE enrichment up-stratigraphy. ¢) Chamber A erupts again, this time

depositing lavas with higher HFSE content than the previous type A flow.
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These two magma chambers contributed to most of the lavas of the lower basalt unit, as evidenced

in the bimodal distribution of all lower basalt samples in Ta—Hf space (Fig. 4.8).
Fractionation mechanisms within the diabase sills and dykes

The diabase feeder sills and dykes, similar to the lower basalt unit, display a range of geochemical
variations (section 4.1.7). One of the sampled sills displays a more evolved composition at the
fine-grained margins compared to the more primitive centre. Assuming that the margins represent
the first injected magma, their more evolved compositions can be explained by prior fractionation
in a magma chamber that was poorly mixed. This more evolved magma was injected first into the
black shale unit and the sill was subsequently inflated by the arrival of the less evolved.
Alternatively, the more primitive sill centre may reflect a recharge event of the magma chamber

by less evolved magma.

Dyke centre sample LH14-22A displays a negative Eu anomaly, which can be explained by flow
segregation of plagioclase phenocrysts away from the dyke margin due to grain dispersive pressure
(Komar, 1972). In contrast to the sill discussed above, the dyke margin has a more primitive
composition than the centre, which is consistent with initial penetration by a primitive magma
before inflation by magmas with more evolved compositions. The different emplacement

mechanism suggests that this dyke may not have been physically linked to the sill discussed above.
53 Geochemical insights into the origin of the Union Island Group mafic magmatism

The two stratigraphically separate mafic magmatic packages of the Union Island Group are
geochemically distinct (Table 5.1). The lower Union Island Group magmatism, consisting of the
lower basalt unit and the diabase feeders, is marked by high incompatible element enrichment
levels, low Zr/Nb ratios (7-10), and a large composition range. The upper Union Island Group
magmatism (represented by the upper basalt unit), in contrast, displays a lower level of
incompatible elements, higher Zr/Nb ratios (23-26), and a restricted composition range. These
geochemical differences suggest that the upper package was produced by magmatic processes and
sources distinct from those which produced the lower package. We evaluate the petrogenesis for
these two temporally distinct volcanic events by comparing geochemical results with literature
data, in addition to using geochemical modeling to assess the observed incompatible element

compositions. Essentially, we ask the questions: 1) what magmatic processes contributed to the
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Table 5.1. Geochemical summary of the Union Island Group mafic magmatism, sample LH14-14 (most

primitive composition of the lower magmatism), and of select mantle reservoirs. For the lower and upper

magmatism, ranges of values are denoted in brackets. OIB=ocean island basalt, N-MORB=normal mid-

ocean ridge basalt, PM=primitive mantle, DM=depleted mantle. OIB and N-MORB data: Sun and
McDonough (1989); PM data: McDonough and Sun (1995); DM data: Salters and Stracke (2004); East

Arm basin Slave crust data: Janzen (2015).

Lower Upper Average EAB
) LH14-14 ) OB N-MORB  PM DM
magmatism magmatism Slave Crust
n 44 14° g°
Ni (ppm)  20-260 (78)° 130 80-120 (103) 190° 149.5° 1960 1960 <20
Cr(ppm)  20-240 (66) 240  220-330(289)  324° 4468 2625 2500 <20
TiO, (Wt%) 1.6-4.5 (2.8) 1.6 1.5-1.7 (1.6) 3.1 1.1 0.20 0.13 0.23
Zr(ppm) 108-438 (247) 108 83-101 (93) 280 74 10.5 7.94 133
Nb (ppm)  13-62(33) 13 1.8-4.0 (3.4) 48 2.33 0.66 0.21 6.9
Zr/Nb  6.6-9.8(7.5) 8.3 23-26 (24)" 5.8 31.8 16 38 21.5
Th/Nb 0.08-0.19(0.12) 0.12  0.16-0.32(0.21) 0.08 0.05 0.12 0.07 2.23
Nb/Hf  4.4-6.2(5.3) 5.0 0.8-1.6 (1.3) 6.2 1.1 2.3 1.1 1.8
Gd/Yby  1.8-2.3(2.1) 2.4 2.0-2.4 (2.3 2.9 1.0 1.0 0.8 3.4
Enaiy  +1.1-+3.2(n=5) +1.7 - +2.1 (n=2) 0 +7.5% -6.0'
¥sr/*sr; 0.7021-0.7030™ > 0.7049 0.7021"  0.7019 0.7048°-0.7069"

a. Includes eight analyses from Kjarsgaard et al. (2013a).

b. Janzen (2015).

c. excluding four samples falling below l.0.d. (20 ppm).

d. Fitton et al. (1991).
e. Hart et al. (1999).

f. excluding one sample falling below l.0.d. (20 ppm).

g. Klein (2004).

h. Excludes samples LH14-32, LH14-33, LH14-34, and LH14-36.

i. Excludes samples UI95D, LH15-EA11, and LH15-EA12, which show HREE remobilization under alteration

(Appendix A).

j- Excludes sample UI35A, which shows REE remobilization under alteration (Appendix A).

k. Rehkdmper and Hofmann (1997).

1. Average composition of southwest Slave craton Archean crust (n=51); Davis and Hegner (1992), Yamashita et al.

(1999).

m. Clinopyroxene data (n=3) from Goff et al. (1982).

n. Bulk silicate earth (BSE); Workman and Hart (2005).

0. Composition of a felsic crust derived from a melt extracted from the BABI reservoir at 2.6 Ga, assuming a Rb/Sr
ratio of 0.027 (Workman and Hart, 2005) in the melt.
p. Fort Enterprise Granite; McCulloch and Wasserburg (1978).
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observed geochemical trends, and 2) what mantle and/or crustal components were involved the

formation of these magmas?
5.3.1 Fractional crystallization

Low Ni and Cr contents, low Mg# values, and chondrite-normalized enrichment of incompatible
elements indicate that both volcanic packages of the Union Island Group represent evolved basaltic
liquids and do not represent a primary melt (Table 5.1). Primary basaltic magmas derived from
single-stage partial melting of mantle reservoirs are typically associated with high Mg# (67-85),
Cr (684-1711 ppm), and Ni (278-943 ppm) contents (Jaques and Green, 1980; Francis, 1985).
These are significantly higher than the maximum values of Mg# 45, 240 ppm Cr, 260 ppm Ni of
the lower magmatism, and Mg# 57, 330 ppm Cr, 120 ppm Ni of the upper magmatism.

The large range of incompatible element levels (e.g., Zr, Nb; Fig. 4.4) in the lower magmatism
reflects extensive fractional crystallization. Incompatible elements are not significantly
incorporated into major basalt-forming minerals and are therefore progressively enriched in an
evolving liquid. The lack of significant variations in Ni, Cr (Figs 4.3f, g), and of large Eu anomalies
suggests that neither olivine nor plagioclase were a significant fractionating phase during the
eruptive stage. Similarly, the slightly increasing trend of TiO> versus Mg# (Fig. 4.3¢) does not
suggest significant fractionation of Ti-bearing oxide phases such as Ti-magnetite and ilmenite
(Okamoto, 1979; Villemant et al., 1981). Clinopyroxene fractionation may have been responsible
for some of the observed geochemical variations, as evidenced in positive correlation between
Sc/Y ratio and Mg# (Fig. 5.3). In the most evolved samples (lowest Mg# and/or highest Zr), high
enrichment of incompatible elements is reflected in the crystallization of late-stage accessory
minerals, such as zircon (in high-Zr samples) and apatite (in high-P samples). Based on these
enrichment trends, the most primitive magma composition of the lower magmatism is represented
by sample LH14-14 which has the lowest incompatible element contents (e.g., 108 ppm Zr, 13
ppm Nb, 1.6 wt% TiO2). Modeling using Zr and Nb contents shows that the entire range of
incompatible element levels in the lower magmatism can be produced by ~80% fractional

crystallization (Allegre and Minster, 1978) from this primitive composition (Fig. 5.4a).

While varying degrees of partial melting can also create variations in incompatible-element

content, there is no evidence in the lower magmatism for significant fractionation between
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Figure 5.3. Sc/Y ratio vs. Mg# plot. The lower magmatism is shown as red diamonds and the upper

magmatism as green triangles. Data from Kjarsgaard et al. (2013a) are shown as open symbols.
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Figure 5.4. a) Zr vs. Nb plot illustrating fractional crystallization model (Allegre and Minster, 1978) with
sample LH14-14 as starting composition. b) Nb/Hf vs. Zr plot comparing magma evolution path for a
fractional crystallization model (solid curve) with that for an equilibrium partial melting model (dashed
curve; Shaw, 1970). Symbols as defined in Figure 5.3. Inset shows melt evolution vectors resulting from
50% simple fractionation of each of the individual mineral phases. Partial melting assumes a primitive
mantle (PM) source composition (McDonough and Sun, 1995). Points along the fractional crystallization
curve are labelled at 10% intervals. Modeling parameters are summarized in Appendix B. Upper basalt
samples LH14-32, LH14-33, LH14-34, and LH14-36 are not plotted in diagram B due to scattering in Nb/Hf

ratios caused by Nb analytical imprecision.
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individual incompatible elements; Nb/Hf (4.4-6.2) and Zr/Nb ratios (6.6—9.8) maintain a fairly
narrow range over a large range of Zr levels (108—438; Table 5.1, Fig. 5.4b). Therefore we discount
varying degrees of source partial melting as a significant factor of the observed variations in the

lower magmatism.

Low levels of Cr, Ni, and Mg# in sample LH14-14 relative to primary basalt magmas indicates
origin from a primary magma via fractional crystallization of olivine, clinopyroxene, and/or spinel.
Modeling indicates that 30—40% fractional crystallization of olivine+clinopyroxene is required to
produce the composition of LH14-14 from a primary basaltic magma; the addition of 2—-5% spinel
lowers that estimate to 10-15% (Fig. 5.5). In all scenarios, clinopyroxene is the dominant

fractionating phase.

In contrast to the lower magmatism, incompatible-element levels in the upper magmatism are
relatively constant regardless of Mg# (Fig. 4.3d, e, h). The lack of compositional variation
indicates limited fractional crystallization during the eruptive stage (Fig. 5.4). Given the uniform
composition of the upper magmatism, the low Mg#, Cr, and Ni values may be due to 1) fractional
crystallization of a primary melt followed by extensive homogenization within the magma body
prior to eruption, or 2) a mantle source composition that is evolved with respect to Mg#, Cr, and
Ni.

5.3.2 Lithospheric contamination

In order to infer the geochemical composition of possible mantle sources that produced the Union
Island Group magmatic packages, an evaluation of lithospheric contamination is necessary to
determine to what extent these magmas reflect their source geochemistry. The Union Island Group
basalts erupted over Archean felsic crust belonging to the Slave craton (Janzen, 2015), which
overlies a long-lived (ca. 2.7 Ga) subcontinental lithospheric mantle (SCLM) that shows complex
chemical heterogeneity (Griffin et al., 1999; Kopylova and Russell, 2000; Kopylova and Caro,
2004; Aulbach et al., 2013). Interaction with these chemically distinct lithospheric reservoirs can

impart vastly different geochemical signatures to a primary magma during its evolution and ascent.

Positive enaq) values (+1.2 — +3.0) in both Union Island Group basalt packages suggests the

involvement of a depleted mantle reservoir with time-integrated Nd depletion. The lower
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Figure 5.5. Ni vs. Cr plots showing evolution path of a primary basaltic melt (Francis, 1985) undergoing spinel (SPN), clinopyroxene (CPX), and

olivine (OL) fractionation (bold curves), and fractionation of mixed mineral assemblages (A to D, fine curves). If no spinel is present in the

crystallizing assemblage, the primitive composition of sample LH14-14 can be produced by 30—40% fractionation of predominantly clinopyroxene.

If 2-5% spinel were present, the estimate is lowered to 10—15% fractional crystallization. Symbols as defined in Figure 5.3. Model parameters are

summarized in Appendix B.
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magmatism further displays a negative correlation between enqgi) values and indices of magma
fractionation (e.g., Zr; Fig. 5.6), which can be explained by 1) progressive assimilation of
radiogenic crustal Nd from the Archean felsic crust, or 2) a progressively decreasing input of the
depleted mantle reservoir in a magma source that is otherwise chondritic (enai) = ~0; Table 5.1,

Fig. 5.7)

Incompatible element data do not support a crustal contamination model for either magmatic
package. Neoarchean granitoids, which dominate the southern Slave craton and occur as inliers in
the East Arm basin, have high Nd levels (average 30 ppm) and enai values ranging from +1.2 to -
12.7 (Davis and Hegner, 1992; Janzen, 2015; Yamashita et al., 1999). Given the very low Nd
concentration of 0.713 ppm estimated for depleted mantle (Salters and Stracke, 2004), isotopic
mixing between a basaltic melt derived from the depleted mantle and the Neoarchean crust would
be dominated by the latter’s unradiogenic composition. Secondly, such mixing would also result
in a predominantly crustal signature in incompatible elements. However, Nb content of the lower
basalt is much higher than Archean crustal levels (4—10 ppm; Janzen, 2015) and does not suggest
crustal contamination of a depleted magma. A crustal signature is also absent from the upper basalt
unit as evidenced in a characteristic chrondrite-normalized enrichment order of La>Th>Nb (Fig.

4.6) as opposed to the Th>La>Nb order typical of the Slave Neoarchean crust (Davis et al., 1994).

Incompatible element ratios Th/Yb and Nb/YDb further point to negligible crustal contamination in
both magmatic packages of the Union Island Group. A plot of Th/Yb and Nb/YDb ratios shows that
the lower magmatism does not lie on a mixing line between the most primitive basalt sample
LH14-14 and the average composition of the basement crust in the East Arm basin (Fig. 5.8).
Comparison with basalts from the well-characterized ca. 1100 Ma Midcontinent Rift system shows
that the Union Island Group lower magmatism compositionally overlaps with the Osler Group
lower suite, which has been interpreted to reflect mantle source compositions and contain
negligible crustal contamination (Hollings et al., 2007). The upper Union Island Group magmatism
has depleted enq(i) values and does not record evidence of evolving magma compositions during
the eruption stage; these geochemical attributes are inconsistent with the progressive and Nd-
enriching nature of crustal contamination. Comparing with the Midcontinent Rift system, the upper
Union Island Group magmatism is compositionally similar to uncontaminated group 6 basalts in

the Mamainse Point Formation (Shirey et al., 1994). In contrast, basalts from groups 1 and 5 with
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Figure 5.6. enai vs. Zr plot demonstrating negative correlation between initial (t=2.04 Ga) Nd isotopic
composition and indices of magma fractionation in the lower magmatism (diamond symbols). Symbols as
defined in Figure 5.3. Plotted for reference are the composition of possible mantle sources (DM: Rehkamper
and Hofmann, 1997; Salters and Stracke, 2004; OIB: Sun and McDonough, 1989) and the average
composition of Archean Slave granitoids in the East Arm basin (Davis and Hegner, 1992; Janzen, 2015;
Yamashita et al., 1999). enq) of the <2.03 Ga upper basalt is calculated at 2.04 Ga due to negligible shift in

end() values.
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Figure 5.7. Plot of Nd isotopic composition evolution with time for Union Island Group magmatism;
symbols as defined in Figure 5.3. Shown for comparison are Archean basement granitoids of Slave craton
(types I and II, Davis and Hegner, 1992). DM: depleted mantle (Rehkdmper and Hofmann, 1997). CHUR:
Chondritic Uniform Reservoir (DePaolo and Wasserburg, 1976). The DM model of DePaolo (1981) is

shown for comparison (grey curve).
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Figure 5.8. Nb/Yb vs. Th/Yb plot (after Pearce et al., 2008) for Union Island Group magmatic packages.
Symbols as defined in Figure 5.3. Grey band represents composition range of uncontaminated magma
derived from the asthenospheric mantle. Crustal contamination for the lower basalt is modeled by simple
mixing (Langmuir, 1978) between primitive sample composition LH14-14 and the average composition of
Slave Archean granitoids in the East Arm basin (Janzen, 2015); small squares mark 10% increments of bulk
volume crustal input. Closed-system fractionation (Allegre and Minster, 1978) of sample LH14-14 is
denoted by small circles; Th/Yb and Nb/Yb range of the lower basalt extends beyond that which can be
explained by 80% fractional crystallization (Fig. 5.4; see main text). Shown for comparison are composition
fields of basalts from the ca. 1100 Ma Midcontinent Rift system: A) uncontaminated basalts from the lower
Osler Group (Hollings et al., 2007), B) contaminated basalts from the Mamainse Point Formation (groups
1 and 5; Shirey et al., 1994) and, C) uncontaminated basalts from the Mamainse Point Formation (Shirey
et al., 1994). Upper basalt samples LH14-32, LH14-33, LH14-34, and LH14-36 are not plotted due to

scattering in Nb/YDb ratios caused by Nb analytical imprecision.
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inferred crustal contamination display a much wider range of Th/Yb and Nb/Yb ratios (Fig. 5.6)
in addition to nearly all samples recording negative enac) values. Based on these lines of evidence,
we rule out crustal contamination as a significant process in modifying the geochemical signature

of the Union Island Group magmas.
5.3.3 Mantle sources

Fractionated (Gd/Yb)n ratios (>2; Table 4.2) associated with both magmatic packages of the Union
Island Group suggest that garnet, which heavily partitions HREE (e.g., Fujimaki et al., 1984;
Johnson, 1998), was present as a residual phase in equilibrium with the source melt. Although
residual amphibole also preferentially partitions HREE over LREE (to a lesser degree than garnet),
Damph/Dieie coefficients do not differ drastically for the heavier HREE (Chazot et al., 1995;
McKenzie and O'Nions, 1991). Therefore, fractionated HREE profile exhibited by the Union
Island Group magmatism suggests that residual garnet rather than amphibole in the source was the

principal reason for the HREE depletion and high Gd/YDb ratios in the basalts.

Incompatible elements and isotopic data point to both magmatic packages as products of
interaction between a chondritic asthenospheric mantle and a depleted mantle reservoir. Th/Yb
and Nb/YD ratios of the lower magmatism lie within the mantle array (Fig. 5.8), between the
composition of ocean island basalts (OIB) and the depleted mantle (DM). As fractional
crystallization causes only small variations in Th/Yb and Nb/Yb ratios (white circles in Fig. 5.8),
the spread of the lower magmatism supports mixing between an enriched, OIB-like reservoir and
a DM-like reservoir. An OIB signature in the lower magmatism is supported by the high
incompatible element enrichment levels, similar incompatible element ratios (Table 5.1), and
characteristic MORB-normalized multi-element profiles (Fig. 5.9). In addition, the extensive
degree of fractional crystallization in lower magmatism is comparable to that observed in some

modern OIB, such as Tristan da Cunha (le Roex et al., 1990).

Increasingly chondritic, OIB-like enggi) values of the lower Union Island Group magmatism are
consistent with a rift origin. Ocean island basalts are generally envisioned to represent low-degree
partial melts of an upwelling primitive, asthenospheric mantle with negligible interaction with the
lithosphere and are associated with intraplate extensional settings (Hart et al., 1989; Pearce, 2008;
Niu et al., 2011). An OIB component with varying degrees of interaction with other mantle and

crustal reservoirs has been invoked for basalt generation in rift magma suites (e.g., Gibson et al.,
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Figure 5.9. MORB-normalized incompatible element diagram (after Pearce, 1983). Shaded area represents
enrichment range of the lower magmatism (Lower UIG; data screened by a filter of LOI < 5 wt% to
minimize scattering in LILE due to alteration). The most primitive sample composition, LH14-14, displays
lower HFSE enrichment compared to average ocean island basalt (OIB; Sun and McDonough, 1989).

Normalization values from Wheatley and Rock (1988).

110



1992; Hart et al., 1989; Hollings et al., 2007; Thompson and Morrison, 1988). In the case of the
Union Island Group, the negligible crustal influence on geochemistry is consistent with
lithospheric thinning which accompanies asthenospheric upwelling during rift formation.
Increasing asthenospheric input versus a waning contribution from a depleted mantle reservoir due
to lithospheric thinning explains the engi) shift from +3.2 to +1.1 in the lower magmatism.
Furthermore, the lower magmatism shares similar Nb/Yb and Th/Yb ratios with initial phases of
basaltic volcanism in several well-characterized rift systems, including the ca. 1100 Ma
Midcontinent Rift, the ca. 45 Ma Afar Rift, and the ca. 31 Ma Rio Grande Rift (Figs 5.8, 5.10).

These lines of evidence point to the lower Union Island Group magmatism as a rift basalt sequence.

Positive enqi) values of the upper magmatism are indistinguishable from those of the lower
magmatism and suggest derivation also from the interaction between a chondritic reservoir and a
depleted reservoir. DM-like Nb/Hf ratios (1.3—1.6) of the upper magmatism cannot be derived
from partial melting of the primitive mantle alone (Fig. 5.11) and suggest prominent input from
the depleted reservoir. Modeling results are consistent with shallow, high-degree partial melting
which accounts for the tholeiitic character of the upper magmatism. However, the prominence of
a DM signature in incompatible element ratios of the upper magmatism does not readily explain
why it displays end(i) values similar to the lower magmatism. An enag vs. Zt/Y plot (Fig. 5.12)
shows that the composition of both magmatic packages can be produced by mixing partial melts
of varying degrees from the primitive and the depleted reservoirs. Melts involved in producing the
upper magmatism are associated with larger degrees of partial melting (5% for PM, 20% for DM)
than melts which produced the lower magmatism (3% for PM, 10% for DM); this is consistent
with Nb/Hf modeling results (Fig. 5.11). The model suggests that the bulk volume input of a DM-
like mantle decreased from 70% to 40% during the lower magmatism, while the upper magmatism
contains ~60% DM input. The shift from a DM-dominant to a PM-dominant composition in the
lower magmatism is consistent with an impinging asthenospheric mantle. The increased DM
component in the upper magmatism may point to: 1) shallow decompression melting occurring

mostly in the lithosphere, and/or 2) decreased melt production from the asthenospheric mantle.

A higher melt fraction is assigned to the depleted reservoir in our engi—Zr/Y model due to the

possibility of DM being eclogitic in composition (see below). In a mixture of eclogite and
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Figure 5.10. Nb/Yb vs. Th/Yb plot of the Union Island Group magmatic packages (after Pearce et al., 2008).
Symbols as defined in Figure 5.3. Shown for comparison are composition fields for incipient rift basalt
sequences from the ca. 31 Ma Rio Grande Rift (24-21 Ma Yarmony Mountain basalts, Leat et al., 1990)
and from the ca. 45 Ma East African Rift system (45-11 Ma southern Ethiopian CFB, George and Rogers,
2002; HT-1, HT-2 basalts from northern Ethiopian CFB, Pik et al., 1999).
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Figure 5.11. Nb/Hf vs. Zr plot of Union Island Group magmatic packages, with comparison between partial
melting models. Symbols as defined in Figure 5.3. Magma evolution curves are calculated for 10%
equilibrium partial melting (Shaw, 1970) under garnet-stable (grt; solid curves) and spinel-stable depths
(spn; dashed curves), with the primitive mantle (PM; McDonough and Sun, 1995) and the depleted mantle
(DM; Salters and Stracke, 2004) as source compositions. Dotted curve represents evolution vector of a
magma undergoing fractional crystallization (see Figure 5.4b). Melting curves for PM are labelled at 1%
increments; melting curves for DM are labelled at 1%, 5%, and 10%. Incompatible element patterns of the
lower basalt are consistent with low-degree (1-5%) partial melting of a PM-dominant source at garnet-
stable depths, while the upper basalt composition is consistent with higher degree (>5%) partial melting of
a DM-dominant source. Upper basalt samples LH14-32, LH14-33, LH14-34, and LH14-36 are not plotted

due to scattering in Nb/Hf ratios caused by Nb analytical imprecision.
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Figure 5.12. enaqy vs. Zr/Y plot for Union Island Group basalts. Symbols as defined in Figure 5.3. Simple
mixing (Langmuir, 1978) is modeled for two source melt mixtures: A) 3% partial melt of the primitive
mantle (PM; McDonough and Sun, 1995) plus 10% partial melt of the depleted mantle (DM; Salters and
Stracke, 2004), both at garnet-stable depths. B) 5% partial melt of PM plus 20% partial melt of DM, both
at spinel-stable depths. Curves are labelled at 10% bulk volume increments. Trend of the lower basalt is
consistent with 40-70% DM input, while the upper basalt composition corresponds to ~60% DM input.

Model parameters are summarized in Appendix B.
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undepleted peridotite subjected to the same thermal regime, eclogite melts first and has a higher
melt productivity (fraction of melt derived per degree of temperature rise above the solidus) than
undepleted peridotite (Sobolev et al., 2005). Therefore, a PM-DM mixture undergoing partial

melting will contain DM melts at a higher melt fraction than PM melts.

Proposed origins for the depleted mantle reservoir includes: 1) subcreted oceanic lithosphere at the
base of the subcontinental lithosphere (SCLM; Heaman and Pearson, 2010), 2) fragments of
subducted oceanic lithosphere in the upper mantle and/or in the transition zone (Kerr et al., 1995),
and 3) parts of the upper mantle that have been depleted via prior extensive extraction of basaltic
melts (Gast, 1968; Wood, 1979). The first two scenarios are supported by late Neoarchean to early
Paleoproterozoic subduction-related granitoid magmatism that formed much of the basement crust
in southern Slave craton (e.g., Davis et al., 2003). In the first scenario, if the depleted mantle
component is represented by subcreted oceanic lithosphere, an upwelling asthenospheric mantle is
required to interact with the Slave SCLM in order to produce the Union Island Group magmas. In
this case, lithospheric thinning associated with rift extension would cause DM input in the magmas
to progressively decrease; this is inconsistent with a persistent DM signature in the upper
magmatism. The latter two scenarios suggest entrainment of the depleted reservoir during ascent
of the primitive mantle through the asthenosphere, possibly within a plume head structure
(Griffiths and Campbell, 1990). In a plume model, initial magmas are derived from the
heterogeneous plume head. This is followed by melts from the more homogeneous plume core
which contains less entrained mantle material, therefore carrying a more primitive signature. If the
depleted mantle signature originated from upper mantle materials entrained in a plume head, then
this heterogeneous plume head likely contributed to both the lower and upper magmatism such
that a DM signature is present in both packages. We note, however, that modern active plumes are
commonly associated with primary mantle magmas (e.g., picrites) and traceable plume tracks (e.g.,
the Hawaiian—Emperor seamount chain); neither of these has been observed in the Union Island
Group or the regional record, suggesting some inconsistencies with a plume origin for the Union

Island Group magmatism.
High-Th mantle reservoir

The Union Island Group magmatism display Th enrichment that is not readily explained by simple

petrogenetic models. The upper magmatism has Th/Nb ratios higher than those of asthenospheric
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magmas, as does the lower magmatism to a lesser extent (Table 5.1). Thorium is prominently
enriched in the Archean granitoid crust in the East Arm basin, with high Th/Nb ratios ranging 1.5—
3.6 (Janzen, 2015). However we found no evidence for significant crustal contamination in the
Union Island Group magmas. The high Th levels therefore suggest input from a Th-enriched

mantle reservoir.

An examination of mantle reservoirs suggests two tentative origins for this Th enrichment. First,
it may be a feature of the primitive reservoir which is dominant in the most evolved compositions
of the lower magmatism. Due to PM having higher concentrations of incompatible elements than
DM, a PM reservoir with Th enrichment would contribute high-Th OIB-like melts in the lower
magmatism, and at the same time cause significant Th/Nb enrichment in the DM-dominant upper
magmatism even at a low PM to DM proportion in the melt mix. In contrast, if Th enrichment is
an intrinsic feature of the depleted reservoir, mixing between this depleted reservoir and a primitive
reservoir would produce more prominent Th enrichment in the least evolved (higher DM input)

magmas in the lower magmatism, which is inconsistent with the observed trend.

Alternatively, the Th enrichment may represent a third mantle source that is not readily
distinguished by Nd isotopic compositions. High Th/Nb ratios of the upper basalt are greater than
those associated with PM and DM, and cannot be explained by partial melting of any mixture of
the two reservoirs; partial melting produces melts with Th/Nb ratios lower than the melt source.
While melting of metasomatic veins within the lithospheric mantle has been invoked to explain
elevated Th/Nb ratios in Paleoproterozoic mafic magmas (Sandeman et al., 2013), input from such
enriched components would produce melts with highly negative enqg) values according to the
highly radiogenic Nd compositions of metasomatized peridotites in the Slave SCLM (Aulbach et
al., 2013). Therefore, it is plausible that the upper basalt itself represents a Th-enriched but
otherwise depleted reservoir that is distinct from the DM-like reservoir involved in generating the

lower basalt.

Despite uncertainties in the origin of the Th enrichment, a similar signature has been observed in
other Paleoproterozoic mafic magmatism in the Slave craton, including the 2.23 Ga Malley and
2.21 Ga Mackay dyke swarms (Ernst and Buchan, 2010; Fig. 5.13). Both swarms have been
interpreted to reflect relatively uncontaminated asthenospheric magmas based on chondritic to

slightly depleted enag) values (0—+2; Davis, 1997). Older Paleoproterozoic mafic magmatism in
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Figure 5.13. Nb/Yb vs. Th/Yb plot of the Union Island Group magmatic packages (after Pearce, 2008).
Symbols as defined in Figure 5.3. High-Th/Nb deviation of the upper basalt from the mantle array (grey
band) is compared with Paleoproterozoic mafic magmatism in the Slave craton, Hearne province, and the
Superior craton. TH: Thessalon volcanics (ca. 2453 Ma; Ketchum et al., 2013). KSL: Kaminak dykes and
Spi Lake basalts (ca. 2498 Ma; Sandeman and Ryan, 2008; Sandeman et al., 2013). ML: Malley dyke swarm
(ca. 2231 Ma; Ernst and Buchan, 2010). MK: Mackay dyke swarm (ca. 2210 Ma; Ernst and Buchan, 2010).
These Paleoproterozoic mafic magmatism are interpreted to have negligible or limited crustal
contamination. Upper basalt samples LH14-32, LH14-33, LH14-34, and LH14-36 are not plotted due to

scattering in Nb/Yb ratios caused by Nb analytical imprecision.
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the Superior craton and Hearne province, including the ca. 2453 Ma Thessalon volcanics, the ca.
2498 Ma Kaminak dykes and the cogenetic Spi Lake basalts, have even higher Th/Nb ratios while
lacking apparent evidence for crustal contamination (Ketchum et al., 2013; Sandeman et al., 2013;
Fig. 5.13). Therefore, while incompatible element data do not provide a definitive explanation for
the origin of the Th enrichment in the Union Island Group magmatism, it is a common feature
shared by Paleoproterozoic extension intraplate magmatism and has existed in the Slave craton

since at least 2.23 Ga.
5.4 Towards a revised tectonic model for the formation of the East Arm basin

Over the years, discussions regarding the tectonic evolution of the East Arm basin have been
complicated by a general paucity of radiometric dating. Hoffman (1968, 1969, 1970) first proposed
the East Arm basin as an orogenic fold-belt based on sedimentological studies of the Great Slave
Supergroup and Et-Then Group. However, stratigraphic similarities with the Coronation margin
in the Wopmay orogen to the west of the Slave craton were then used to promote a contrasting
model, where the East Arm basin developed as a failed rift (i.e. the Athapuscow aulacogen;

Hoffman, 1973). In the failed rift model, mafic magmas and basinal sequences of the Union Island

Group represent the formation of a rift graben.

Uranium—lead dating by Bowring et al. (1984) provided the first robust age constraints for the ca.
1928 Ma Wilson Island Group, the ca. 1895 Ma Butte Island suite granites, and the ca. 1872—1861
Ma Compton laccoliths. These dates, along with field studies and evolving ideas about the
Wopmay orogen, led Hoffman (1987, 1988b) to re-propose an orogenic model, where the East
Arm basin formed as a spreading back-arc during the 1.99-1.91 Ga Slave-Rae collision. Recent
work along the western Slave margin has called to question this ca. 1.9 Ga collisional origin for
the East Arm basin. A newly identified 1.91-1.90 Ga rift sequence in the Hottah terrane, on the
western Slave margin, has been correlated with coeval extension in the East Arm basin represented
by the 1.91 Ga Hearne dykes and Blatchford monzodiorite stocks (Mumford and Cousens, 2014;
Ootes et al., 2015), suggesting that the two margins may have been tectonically related. In addition,
Mitchell et al. (2010) tentatively revisited the failed-rift East Arm basin model following the
interpretation of a ca. 2.01 Ga rift-to-drift transition in the western Slave margin (Hoffman et al.,
2011), suggesting a correlation between the Union Island Group and 2.01-2.03 Ga mafic

magmatism across the Slave craton.
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Our geochemical studies on mafic magmatism of the Union Island Group point to a rift origin for

the East Arm basin based on the following lines of evidence:

1) A prominent OIB-like, asthenospheric component
2) Lack of crustal contamination
3) Similar incompatible element signatures to many incipient rift magmas across geologic

time

The progression from flooded Archean crust to platform facies deposition (lower dolomite unit)
then to basinal facies (black shale unit) is consistent with isostatic sinking during rift extension
and lithospheric thinning. While the lack of significant crustal contamination is consistent with
both magmatic packages originating in an extensional setting, this also places a constraint on the
timing of the upper magmatism. The onset of subsequent tectonic/magmatic activity at the Slave—
Rae boundary, as marked by felsic magmatism in the Taltson magmatic zone, began as early as ca.
1986 Ma (Bostock et al., 1987). Therefore, the Union Island Group upper basalt must have erupted
between 2026 Ma (maximum deposition age of the upper dolomite unit) and 1986 Ma.

Overall, the evolution of the East Arm rift is summarized in seven stages (Fig. 5.14):

1) A rift basin forms in the present-day East Arm area under regional extension (Fig.
5.14A). The graben is first overlain by a shallow ocean (lower dolomite unit). Further
isostatic sinking of the graben block causes sea level to rise (black shale unit).

2) The lower basalt erupts, sourced from low-degree partial melting of a mixed mantle
source near the base of the lithosphere. The segregated melt ponds and undergoes
extensive fractional crystallization. Asthenospheric input becomes more dominant
with time. Eruptions were sustained by consanguineous mafic sills and dykes.

3) A hiatus in volcanic activity followed and was accompanied by sea level drop (upper
dolomite unit), possibly due to inflation of the mafic sills.

4) Further extension causes shallow, high-degree decompression melting of what is
largely the depleted mantle reservoir. A thinned lithosphere allows rapid eruption of
the magma in a different volcanic centre (upper basalt unit; Fig. 5.14B).

5) Sea level rises (red/green mudstone unit).

6) Extension in the rift basin ceases.
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Figure 5.14. Simplified diagram showing the tectonic evolution of the East Arm rift. A) Regional extension
forms a rift basin at some point prior to ca. 2043 Ma. B) Deposition of sedimentary strata of the Union
Island Group (in grey; a: lower dolomite; b: black shale; e: upper dolomite), together with basaltic
volcanism associated with both the lower and upper magmatism (in red; c: diabase intrusions, d: lower
basalt; f: upper basalt), as the rift basin continued to extend. C) Extension of the rift ceased at some point
prior to ca. 1986 Ma. By this point the uppermost sedimentary strata of the Union Island Group had been
deposited (e: upper dolomite; g: red and green mudstones). The end of rifting was followed by regional
compression, together with the emplacement of felsic plutons associated with tectonic activity in the Taltson

magmatic zone (in red).
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7) Tectonic compression initiates the emplacement of felsic plutons of the Taltson

magmatic zone (Fig. 5.14C).

In light of the various tectonic interpretations formerly proposed for the East Arm basin, the
timeline of the Union Island Group magmatism lends support to a contiguous Slave-Rae
arrangement as early as 2.04 Ga. Comparison between well-characterized rift magmatic sequences
through geologic time shows the total duration of volcanism rarely extends beyond 30 Myr before
a passive margin is developed or the rift failed (Davis and Green, 1997; Storey et al., 2007;
Sundvoll et al., 1990; Turner et al., 1994). Although the ~57 Myr time window for rift extension
in the East Arm basin may have been sufficient for the development of a passive margin, seismic
data shows no definitive evidence for subduction at the Slave-Rae lithospheric boundary (Snyder
and Kjarsgaard, 2013), which would have been required to consume any oceanic crust produced
prior to a hypothetical 2.0-1.9 Ga Slave—Rae collision. It has been demonstrated that the thinned
lithosphere in a continental rift tends to focus deformation when subjected to a subsequent
compressional regime and develop thick orogenic roots (Thompson et al., 2001). A 2.04—1.99 Ga
failed rift model for the East Arm basin adequately explains the lack of continental-margin arc
signatures in the Taltson granitoids and supports an intracratonic origin for the Taltson magmatic
zone as proposed by Chacko et al. (2000) and De et al. (2000). The Slave craton and Rae domain

therefore existed as one contiguous crustal unit as of 2.04 Ga.
5.4.1 A long-lived early Paleoproterozoic extensional regime in the Slave craton

The ca. 2043 Ma Union Island Group rift magmatism makes up part a long-lived extensional
regime across the Slave craton during the 2.23-2.01 Ga period (Table 5.2, Fig. 5.15). Prior to the
formation of the East Arm rift basin, the emplacement of numerous mafic dyke swarms and
anorogenic alkaline intrusions in the southern Slave craton reflects repeated attempts at rifting,
with the predominant E-NE dyke orientations indicating a prevalent crustal stress regime. It was
along this southern margin that rifting finally occurred as the East Arm basin; incipient rift magmas

of the Union Island Group were fed by dykes of a similar ENE orientation.

Rifting at the southern Slave margin was followed by the emplacement of the ca. 2023 Ma Lac de
Gras dykes across Slave craton and the cogenetic 2026-2023 Ma Booth River intrusive complex
in the Kilohigok Basin (Buchan et al., 2009; Davis et al., 2004; Roscoe et al., 1987). The Lac de

Gras dykes have a highly enriched alkaline composition similar to the Union Island Group lower
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Table 5.2. List of Paleoproterozoic igneous ages in the East Arm basin, Slave craton, Great Slave Lake

shear zone, Kilohigok Basin, and Wopmay Orogen between 2250 Ma and 1900 Ma.

DOMAIN/Name Age (Ma)

References

EAST ARM BASIN

N. Simpson Island dyke 2219+3.7
S. Simpson Island dyke* 2217 - 2198
Union Island Group mafic magmatism 2043 + 3
Wilson Island Group felsic volcanism 1928 + 11

Hearne dykes 1901 +4
SLAVE CRATON

Malley dykes 2231+2
Mackay dykes 2208 +5
Dogrib dykes 219312
Blatchford Lake intrusive suite 2185 - 2176
Big Spruce intrusive suite 2188 + 16
Duck Lake sill 2181+2
Squalus Lake intrusion 21801
Indin dykes 2126 - 2108
Lac de Gras dykes 2023 +2

GREAT SLAVE LAKE SHEAR ZONE

McKee Lake dykes 2038+ 3
Granite intrusions 1978 +5
1976 £ 5

1960

1924

KILOHIGOK BASIN

Booth River intrusive suite 2026 - 2023
WOPMAY OROGEN

Melville Group basalt 2014 £ 0.89
Holly Lake met. complex (basalt) 1951+ 15
Hottah plutonic complex 1931 - 1902
Bell Island Bay Group 1906 - 1895
Grant subgroup 1903 - 1889

Mumford et al. (2012)
this study
this study
Bowring et al. (1984)
Buchan et al. (2010)

Buchan et al. (2012)
LeCheminant and van Breemen (1994)
Mitchell et al. (2014)
Bowring et al. (1984), Sinclair et al.
(1994), Mumford et al. (2012), Mumford
(2013)

Cavell and Baadsgaard (1986)
Bleeker and Kamo (2003)
Villeneuve and van Breemen (1994)
Buchan et al. (2016)

Buchan et al. (2009)

Pehrsson et al. (1993)
van Breemen et al. (1990)
van Breemen et al. (1990)

Hanmer et al. (1992)

Hanmer et al. (1992)

Roscoe et al. (1987), Davis et al. (2004)

Hoffman et al. (2011)

Davis et al. (2015)
Bowring (1984), Ootes et al. (2015)
Ootes et al. (2015)

Ootes et al. (2015)

* 207ph/206Ph ages from two baddeleyite analyses (Appendix C).
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EAST ARM BASIN
N. Simpson Island dyke
S. Simpson Island dykea
Union Island Group mafic magmatism
Wilson Island Group felsic volcanism
Hearne dykes
SLAVE CRATON
Malley dykes
Madkay dykes
Dogrib dykes
Blatchford Lake intrusive suite
Big Spruce intrusive suite
Duck Lake sill
Squalus Lake intrusion
Indin dykes
Lac de Gras dykes
GREAT SLAVE LAKE SHEAR ZONE
McKee Lake dykes
Granite intrusions

KILOHIGOK BASIN
Booth River intrusive suite
WOPMAY OROGEN
Melville Group basalt
Holly Lake met. complex (basalt)

{

calc-alkaline magmatism

¢

Taltson and Thelon

Hottah plutonic complex ==

Bell Island Bay Group @=
Grant subgroup =

1900

1950

2000

* 2043-2014 Ma
rifting of Slave margins
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Age (Ma)

2150

2200
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Figure 5.15. Diagram of Paleoproterozoic igneous ages in the East Arm basin, Slave craton, Great Slave

Lake shear zone, Kilohigok Basin, and Wopmay Orogen between 2250 Ma and 1900 Ma (data summarized

in Table 5.2). New geochronological data from this study are denoted by red circles. Red band indicates ca.

2043-2014 Ma rifting of Slave margins. Grey rectangles represent the ca. 2193-2164 Ma Southwest Slave

magmatic province (SWSMP) and the ca. 1986—1920 Ma Taltson and Thelon calc-alkaline magmatism.
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basalt. The ca. 2014 Ma Melville Group basalt marks rifting in the western Slave margin (Hoffman
etal., 2011) and is the last known extension-related magmatism in the Slave craton prior to the ca.
1882 Ma onset of Wopmay orogen along the western margin and the ca. 1986 Ma onset of Taltson

magmatism along the southern margin.
5.4.2 The break-up of the pre-Laurentia supercontinent

The ca. 2.04 Ga rifting of the southern Slave margin as part of the 2.23-2.01 Ga period of mafic
magmatism across Slave craton is consistent with the inferred break-up of the Slave craton from
its pre-Laurentia assembly during the 2.2-2.0 Ga period (Bleeker, 2003). In light of the Slave—Rae
continuity inferred in this study, recently identified 2048-2032 Ma gabbroic to granitic
assemblages (Davis et al., 2015) and a 2045 Ma mafic sill in the Rae domain (Percival et al., 2017)
suggest contemporaneous tectonic activity in the Rae domain, although the origin of these magmas

remain to be determined.

Mafic magmatism indicative of crustal extension contemporaneous with the East Arm rift are
preserved in other pre-Laurentia crustal fragments: the 2072-2091 Ma Cauchon dykes and ca.
2069 Ma Lac Esprit dykes in the Superior craton (Buchan et al., 2007; Hall and Heaman, 2000;
Heaman and Corkery, 1996), the ca. 2011 Ma Kennedy dykes in the Wyoming craton (Cox et al.,
2000), the ca. 2038 Ma Korak sills in the Cape Smith belt (Machado et al., 1993), the 2036-2046
Ma Kangamiut dykes in the North Atlantic craton (Nutman et al., 1999), and the ca. 2045 Ma
Iglusuataliksuak dykes in the Nain province (Hamilton et al., 1998). The widespread nature of the
2.1-2.0 Ga regional extension signature supports a Laurentia-like supercontinent assembly in the
early Paleoproterozoic ("Kenorland" of Williams et al., 1991) as opposed to the Slave-centric
supercratonic arrangement of Sclavia (Bleeker, 2003; see also Pehrsson et al., 2013). Our findings
in this study regarding the timing and origin of the Union Island Group mafic magmatism add to

the increasing body of evidence for the breakup of this supercontinent at 2.1-2.0 Ga.
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6  CONCLUSIONS

Our investigation into the origin of the Union Island Group mafic magmatism, integrating

geochemical, geochronological, and tracer isotope information leads us to the following

conclusions:

1)

2)

3)

4)

5)

The first direct radiometric age determination for mafic magmatism in the Union Island
Group is a U-Pb baddeleyite date of 2043+3 Ma; the age obtained for a diabase
intrusion that is geochemically similar to the lower basalt flows and is thereby
considered a feeder to these flows. This new age constraint for the Union Island Group
volcanism indicates that it is oldest recognized stratigraphic package in the East Arm

basin and that the basin formed much earlier than previously thought.

The 1928+11 Ma Wilson Island felsic volcanic rocks (Bowring et al., 1984) clearly
post-dates the Union Island Group; this requires a major revision in the East Arm basin
stratigraphy. This revised stratigraphy is consistent with field evidence that the Union

Island Group unconformably overlies Slave basement.

The two basaltic volcanic packages of the Union Island Group experienced significant
fractional crystallization of olivinexclinopyroxene prior to eruption (moderate to low
Mg#) but have striking contrasting geochemical signatures. The lower basalt package
has OIB-like affinities and displays substantial geochemical variation that can be
attributed to fractional crystallization in deep-seated magma chambers. The upper
basalt package has depleted mantle-like geochemical affinities and display a uniform
composition. Both basaltic packages reflect an origin in an extensional setting with

negligible crustal contamination.

Eruption of the Union Island Group basalts marked the formation of the East Arm basin
as arift basin between the Slave craton and the Rae domain. This rift ceased to be active
prior to ~2.0 Ga and became the focus for deformation and magmatism during the

subsequent Taltson and Thelon orogens.

The Slave craton and the Rae domain were a contiguous crustal unit as early as 2.04

Ga.
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Appendix A Anomalous remobilization of rare earth elements

during alteration of the Union Island Group basalts

Several samples from the Union Island Group basalts display fractionation between rare earth
elements (REE) and the rest of high field strength elements (HFSE; Fig. Al; Table Al). In the
lower basalt unit, samples LHI5-EA11 and UI95D display depletion of both LREE and HREE
relative to Th, Nb, Ta, Zr, Hf, and Ti (Nd/Zrn= 0.6, 0.8, respectively, compared to 1.3 for average
lower basalt unit; Ti/Gdn = 1.3, 1.3, respectively, compared to 0.9 for average lower basalt unit).
Sample LH15-EAO06 displays only LREE depletion, with an elevated Ta/Lax ratio of 2.5 compared
to an average of 1.4 for the lower basalt unit. In the upper basalt unit, sample UI35A is depleted
in REE relative to Nb, Ta, Zr, Hf, and Ti (Fig. A1b). As the enrichment patterns of Nb, Ta, Zr, Hf,
and Ti of these samples closely follows those of their respective units, the REE in these samples

were likely selectively remobilized at some point after crystallization.

Humphris (2013) defined REE mobility in igneous rocks as being dependent on 1) the distribution
of REE within mineral phases, 2) the susceptibility of these mineral phases to fluid alteration, 3)
the concentration of REE in the fluids, and 4) the formation of secondary, alteration minerals that
may capture mobilized REE. Since distribution coefficients for most REE in major mineral phases
in basalt (i.e. olivine, clinopyroxene, plagioclase, oxide phases) is less than unity (e.g., Fujimaki
et al., 1984), we can surmise that REE would have been most enriched in late-stage liquid phases
which crystallized to form interstitial glass, provided that REE-concentrating accessory mineral
phases such as zircon, allanite, and titanite did not form as part of the primary igneous assemblage.
In this scenario, significant mobilization of REE may occur during breakdown of basaltic glass,
which is commonly observed in fluid alteration of seafloor basalt (e.g., Bonatti, 1965). In
comparison, other HFSE such as Ta, Nb, Zr, Hf, and Ti are more strongly partitioned into oxide
phases than REE (Lemarchand et al., 1987; Nielsen et al., 1992; Zach and Brumm, 1998); therefore
whole-rock abundance of these five elements would be less disturbed during breakdown of basaltic
glass. Palagonitization of basalt glass has been demonstrated to cause selective enrichment or
depletion of REE in ocean floor basalts depending on water/rock ratios and exposure times
(Ludden and Thompson, 1978; Staudigel and Hart, 1983). Therefore, breakdown of basaltic glass
and the selected removal of REE from the rock by alteration fluids can explain the depletion of

REE relative to other HFSE in some samples from the lower and upper basalt units.
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Of all Union Island Group basalt samples, only LH15-EA12 displays anomalous REE enrichment
relative to other HFSE. LH15-EA12 shares similar petrographic attributes as the REE-depleted
LH15-EA1l, collected only 10m away, except that the former contains large (up to 10 mm)
xenocrysts of altered plagioclase and clinopyroxene. Considering that REE are more strongly
partitioned into clinopyroxene relative to other primary basaltic minerals (Fujimaki et al., 1984),
the enriched REE trend in LHI5-EA12 was likely derived from clinopyroxene xenocrysts plucked
from a partly crystallized magma during liquid ascent. This is supported by the higher enrichment
of HREE in LH15-EA12 relative to average lower basalt unit compared to only moderate
enrichment of LREE; this is consistent with higher partition coefficients of HREE than LREE in

clinopyroxene (Fujimaki et al., 1984).
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Figure A.1. Incompatible element multi-element plots for samples from the lower basalt and upper basalt
units that show anomalous REE enrichment trends. Normalization is made to primitive pyrolite mantle

(McDonough and Sun, 1995). Shaded area represents the remainder of the dataset from this study.
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Table A.1. Normalized HFSE ratios for Union Island Group basalt samples showing anomalous REE trends,
compared with their respective unit averages. Ratios are taken between REE and non-REE HFSE with
similar degrees of incompatibility (Figure A.1). Normalization is made to primitive pyrolite mantle

(McDonough and Sun, 1995).

Unit/Sample Ta/Lay Nd/Zry Ti/Gdy

Lower basalt (n=25) 1.4 13 0.9
uI95D 3.3 0.8 1.3
LH15-EA06 2.5 1.2 0.9
LH15-EA1l1 3.2 0.6 1.3
LH15-EA12 1.3 2.1 0.4
Upper basalt (n=6) 0.4 1.3 1.2
UI35A 1.5 0.6 2.0
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Appendix B Parameters for petrological modeling

1 Fractional crystallization

Modeling for closed-system fractional crystallization in a magma body follows the principle of
Rayleigh fractionation, after the approach of Allégre and Minster (1978). Assuming that the bulk
partition coefficient of the element of interest, D!, remains constant during crystallization of the

magma, the concentration of the element in the evolving liquid is defined as:

Cl=C Pt (Eq. 1)
where Cé,l is the initial magma concentration of the element 7, and f'is the weight proportion of

residual magma. Bulk partition coefficient of the element is defined as:

D' = zDé—lXa (Eq.2)
a

where D! _, is the partition coefficient of element i between mineral  and the liquid, and X,, is the
weight fraction of the crystallizing mineral a. For modeling fractional crystallization in the lower
basalt unit and its diabase feeders, a mafic crystallizing assemblage of 10% olivine+58%
clinopyroxene+30% plagioclase+2% magnetite was applied; the values are based on CIPW norm

calculation of mineral modes of the most primitive sample composition LH14-14.
2 Partial melting

Partial melting of mantle sources is modeled by the equilibrium melting formula after Shaw (1970).
The concentration of an element i in the liquid is defined as:
. ch
Cll = = 0. —
D'+ F(1—DY)

where F'is the weight fraction of the melt. This assumes that the melt is in equilibrium with residual

(Eq. 3)

solid phases, in contrast to a fractional melting model where melts are separated from residual
solids before equilibrium is reached. In modeling geochemical parameters used in this study, we
found negligible difference between the equilibrium melting model and the fractional melting

model, and thus preferred the former for its simpler formulation.

148



Bulk distribution coefficient, D', is defined similarly as in equation 2, with X, representing the
weight fraction of the mineral in the melt assemblage. In this study we model melting of mantle
peridotites at different depths using garnet lherzolite (60% olivine, 20% orthopyroxene, 10%
clinopyroxene, 10% garnet) and spinel lherzolite (53% olivine, 27% orthopyroxene, 17%
clinopyroxene, 3% spinel) as the melt assemblages (Kinzler, 1997; Walter, 1998).

3 Isotopic mixing

Determination of the isotopic ratio of a mixture of two magmas with known isotopic ratios follows

the formulation of DePaolo and Wasserburg (1979):

X1[x*]1(€x)1 + (1 = X [x°]2(€x)2
X1[x5]y + (1= X [x5],

where x denotes the element in question, €, represents the isotopic ratio of interest (!**Nd/!**Nd in

(€x)mix = (Eq. 4)

this study), [x*]; is the concentration of the stable isotope x5 (1**Nd in this study) in component i,

and X; is the weight fraction of component i in the mixture.
4 Distribution coefficients

Distribution coefficients of elements used in petrological modeling are presented in tables B.1 and

B.2.
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Table B.1. Liquid-mineral distribution coefficients used in fractional crystallization modeling in this study.

Olivine Clinopyroxene Plagioclase Magnetite Spinel
2.8 5.3 252
Cr ) ) - - -
(Villemant et al., 1981) (Villemant et al., 1981) (Wijbran et al., 2015)
Ni 34 2.5 _ _ 5
(Villemant et al., 1981) (Villemant et al., 1981) (Wijbran et al., 2015)
7r 0.06 0.123 0.2 0.9 _
(Villemant et al., 1981) (zach and Brumm, 1998) (Villemant et al., 1981) (Nielsen et al., 1992)
Nb 0.01 0.05 0.01 0.905
(McKenzie and O'Nions, 1991)  (McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (Nielsen et al., 1992)
b 0.0313 0.3209 0.0855 0.018 B
(Fujimaki et al., 1984) (Fujimaki et al., 1984) (Aignertorres et al., 2007) (Lemarchand et al., 1987)
Hf 0.01 0.233 0.01 0.16 B
(McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (Lemarchand et al., 1987)
0.03 0.04 0.07 0.1
Th -

(Villemant et al., 1981)

(Villemant et al., 1981)

(Villemant et al., 1981)

(Lemarchand et al., 1987)
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Table B.2. Liquid-mineral distribution coefficients used in partial melting modeling in this study.

Olivine Orthopyroxene Clinopyroxene Spinel Garnet
v 0.0036 0.384 0.715 0.002 3.48
(Nielsen et al., 1992) (Salters and Longhi, 1999) (Hack et al., 1994) (Elkins et al., 2008) (Salters and Longhi, 1999)
7 0.011 0.0245 0.1155 0.06 0.688
(Fujimaki et al., 1984) (Salters and Longhi, 1999) (Salters and Longhi, 1999) (Horn et al., 1994) (Salters and Longhi, 1999)
Nb 0.01 0.00165 0.0077 0.08 0.021
(McKenzie and O'Nions, 1991) (Salters and Longhi, 1999) (zach and Brumm, 1998) (Horn et al., 1994) (Salters and Longhi, 1999)
Nd 0.001 0.0068 0.21 0.01 0.087
(McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991) (McKenzie and O'Nions, 1991)
" 0.01 0.01 0.233 0.05 0.23
(Horn et al., 1994) (McKenzie and O'Nions, 1991)

(McKenzie and O'Nions, 1991)

(McKenzie and O'Nions, 1991)

(McKenzie and O'Nions, 1991)
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Appendix C U—Pb geochronology of the South Simpson Island
dykes, East Arm Basin, N.W.T.

1 INTRODUCTION

The following is a summary of U-Pb geochronology and whole-rock geochemisty studies of the
ENE-trending South Simpson Island diabase dyke ("Mid-Aphebian diabase dykes" of Goff et al.,
1982, Goff, 1984, and Hoffman et al., 1977) in the East Arm basin. Prior to 2014 and 2015
fieldwork on the Union Island Group, no dykes associated with the Union Island Group mafic
units have been identified in the East Arm basin. The East Arm basin and its surrounding region,
particularly the Slave craton, are cut by several alkaline intrusions and mafic dyke swarms of
Paleoproterozoic age (sec. 2.1 of main text). Several of these dyke swarms have similar E to NE
trends, including the ca. 2231 Ma Malley dykes, ca. 2210 Ma Mackay dykes, ca. 2219 Ma North
Simpson Island dyke ("Simpson Island dyke" or "Easter Island dyke" in previous reports;
interpreted to be a Mackay dyke by Kjarsgaard et al., 2013b), the ca. 2193 Ma Dogrib dykes, and
the ca. 1901 Ma Hearne dykes (Table 2.1, Fig. 2.1 of main text).

The South Simpson Island diabase dykes are located ~10 km south of the North Simpson Island
dyke (Fig. C.1). The largest dyke is ~# km in length, ~100 m in width, and has a trend of 045°—
050°. At least four smaller, 10-30 m wide dykes occur within ~4 km south of the main dyke and
trend 060-070. All of these dykes intrude Archean basement granitoids, and the main dyke
terminates at an unconformity where the basement is overlain by sedimentary rocks of the ca. 1857
Ma Sosan Group of the Great Slave Supergroup (Kjarsgaard et al., 2013a). Small, geochemically
correlated diabase dykes crosscut both the North Simpson Island dyke and the surrounding
basement (Fig. C.1; Goff, 1984); these have a similar NE-ENE trend.

The South Simpson Island dykes have an alkaline composition. Based on geochemical similarities
and available stratigraphic constraints, Goff (1984) suggested that the South Simpson Island dykes
and the Union Island Group lower basalts represent mafic magmatism during the same extensional
event. The precise age relationship between the two, however, was unavailable as mafic rocks
were not typically amenable to conventional geochronology methods of the time. We therefore
conducted a U-Pb baddeleyite geochronology study of the South Simpson Island dykes with the

goal of resolving its timing relative to regional Paleoproterozoic extensional magmatism.
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Furthermore, we test the proposed geochemical similarity between the South Simpson Island dykes
and the Union Island Group lower basalt by re-analysis of archive samples for trace elements and

rare earth elements which were not analyzed in the original study by Goff (1984).
2 METHODOLOGY

Six samples of the South Simpson Island dykes were selected from the East Arm thesis collection
of S. Goff (1984) archived at the Department of Earth and Atmospheric Sciences, University of
Alberta. Samples were selected based on lack of weathering and alterations, and volume available
for analysis. Sample locations are summarized in Fig. C.1; field coordinates for these samples are
unavailable. Four samples (SD1, SD3, SD4, SD7) are from the main dyke on South Simpson Island;
SD3 is from the dyke center, SD1 is from near the dyke margin, and SD4 and SD7 are from the
dyke margin. Two samples (S4A, S4C) are from a small dyke which intrudes the Archean
basement immediately north of the North Simpson Island dyke.

All samples were analyzed for whole-rock abundance of major, minor, and trace elements via ICP
(major, minor, and some trace elements) and ICP-MS analysis (trace elements) of lithium borate
infused glasses at the Activation Laboratories Ltd., Ancaster, ON. The analytical package
ALITHORES was selected for all samples. Analytical precision associated with this method is

summarized in section 3.3.1 of the main text.

Sample SD3 was selected for the U-Pb ID-TIMS study as it had the highest sample volume (~500
mL) available for analysis. Baddeleyite separation, U-Pb purification, and TIMS analysis follow
the same protocols as those for sample LH14-27, summarized in sections 3.2 and 3.3.3 of the main
text. Approximately ~40 baddeleyite grains were separated from ~500 g of crushed sample; these
ranged from 20 um to 80 um in size and are brown to dark brown. Due to the low number of
baddeleyite fragments large enough for precise U-Pb analysis, only two fractions of grains were
chosen for analysis. Fraction #1 was a single, ~80 um fragment. Fraction #2 consisted of four 40—

60 um fragments.
Petrography

Diabase of the South Simpson Island dykes displays a crystallization order of olivine>plagioclase>
metal oxides>clinopyroxene. Euhedral olivine (2—5 modal %) is entirely replaced by chlorite and

dolomite. Plagioclase (60-70 modal %) are marginally altered to albite and more than half
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sericitized. The oxide phase (< 5 modal %), identified as ulvospinel by Goff (1984), contains
ilmenite exsolution lamellae. Titanaugite (10-30 modal %) may form intergranular or ophitic
textures with plagioclase and is altered to epidote, chlorite, and actinolite. Trace amount of brown

biotite occurs interstitially and is associated with chlorite. Apatite is an accessory phase.

Baddeleyite occurs mostly in chloritized interstices as singular, 80-300 pum long blades (Fig. C.2)

or as 20-30 pm clusters. Fractures are observed only in the smaller population.
3 RESULTS AND DISCUSSIONS
3.1 Geochronology

Uranium-lead analyses of two baddeleyite fractions from sample SD3 is presented in Table C.1.
Both analyses are 5.7% discordant. Fraction 1 yielded a 2*’Pb/2%Pb age of 2197.7+2.9 Ma (5.7%
discordant), while fraction 2 yielded a 2°’Pb/?%Pb age of 2216.8+2.1 Ma (5.7% discordant).
Regression of the two analyses yields an imprecise errorchron with an upper intercept of 2492+450
Ma and a lower intercept of 1763480 Ma. As the South Simpson Island dykes crosscut the ca.
2219 Ma North Simpson Island dyke, a ca. 2492 Ma age for the South Simpson Island dykes is
not possible. 2°’Pb/?%Pb ages of both baddeleyite fractions postdate the North Simpson Island dyke

and more likely represent the true crystallization age of the diabase.

It 1s unlikely that two crystallization ages exists for sample SD3. Inherited baddeleyite has yet to
be reported in any rock type, therefore the grains separated from sample SD3 for dating are primary.
The ~19 Myr difference in 2’Pb/2%Pb ages of the two baddeleyite fractions more likely resulted
from scattering due to Pb loss. For comparison, analysis of eight baddeleyite fractions from the
Union Island Group diabase feeder LH14-27 (sec. 4.2 of main text) yielded individual 2*’Pb/?°Pb
ages across a range of ~27 Myr. Therefore, the two 2°’Pb/**Pb ages of the two baddeleyite

fractions from sample SD3 are approximations of the true crystallization age of the diabase.

The two 2°7Pb/?%Pb ages for diabase dyke SD3 demonstrate that the South Simpson Island dykes
predate the Union Island Group mafic magmatism by at least ~150 Myr. Although additional
analyses are required to yield a precise U-Pb age for diabase dyke SD3, the age constraint defined
by the two 2°7Pb/?%Pb ages correlate with regional dyke emplacements. The younger, 2197.7+2.9
Ma age of fraction 1 is indistinguishable from the 219342 Ma age of the Dogrib dykes (Mitchell
et al., 2014), while the older, 2216.8+£2.1 Ma age of fraction 2 is indistinguishable from the
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2219+3.7 Ma age of the North Simpson Island dyke (Mumford et al., 2012b) which the South
Simpson Island dykes intrude. Although comparison with possibly contemporaneous regional
dykes do not further constrain the emplacement age of the South Simpson Island dykes, the ca.
2217-2198 Ma 2°7Pb/?%Pb age range of the two baddeleyite fractions demonstrates that the South
Simpson Island dykes are not genetically related to the ca. 2043 Ma Union Island Group lower

magmatism.
3.2 Geochemistry

According to new analyses in this study (Table C.2), the South Simpson Island diabase dykes are
classified as subalkaline basalt nearing the alkaline-subalkaline boundary (Nb/Y = 0.8; Fig. C.4).
The diabase has Mg# ranging 42—-59 and Al:O3 ranging 14-16 wt%. The two dykes sampled
display distinct TiO2 levels, with the main South Simpson Island dyke (SD) ranging 2.5-2.7 wt%
and the North Simpson Island dykelet (S4) having higher levels, at 4.0-4.1 wt%. Chromium and
nickel contents range 80—190 ppm and 50—120 ppm, respectively. The lack of high Mg#, Cr, or Ni
content suggests that these diabase samples do not represent primitive melts. The dykes have
moderate Zr (150-251 ppm) and Nb (14-28 ppm) levels. Chrondrite-normalized rare earth element
diagram (Fig. C.5a) shows that the South Simpson Island dykes are enriched in REE, with LREE
over HREE enrichment and moderately fractionated LREE (La/Smn: 1.1-1.8) and HREE (Gd/Ybn:
2.2-2.5) profiles. Slight positive Eu anomalies are present in two samples. One sample from the
North Simpson Island dykelet, S4A, shows much higher REE enrichment levels (Lan = 267,
compared with 47-99 for the others samples). Normalized multi-element spidergram show that
sample S4A contains negative anomalies of Nb, Ta, Zr, and Hf that are distinct from all other

samples (Fig. C5b).

Comparison with other mafic dykes in the region from the 2.22-2.20 Ga period show that the
South Simpson Island dykes are more enriched in incompatible elements than the Mackay and
Dogrib swarms, but have similar enrichment levels as ultramafic samples from the differentiated
North Simpson Island dyke (Fig. C.6). The South Simpson Island dykes have Zr/Nb slightly higher
than the Union Island Group lower magmatism. Incompatible element ratios of Th/Yb and Nb/Yb
show that both the South Simpson Island dykes and the North Simpson Island dyke plot along the
mantle array while the Mackay and Dogrib swarms plot on a separate trend marked by Th

enrichment relative to Nb. The North Simpson Island dyke plots in a tight cluster coincident with
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average ocean island basalt (OIB) composition, whereas the South Simpson Island dykes define a
linear trend between E-MORB and OIB compositions. The South Simpson Island dykes display
lower Th/Yb and Nb/Yb ratios than the Union Island Group lower magmatism.

Previous work have suggested a link between the North Simpson Island dyke and the ca. 2193—
2164 Ma Southwest Slave magmatic province (SWSMP) based on lithology and geochemistry
(Badham, 1979; Mumford et al., 2012a; Mumford et al., 2012b; Mumford, 2013). Mumford (2013)
proposed that the compositional range of the SWSMP and the North Simpson Island dyke can be
produced by interaction of a melt of metasomatic veins with the depleted subcontinental
lithospheric mantle (SCLM). Although our geochronology results suggest that the South Simpson
Island dykes are in a similar age range as the SWSMP, the North Simpson Island dyke, and the
older Mackay and Malley swarms, distinct differences in incompatible element trends suggest that
the South Simpson Island dykes were not cogenetic with any of these magmatism. The close spatial
associations between the South Simpson Island dykes and the North Simpson Island dyke may
reflect a common magmatic event. There is a need for further evaluation of the tectonic relationship

between these dykes and other 2.23-2.19 Ga igneous intrusions in the southern Slave craton.

The NE-ENE trends of the 2.23-2.19 mafic dyke swarms are similar to ca. 2.04 Ga diabase dykes
of the Union Island Group, which marked the formation of the East Arm rift. This similarity in
dyke trend suggests a long-lived extensional regime in the southern Slave craton leading up to the

ca. 2.04 Ga rift basin formation.
4 CONCLUSIONS

Uranium—lead ID-TIMS analysis of two baddeleyite fractions from a South Simpson Island
diabase dyke yielded discordant 2°’Pb/?Pb ages of 2197.7+2.9 Ma and 2216.8+2.1 Ma. A
geochemical comparison with the 2219+3.7 Ma North Simpson Island dyke and the 219342 Ma
Dogrib dykes does not suggest a comagmatic relationship with either intrusive event. Although
the South Simpson Island dykes have a similar orientation as the ca. 2043 Ma Union Island Group

dykes, the former is older by ~150 Myr and the two events are geochemically distinct.
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Figure C.1. Geologic map of the South Simpson Island dykes. Modified after Goff (1984). A precise

location for samples S4A and S4C is unavaialble.
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Figure C.2. Photomicrograph of pristine, euhedral baddeleyites in the South Simpson Island diabase dykes.
Sample SD3.
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Table C.1. TIMS U—Pb analysis of baddeleyite fractions for diabase dyke SD3. Associated errors are given in 1o.

Weight U Th Pb TCPb .
. Th/U ZOSPbI204Pb 206Pb/238U 207PbI235U 207Pbl206Pb ZOGPbI238U Ma 207Pb/235u Ma 207PbI206Pb Ma 0/ DISC
Fraction _ (ug) (ppm) (ppm) (ppm) (pg) (Ma) (Ma) (Ma) *
1(1) 0.5 191 31 75 0.16 1.4 1653 0.3829 + 12 7.267 £+27 0.13764 £ 2 2089.9 + 5.6 21447 £ 3.3 2197.7 £ 2.9 5.7
2(4) 0.5 263 28 103 0.11 1.4 2276 0.3872 £+ 10 7.429 £21 0.13916 +2 2109.9 £4.5 21645 £ 2.6 2216.8 £+ 2.1 5.7

All atomic ratios are corrected for spike (composition), estimated blank (0.5 pg U, 1.0 pg Pb), and initial common lead (Stacey and Kramers, 1975).
Number in parentheses refers to the number of baddeleyite grains analysed; TCPb refers to total common Pb present in the analysis.

Age calculations based on decay constants of Jaffey et al. (1971); 2°°Pb/?38U and 2*"Pb/?°°Pb ages corrected for initial disequilibrium in 2*°Th/?**U using a Th/U
(magma) ratio of 3.

Model Th/U ratio estimated from radiogenic 2Pb/2%Pb ratio and 27Pb/?*U age.
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Figure C.3. Concordia plot of U-Pb baddeleyite results for diabase dyke SD3.
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Table C.2. Whole-rock geochemistry data of South Simpson Island dykes. Analytical methods are described

in chapter 3 of main text.

Sample Number

Analyte  Method SD1 SD3 SD4 SD7 S4C S4A Detection limit
Si0, (%) FUS-ICP 42.92 48.04 47.41 43.86 44.93 45.84 0.01
Al,0; FUS-ICP 16.25 15.63 14.91 15.12 12.66 13.89 0.01
Fe;03m FUS-ICP 13.7 14.13 12.61 13.88 15.88 15.34 0.01
MnO FUS-ICP 0.12 0.19 0.24 0.09 0.21 0.18 0.001
MgO FUS-ICP 9.81 5.14 8.22 9.88 7.56 5.49 0.01
Cao FUS-ICP 2.08 7.57 5.36 2.65 6.21 6.88 0.01
Na,O FUS-ICP 2.05 3.22 3.44 3.87 2.87 2.46 0.01
K,0 FUS-ICP 3.48 1.31 1 0.38 1 0.86 0.01
TiO, FUS-ICP 2.55 2.48 2.50 2.69 4.17 4.02 0.001
P,0Oq FUS-ICP 0.25 0.42 0.26 0.26 0.32 0.4 0.01
LOI FUS-ICP 5.79 2.44 3.62 5.84 3.36 471 0.01
Total FUS-ICP 99 100.6 99.57 98.53 99.17 100.1
Sc (ppm) FUS-ICP 31 21 32 33 33 30 1
Be FUS-ICP 2 2 3 2 2 2 1
Vv FUS-ICP 350 288 350 357 483 451 5
Cr FUS-MS 190 80 190 180 120 120 20
Co FUS-MS 59 43 52 60 53 60 1
Ni FUS-MS 120 50 80 90 60 60 20
Cu FUS-MS <10 40 60 20 40 40 10
Zn FUS-MS 120 130 100 80 210 80 30
Ga FUS-MS 23 27 24 24 25 28 1
Ge FUS-MS 1.6 1.3 1.4 1.3 1.8 1.3 0.5
As FUS-MS <5 <5 <5 <5 <5 <5 5
Rb FUS-MS 52 31 31 10 26 28 1
Sr FUS-ICP 240 355 328 106 277 292 2
Y FUS-MS 27.8 35.9 25.1 25.8 28.3 34.5 0.5
Zr FUS-ICP 150 251 155 165 204 183 1
Nb FUS-MS 13.6 21.4 14.3 14.7 19.9 27.7 0.2
Mo FUS-MS <2 <2 <2 <2 <2 2 2
Ag FUS-MS <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5
In FUS-MS <0.1 0.1 <0.1 <0.1 0.1 0.1 0.1
Sn FUS-MS 1 2 1 2 2 2 1
Sb FUS-MS <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.2
Cs FUS-MS 1.4 0.7 1 0.7 0.8 3 0.1
Ba FUS-ICP 1460 301 328 74 325 243 3
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Table C.2. (continued)

Sample Number

Analyte  Method SD1 SD3 SD4 SD7 S4C S4A Detection limit
La FUS-MS 15.8 23.4 13.9 11.1 18.6 63.2 0.05
Ce FUS-MS 38.3 56.9 34.9 36.5 46.5 131 0.05
Pr FUS-MS 5.32 7.86 4.82 5.85 6.27 14.9 0.01
Nd FUS-MS 24.4 35.5 22.3 28.3 28.9 58.4 0.05
Sm FUS-MS 6.26 8.78 5.48 6.47 6.64 11.6 0.01
Eu FUS-MS 2.99 2.69 1.88 2.74 2.48 4.01 0.01
Gd FUS-MS 6.18 8.06 5.63 6.03 6.94 9.9 0.01
Th FUS-MS 0.94 1.23 0.91 0.94 1.03 1.35 0.01
Dy FUS-MS 5.36 7.3 5.29 5.24 5.75 7.43 0.01
Ho FUS-MS 0.99 1.36 0.91 0.97 1.04 1.26 0.01
Er FUS-MS 2.57 3.68 2.54 2.66 2.82 3.41 0.01
Tm FUS-MS  0.367 0.48 0.366 0.351 0.385 0.441 0.01
Yb FUS-MS 2.29 3.06 2.15 2.14 2.29 2.77 0.01
Lu FUS-MS  0.379 0.467 0.334 0.304 0.346 0.407 0.002
Hf FUS-MS 4.1 6.3 4.3 4.3 5.5 5 0.1
Ta FUS-MS 0.86 1.37 0.86 0.91 1.22 1.75 0.01
Tl FUS-MS  <0.05 <0.05 <0.05 <0.05 <0.05 0.21 0.05
Pb FUS-MS <5 <5 <5 <5 <5 34 5
Bi FUS-MS <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Th FUS-MS 1.01 1.83 0.99 1.09 1.69 6.54 0.05
U FUS-MS 0.22 0.48 0.25 0.3 0.41 0.81 0.01
Mgtt* 59 42 56 59 49 41
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Figure C.4. Zr/Ti vs. Nb/Y igneous classification (Pearce, 1996) of the South Simpson Island diabase dykes.
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Figure C.5. a) Chondrite-normalized rare earth element plot and b) incompatible element multi-element
plot for the South Simpson Island dykes. Normalization is made to chondrite (Sun and McDonough, 1989)
and to primitive (pyrolite) mantle (McDonough and Sun, 1995), respectively.
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Figure C.6. Zr/Nb vs. Nb plot of the South Simpson Island dykes (SSID), compared with other

Paleoproterozoic regional mafic magmatism: North Simpson Island dyke (NSID; Mumford, 2013), Mackay
dykes (Ernst and Buchan, 2010), Dogrib dykes (Ernst and Buchan, 2010), and Union Island Group lower
magmatism (UIG Lower; this study). Shown for reference are the estimated composition of the primitive

mantle (PM; McDonough and Sun, 1995) and the depleted mantle (DM; Salters and Stracke, 2004).
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Figure C.7. Nb/Yb vs. Th/Yb plot (after Pearce et al., 2008) of the South Simpson Island dykes (SSID),
compared with other Paleoproterozoic regional mafic magmatism: North Simpson Island dyke (NSID;
Mumford, 2013), Mackay dykes (Ernst and Buchan, 2010), Dogrib dykes (Ernst and Buchan, 2010), and
Union Island Group lower magmatism (UIG Lower; this study). Grey band represents composition range

of uncontaminated magma derived from the asthenospheric mantle.
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