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Abstract

The Cat Creek—Euclid Lake map area is located about 145
km northeast of Winnipeg, Manitoba, and covers an area of
~130 km? in the northern arm of the Neoarchean Bird River
greenstone belt (BRGB). This greenstone belt, which is tectoni-
cally situated at the western edge of the Superior province,
consists of a set of east-trending terranes (and basins) and is
flanked to the north by the English River basin and to the south
by the Winnipeg River terrane.

Bedrock mapping in the Cat Creek—Euclid Lake area indi-
cates the presence of 14 lithostratigraphic units that record a
diverse history of geodynamic evolution; more importantly,
various types of mineralization formed at different stages of
the evolution. Unit 1 is represented by the older phases of
the Maskwa Lake batholith | (Mesoarchean), which forms the
basement to the BRGB. Deposited atop unit 1 are tholeiitic to
transitional basalts and related synvolcanic gabbroic rocks of
unit 2, interpreted to have formed in an island-arc to back-arc
environment at or near a continental margin. Units 3—7 rep-
resent mappable lithological units of the Mayville and Euclid
Lake mafic—ultramafic intrusions that are comparable to the
Bird River sill in the southern arm of the BRGB. These intru-
sions were formed at ca. 2743 Ma by the Bird River magmatic
event (BRME). Unit 8 consists of discrete gabbroic intrusions
and is interpreted as the product of the waning stage of the
BRME that formed in an extensional regime over a large area.
Unit 9 consists of sedimentary and minor volcanic sedimen-
tary rocks with local occurrences of mafic intrusive rocks as
sills or dikes; this unit underwent amphibolite-facies metamor-
phism. Unit 10 comprises dominantly tonalite-trondhjemite-
granodiorite suite (TTG) rocks that constitute younger phases

of the Maskwa Lake batholith Il (Neoarchean), which formed
in a magmatic-arc setting related to plate subduction. Unit 11
is dominated by sedimentary and minor volcaniclastic rocks
and associated mafic intrusive rocks, interpreted as part of the
BRGB that was deposited in a back-arc setting. Unit 12 is com-
posed of the Inconnu pluton, consisting mainly of granodio-
rite and granite, as well as gneissic granodiorite to granite that
contain muscovite or garnet but lack late mafic dikes, which
could be part of the plutonic rocks emplaced into the English
River basin. Unit 13 is composed mainly of muscovitetgarnet—
bearing granites that occur along the southern margin of the
English River basin; these are mostly S-type granites formed by
partial melting of sedimentary rocks in a thickened crust due
to collision between the Winnipeg River terrane to the south
and the North Caribou terrane to the north. Unit 14 consists of
pegmatite and minor aplite dikes, some of which contain rare-
metal (e.g., Li, Cs, Nb, Ta) mineralization.

Distinctively different types of mineralization formed at
specific stages during the geodynamic evolution, requiring
suitable tectonic environments and favourable geological con-
ditions. Magmatic Ni—Cu—platinum-group element (PGE)-Cr
mineralization is genetically associated with the ca. 2743 Ma
mafic—ultramafic intrusions that formed in an extensional geo-
dynamic setting likely related to back-arc extension and (or) arc
rifting. Porphyry Cu (Au) and skarn Cu-Au-Ag-(W) mineraliza-
tion is related to arc magmatism typified by some of the I-type
phases of the TTG suite in an environment akin to a modern
subduction setting. Rare-metals (Li, Cs, Nb, Ta) mineralization
is hosted in pegmatites that are genetically related to younger,
peraluminous, S-type granitoid rocks (between ca. 2660 and
2640 Ma) that were emplaced in a continental-collision setting.
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Résumé

La région géographique du ruisseau Cat et du lac Euclid
se trouve a environ 145 km au nord-est de Winnipeg, au
Manitoba, et couvre une superficie de quelque 130 km? dans
le bras nord de la ceinture de roches vertes de la riviere Bird
(la « ceinture »), formée pendant le Néoarchéen. Tectonique-
ment située a la limite ouest de la province du lac Supérieur,
cette ceinture est constituée d’un ensemble de terranes et de
bassins d’orientation est-ouest. Elle est bordée au nord par le
bassin de la riviere English et au sud par le terrane de la riviere
Winnipeg.

La cartographie du substrat rocheux de la région du
ruisseau Cat et du lac Euclid révele la présence de 14 uni-
tés lithostratigraphiques témoignant d’une évolution géo-
dynamique diversifiée et, plus précisément, de diverses
minéralisations qui se sont produites a différents stades de son
évolution. Lunité 1 comprend les phases les plus anciennes
du batholite du lac Maskwa (Mésoarchéen), qui constitue
le socle de la ceinture. On trouve sur I'unité 1 des dépots de
basalte tholéiitique a intermédiaire et de roches gabbroiques
synvolcaniques de I'unité 2, qui se seraient formés dans une
zone d’arc insulaire et d’arriere-arc sur une marge continen-
tale ou a proximité. Les unités 3 a 7 correspondent aux uni-
tés lithostratigraphiques cartographiables des intrusions
mafiques-ultramafiques de la région de Mayville et du lac
Euclid, qui sont semblables au Filon-couche de la riviere Bird
dans le bras sud de la ceinture. Ces intrusions se sont formées
il y a environ 2 743 millions d’années a la suite de I'événement
magmatique de la riviere Bird. Lunité 8 est constituée
d’intrusions gabbroiques séparées qui se seraient mises en
place pendant la phase de déclin de I'événement magmatique
de la riviére Bird, dans un régime extensif de grande étendue.
L'unité 9 est constituée de roches sédimentaires et de roches
volcano-sédimentaires mineures, avec des venues localisées
de roches intrusives mafiques formant des filons-couches ou
des dykes. Cette unité a subi un métamorphisme au facies des
amphibolites. Uunité 10 se compose principalement de roches

de la suite tonalite-trondhjémite-granodiorite. Elles constitu-
ent les phases plus récentes du batholite Il du lac Maskwa
(Néoarchéen), lequel batholite s’est formé dans I'arc mag-
matique d’une zone de subduction. L'unité 11 est constituée
principalement de roches sédimentaires, de roches volcano-
sédimentaires mineures et de roches intrusives mafiques con-
nexes. Cette partie de la ceinture se serait formée par dépo6t en
zone d’arriere-arc. L'unité 12 est constituée du pluton Inconnu,
majoritairement formé de granodiorite et de granite ainsi
qgue de granodiorite et de granite gneissiques contenant de la
muscovite ou du grenat, mais sans dykes mafiques tardifs, qui
pourraient faire partie des roches plutoniques mises en place
dans le bassin de la riviere English. L'unité 13 est constituée
principalement de granite a muscovite * grenat qui se trouve le
long de la limite sud du bassin de la riviere English; il s’agit sur-
tout de granite de type S formé par la fonte partielle de roches
sédimentaires qui produit une couche épaissie a la suite de la
collision du terrane de la riviere Winnipeg au sud et du terrane
de North Caribou au nord. Lunité 14 est constituée de pegma-
tite et de dykes d’aplite mineurs, dont certains contiennent des
minéralisations de métaux rares (p. ex. Li, Cs, Nb, Ta).

Différents types de minéralisations se sont formés a des
stades précis de I'évolution géodynamique, lorsque les con-
ditions tectoniques et géologiques y étaient propices. Les
minéralisations magmatiques de nickel-cuivre-éléments du
groupe du platine sont associées génétiquement aux intru-
sions mafiques-ultramafiques datant d’environ 2 743 millions
d’années qui se sont formées dans une zone géodynamique
d’extension probablement liée a une extension d’arriére-arc ou
a un rifting d’arc. Les minéralisations du porphyre a Cu (Au) et
du skarn a Cu-Au-Ag-(W) sont liées au magmatisme d’arc carac-
térisé par certaines phases de type | de la suite tonalite-trond-
hjémite-granodiorite dans un environnement qui s'apparente
a une zone de subduction moderne. Des minéralisations de
métaux rares (Li, Cs, Nb, Ta) se trouvent dans des pegmatites
associées génétiquement a des granitoides de type S hyperalu-
mineux plus récents (datant de 2 660 a 2 640 millions d’années)
mis en place lors d’une collision continentale.
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Introduction

The Manitoba Geological Survey (MGS) initiated a multi-
year bedrock geological mapping project in 2011 that focused
on the Cat Creek—Euclid Lake area in the northern arm of the
Bird River greenstone belt (BRGB) within the western Superior
province (Percival et al., 2012). This project was conducted
in collaboration with the Geological Survey of Canada (GSC)
through the Targeted Geoscience Initiative Phase IV and Phase
V (TGI-4 and -5) programs, and with the University of Wind-
sor (since 2017) via P. Sotiriou’s Ph.D. thesis work that was
supervised by A. Polat and supported by mining companies
including Mustang Minerals Corp. (now Grid Metals Corp.) and
Gossan Resources Limited. The main objectives of the project
are to 1) update the bedrock geology in the Cat Creek—Euclid
Lake area; 2) address the geological evolution and geodynamic
environments; and 3) assess the economic potential of vari-

ous mineral deposits and occurrences, including magmatic-
sulphide Ni-Cu-PGE-Cr mineralization within the northern arm
of the BRGB.

The Cat Creek—Euclid Lake map area is located in the
northern limb of the BRGB of the western Superior province,
southeastern Manitoba (Figure 1). The BRGB is in fault contact
with the English River basin to the north and with the Win-
nipeg River terrane to the south (Figure 2), and is divided into
northern and southern arms separated by the Maskwa Lake
batholith (Gilbert et al., 2008). This study focuses on the north-
ern arm of the BRGB, from Cat Creek in the northwest to the
southeastern end of Euclid Lake, covering an area of ~130 km?.

This report presents the results of three consecutive field
seasons (2012-2014) of bedrock mapping carried out by the
MGS, together with new petrological, lithogeochemical, Sm-Nd
isotopic and geochronological data acquired during the course
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of mapping and subsequently. It is accompanied by a 1:20 000
scale bedrock geology map (Map GR2020-1-1) covering the
Cat Creek—Euclid Lake area, together with a set of tables (Data
Repository Item DRI2020024) that present the detailed data
used in preparing the report.

Previous work

The BRGB has long been the subject of mineral explora-
tion and geological investigations, primarily because it contains
magmatic Ni-Cu-PGE-Cr minerals, a world-class Cs—Ta—Nb—
Li-rare-earth element (REE) deposit at the Tanco mine, and
numerous other mineral deposits and/or occurrences, such
as Au and Cu-Zn (Davies et al., 1962; Trueman and Macek,
1971; Trueman, 1980; Scoates, 1983; Macek, 1985a, b; Wat-
son, 1985; Theyer, 1986, 1991, 2003; Scoates et al., 1989; Peck
et al., 1999, 2000, 2002; Hulbert and Scoates, 2000; Gilbert,
2006, 2007, 2008, 2011, 2012; Kremer and Lin, 2006; Gilbert
and Kremer, 2008; Gilbert et al., 2008, 2013; Mealin, 2008;
Duguet et al., 2009; Good et al., 2009; Kremer, 2010; Percival
etal., 2012). Its tectonic location between two continental cra-
tonic blocks, the North Caribou and Winnipeg River terranes
(Figure 1), guides the general understanding of the BRGB. This
is corroborated by systematic geological and multidisciplinary
investigations (e.g., Percival et al., 2006a, 2006b, 2012; Per-
cival, 2007; Anderson, 2008, 2013; Corkery et al., 2010; Rinne,
2017; Sotiriou et al., 2019, 2020), and by larger scale studies on
geodynamic processes involving the assembly of different ter-
ranes within the Archean craton (e.g., Hoffman, 1988; Bohm et
al., 2000; Burke, 2011; Percival et al., 2012).

Regional geological mapping at a scale of 1 inch to 1 mile
(1:63 360) was carried out by Springer (1949, 1950) in the area
between Maskwa Lake and Cat Lake, as well as in the Bird River
area to the south. He suggested that the dominant structure in
the region is anticlinal, with the Bird River sill (BRS; Figure 2)
in the south limb dipping steeply to the south, and the north
limb (including the Mayville intrusion) being partly overturned
and also dipping to the south. Therefore, the configuration of
the mafic—ultramafic BRS, the Mayville intrusion and analo-
gous rocks at Euclid Lake reflect the closure of an east-plunging
anticlinal fold (Springer, 1949, 1950). This interpretation was
supported by Trueman and Macek (1971), Trueman (1980),
Cerny et al. (1981) and Macek (19854, b). The regional bedrock
geology, including the BRGB, was compiled by the MGS at a
scale of 1:250 000 (Manitoba Energy and Mines, 1987), as well
as by subsequent collaborative mapping projects involving the
MGS, GSC and Ontario Geological Survey (Bailes et al., 2003;
Lemkow et al., 2006).

Macek (1985b) published a preliminary 1:10 000 scale
geological map of the western part of the Mayuville intrusion
and surrounding rocks, tentatively suggesting that the intru-
sion was part of the BRGB. Subsequently, detailed geological
mapping was carried out mainly by various mineral-explora-

tion companies (e.g., Exploratus Ltd., Falconbridge Ltd., Tan-
talum Mining Corporation of Canada Ltd.) on their respective
properties. Most recently, Mustang Minerals Corp. completed
1:1000 scale geological mapping of the western part of the
Mayville intrusion, where diamond-drilling targeted rocks
hosting PGE-Cu-Ni-Cr mineralization (Mustang Minerals Corp.,
2011; C. Galeschuk, pers. comm., 2012, 2013, 2014).

In 2005, the MGS initiated a five-year mapping project
focusing on the main, southern part of the BRGB, in collabora-
tion with the University of Waterloo and mineral-exploration
companies (Gilbert, 2008; Gilbert and Kremer, 2008; Gil-
bert et al., 2008; Mealin, 2008; Duguet et al., 2009; Kremer,
2010). The northern limb of the BRGB (Figure 2) has, however,
received less attention. Thus, a bedrock mapping project was
initiated in 2011 by the MGS, focusing on the Cat Creek—Euclid
Lake area. As a result of this mapping, three preliminary maps
were released at scales of 1:12 500 and 1:10 000 (Yang, 2012,
2013, 2014a).

Geochronological investigations of the GSC’s TGI-4 and -5
programs have yielded a precise U-Pb zircon age of 2742.8
+0.8 Ma for the Mayville intrusion (Houlé et al., 2013), virtually
identical with the 2743.0 +0.5 Ma age (Scoates and Scoates,
2013) of the Bird River sill, located in the southern limb of the
BRGB. This result strongly suggests that these two intrusions
are comagmatic and part of the same Neoarchean magmatic
event—the Bird River magmatic event—within the BRGB
(Houlé et al., 2013). Preliminary results from Bécu et al. (2013)
indicate that the Coppermine Bay intrusion, located close to
Coppermine Creek in the westernmost part of the main belt
(Figure 2), is texturally and petrographically similar to the
Euclid Lake intrusion, located 34 km to the northeast, at the
northeastern margin of the BRGB. The Coppermine Bay and
Euclid Lake intrusions are also similar texturally and compo-
sitionally to the Mayville intrusion, supporting their proposed
linkage with the Bird River magmatic event. Preliminary results
of the collaborative MGS-GSC investigations support the major
conclusions of earlier workers that genetic links exist between
the northern and main parts of the BRGB, referred to as the
Bird River Intrusive Suite by Houlé et al. (2015, 2020), and that
the mineral endowment (e.g., chromitite seams) of the two
parts of the belt might, especially in some cases, be directly
related.

Methods

The Cat Creek—Euclid Lake mapping project was initiated
by the MGS in June 2011, using detailed bedrock mapping,
structural analysis, petrology, mineral chemistry, lithogeo-
chemistry, U-Pb geochronology and Sm-Nd isotopic analysis
to update the bedrock geology and resolve some fundamental
problems related to geodynamic evolution and various types
of mineralization. Fieldwork in the map area took place in
2012, 2013 and 2014 after a geological reconnaissance in the
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summer of 2011. Laboratory analyses continued until 2018.
Preliminary results of fieldwork were published in the MGS
Report of Activities (Yang et al., 2011, 2012, 2013; Yang and Gil-
bert, 2014a, b) and as MGS preliminary maps (Yang, 2012, 2013,
2014a). This report and the accompanying 1:20 000 scale map
(Map GR2020-1-1) supersede the preliminary publications.

The western part of the map area is accessed by the
Trans-license road (an abandoned logging road) off PR 314
that connects Lac du Bonnet and Pinawa to the northeast.
All shoreline outcrops on Cat and Euclid lakes in the eastern
part of the BRGB were accessed by boat. Numerous off-road
trails were accessed by all-terrain vehicle. All inland areas were
investigated by traverse, using hand-held GPS, data collector
(Trimble) and orthorectified aerial photographs for navigation
and plotting. Bedrock exposures are generally abundant in the
study area and the quality of the exposures is generally good,
although some outcrops were heavily covered by lichen and
moss. In the Cat Creek area (Mayville), a number of exploration
trenches provided great exposures for examining the Mayville
mafic—ultramafic intrusion.

In the field, lithological and structural features of each out-
crop were examined, measured, photographed and described.
A suite of rock samples was collected to obtain thin sections
for petrographic and mineral-chemistry analysis. A representa-
tive suite of 194 least-altered rock samples was collected and
submitted to Activation Laboratories Ltd. (Ancaster, Ontario)
for major- and trace-element compositional analysis by high-
precision inductively coupled plasma—emission spectrometry
(ICP-ES) and —mass spectrometry (ICP-MS). A subset of 20
samples was submitted to the University of Alberta Radiogenic
Isotope Facility for Sm-Nd isotope analysis. In addition, three
samples were submitted for U-Pb dating to the same facil-
ity: one sample for isotope dilution—thermal ionization mass
spectrometry (ID-TIMS) and two samples for laser-ablation,
multicollector, inductively coupled plasma—mass spectrometry
(LA-MC-ICP-MS). Mineral chemical compositions were ana-
lyzed by an electron microprobe at the University of Manitoba.
Detailed analytical procedures and methods are contained
in DRI2020024. All of these analytical data are presented in
this report and provided as a set of Microsoft® Excel® tables in
DRI12020024.

General geology

The Neoarchean BRGB is situated between the English
River basin and Winnipeg River terrane of the western Supe-
rior province (Figure 1; Peck et al., 2002; Gilbert et al., 2008;
Percival et al., 2012). It is part of an approximately 150 km long,
east-trending supracrustal belt that extends from Lac du Bon-
net in the west to Separation Lake (Ontario) in the east, where
it is termed the ‘Separation Lake greenstone belt’ (Percival et
al., 20064, b). Regional aeromagnetic data and Nd-isotope evi-
dence suggest that the BRGB extends westward beneath the

Paleozoic sedimentary cover (McGregor, 1986; Stevenson et
al., 2000, 2001; Percival et al., 2006b). Investigations of the
complex history of deformation, tectonism, metamorphism,
magmatism and associated mineralization in the southern
part of the BRGB (Percival, 2007; Gilbert et al., 2008; Duguet
et al., 2009) have shown it to be in a key position for studies of
crustal tectonic processes, crustal growth and the geodynam-
ics of ancient cratons, with reference to modern concepts of
plate tectonics (e.g., Hoffman, 1988; Burke, 2011; Percival et
al., 2012; Sotiriou et al., 2019, 2020; Yang et al., 2019; Babuska
and Plomerova, 2020). These studies have also indicated that
the greenstone belt is a prospective area for base metals (Ni,
Cu, Cr), precious metals (PGEs, Au), rare metals (Li, Cs, Ta, Nb)
and REEs.

The Cat Creek—Euclid Lake area is located in the northern
limb of the BRGB (Figure 2), which is underlain by a suite of typ-
ical greenstone assemblages. These greenstone assemblages
formed in a continental-margin setting adjacent to the Meso-
archean Maskwa Lake batholith, which consists of a tonalite-
trondhjemite-granodiorite (TTG) suite of rocks. The greenstone
assemblages consist mainly of supracrustal rocks that include
mafic—felsic volcanic and related intrusive rocks, and epiclastic
and minor volcaniclastic rocks; and mafic—ultramafic layered
intrusion(s). These were intruded by younger phases of TTG-
suite rocks (i.e., Maskwa Lake batholith Il), late peraluminous
granitoid rocks and related pegmatites. The oldest rocks in the
area, referred to as Maskwa Lake batholith | in Gilbert et al.
(2008) and corresponding to unit 1 in Yang et al. (2012, 2013)
and this report, consist of various granitoid intrusions, dated at
2852.8 +1.1 Ma to 2832.3 0.9 Ma (Gilbert et al., 2008, 2013)
and 2844 +12 Ma (Wang, 1993), that represent the basement
to the BRGB. The supracrustal rocks of the BRGB extend along
the northern and southern margins of the older Maskwa Lake
batholith cratonic block (Figure 2), suggesting that they may
have been deposited in a continental-margin setting.

Intruded into the supracrustal rocks are various mafic—
ultramafic intrusions, from west to east the Mayville, Cat Lake,
New Manitoba Mine and Euclid Lake intrusions, as well as other
smaller intrusions. The Mayville intrusion, the largest mafic—
ultramafic layered intrusion in the northern arm of the BRGB,
consists of an east-trending lopolith approximately 10.5 km in
length and up to 1.5 km in width. The intrusion was emplaced
in a pillowed to massive basalt flow sequence, geochemically
akin to mid-ocean-ridge basalt (MORB), to the south and west
and is in structural contact with granitoid rocks to the east.
To the north, the Mayville intrusion is in fault contact with
metasedimentary and intercalated volcaniclastic rocks, and is
locally structurally juxtaposed against granitoid rocks. The set-
ting and composition of the other, smaller mafic—ultramafic
intrusions are comparable to those of the Mayville intrusion.

Interestingly, the Bird River sill (BRS; Trueman, 1980),
Mayville intrusion (Peck et al., 2002; Yang et al., 2011, 2012)
and Euclid Lake mafic—ultramafic intrusion (Yang et al., 2013)
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were all emplaced ca. 2743 Ma: the BRS according to Scoates
and Scoates (2013) and the Mayville and Euclid Lake intrusions
according to Bécu et al. (2013) and Houlé et al. (2013). They
all may have been formed by the ‘Bird River magmatic event’
(BRME; Houlé et al., 2013). These intrusions—all of which
host magmatic Ni-Cu-PGE-Cr mineralization—were apparently
emplaced at a relatively early stage of volcanic- to continental-
arc magmatism at ca. 2.75-2.72 Ga (Percival et al., 200643, b;
Gilbert et al., 2008, 2013).

Relatively younger granitoid rocks (Maskwa Lake batho-
lith II, unit 10 in this report; 2725 +6 Ma; Wang, 1993) belong to
a TTG suite that was emplaced in both the granitoid basement
and the supracrustal rocks of the BRGB. The TTG suite was, in
turn, intruded by late, gneissic, peraluminous granitoid rocks,
strongly foliated to massive granitoid rocks, and related pegma-
tites.

Local geology: map unit descriptions

Fourteen map units were defined during the course of
bedrock mapping in the Cat Creek—Euclid Lake area. These
map units are summarized in Table 1. Unit 1 is represented
by the older phases of the Maskwa Lake batholith | (Mesoar-
chean), which occur as the basement to the BRGB. Deposited
atop unit 1 are tholeiitic to transitional basalts and related syn-
volcanic gabbroic rocks, which are assigned to unit 2 and inter-
preted to have formed in a continental island-arc to back-arc
environment at or near a continental margin. Units 3-7 rep-
resent mappable lithological units of the Mayville and Euclid
Lake mafic—ultramafic intrusions (Yang et al., 2012, 2013) that
are comparable to the Bird River sill in the southern arm of
the BRGB (Gilbert et al., 2008, 2013; Yang and Gilbert, 2014b).
Unit 8 consists of discrete gabbroic intrusions, occurring as
dikes, sills or stocks. Unit 9, known as the ‘Cat Creek assem-
blage’, consists of sedimentary and minor volcanic sedimen-
tary rocks with local occurrences of mafic intrusive rocks as sills
or dikes. Unit 10 comprises mainly a tonalite-trondhjemite-
granodiorite suite (TTG) that constitutes younger phases of
the Maskwa Lake batholith Il (Neoarchean). Unit 11 is domi-
nated by sedimentary rocks and minor volcaniclastic rocks and
associated mafic intrusive rocks of the Euclid Lake assemblage.
Unit 12 is composed of the Inconnu pluton, consisting mainly
of biotite (tamphibole) granodiorite and granite. Unit 13 is
composed of muscovitetgarnet—bearing granites represented
by the Cat Creek intrusion. Unit 14 consists largely of pegma-
tite and minor aplite dikes, some of which display rare-metal
mineralization (e.g., Li, Cs, Nb and Ta).

The map units are described in the following sections, and
displayed in Figure 3, which is simplified from the accompany-
ing 1:20 000 scale geology map (Map GR2020-1-1). All supra-
crustal rocks in the BRGB were metamorphosed at greenschist
to amphibolite facies; however, for brevity, the prefix ‘meta’ is
omitted in most parts of this report.

Maskwa Lake batholith I: Mesoarchean granitoid
basement (unit 1)

The Maskwa Lake batholith is a multiphase composite
pluton that is well exposed in the southern parts of the Cat
Creek—Euclid Lake area. Field relationships provide constraints
on the relative timing of emplacement of various phases in the
batholith. This composite batholith can be grouped into two
parts (i.e., the older phases [I] and younger phases [ll], in terms
of their respective crosscutting relations with the mafic volca-
nic rocks of unit 2 basalt and related synvolcanic gabbroic rocks
in the field). The older granitoid rocks of the Maskwa Lake
batholith | were cut or intruded by synvolcanic rocks of unit 2,
whereas the younger phases of Maskwa Lake batholith Il cut
or intruded the unit 2 mafic volcanic rocks (Yang et al., 2012,
2013; Yang, 2014a).

Unit 1 is represented by the older phases of Maskwa Lake
batholith |, dated at 2852.8 +1.1 Ma, 2832.3 +0.9 Ma and 2782
11 Ma, spanning at least 70 m.y. in age on the basis of the
published U-Pb zircon age determinations (Wang, 1993; Gil-
bert et al., 2008, 2013; Duguet et al., 2009). Unit 1 phases
consist mainly of granodiorite, tonalite and quartz diorite (Fig-
ure 4a, b; Yang et al.,, 2012, 2013; Yang, 20144, b), and related
granitic gneiss. Coarse-grained, equigranular, locally porphyritic
pink granodiorite of the Maskwa Lake batholith | is in contact
with massive and pillowed MORB-type basalt (unit 2; Mayville
assemblage of Bailes et al., 2003), which is comparable to the
Northern MORB-type formation in the southern limb of the
BRGB (Gilbert et al., 2008). The granitoid rocks of the Maskwa
Lake batholith | were intruded, brecciated and fragmented
(Figure 4c—e) at the contact zone by fine-grained gabbro (or
diabase) that is thought to be synvolcanic and genetically
related to the MORB-type basalt (Yang et al., 2012, 2013). The
granitoid rocks were also intruded by occasional gabbro dikes
up to 5 m wide. Some of the mafic dikes can be traced back
to the pillowed basalt (Figure 4d), and some, together with
granitoid xenoliths, exhibit strong deformation (Figure 4f).
Based on these intrusive relationships, unit 1 granitoid rocks
(>2782 Ma; Gilbert et al., 2008) are thought to be older than
the MORB-type basalt and synvolcanic gabbroic rocks (unit 2),
and are thus interpreted to form the continental basement to
the BRGB (Gilbert et al., 2008; Yang, 2014b).

The basement granitoid rocks of unit 1 are subsol-
vus because of the coexistence of two feldspars (i.e., pla-
gioclase and K-feldspar; Cerny et al., 1981; Yang, 2014b).
These rocks contain 20-25% quartz, 30-40% plagioclase,
15-25% K-feldspar, a ferromagnesian mineral assemblage
of hornblendetbiotite, and accessory minerals comprising
magnetite, ilmenite, titanite, zircon and apatite. They dis-
play moderate to high magnetic-susceptibility (MS) values of
0.585-2.580 x 1073 Sl (Yang, 2014b), typical of magnetite-series
granitoids (Ishihara, 1977, 1981, 2004) and consistent with
I-type granites (Chappell and White, 1974, 1992, 2001). How-
ever, primary hornblende is rarely present and mostly altered
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Table 1: Lithostratigraphic units and intrusive suites in the Cat Creek—Euclid Lake area, Neoarchean Bird River greenstone belt, southeastern
Manitoba (after Yang, 2012, 2013, 2014a; Gilbert et al., 2013; this study).

n’::r Rock type Affiliation

Neoarchean
14 Pegmatitic granite, pegmatite and minor aplite Granitoid intrusive rocks
............................................................................ Intrus,vewnmct .
13 f;g;;zzl:niﬂzzzii;g;;triStr)anodiorite, granite; fine to coarse grained, locally porphyritic Granitoid intrusive rocks
12 Inconnu pluton |: granodiorite, granite and minor diorite to quartz diorite, and gneissic granitoids

12b Inconnu pluton II: fine- to coarse-grained gneissic granodiorite and granite; strongly foliated (biotite, tamphibole, ~ Inconnu pluton
tmuscovite, tgarnet)

12a Inconnu pluton I: medium- to very coarse grained granodiorite and granite; locally porphyritic, pinkish granodiorite
and granite (amphibole, tbiotite, tmuscovite), and minor diorite to quartz diorite

11 Euclid Lake assemblage (2657.1 7.4 Ma)“: lithic greywacke, siltstone, arkose and minor iron formation, and fine-  Sedimentary, and volcaniclastic
to medium-grained, dark grey volcaniclastic sandstone, and intercalated mafic rocks and related intrusive rocks

10 TTG suite, including Maskwa Lake batholith Il (2725 +6 Ma'): tonalite, trondhjemite, granodiorite, minor quartz
diorite and quartz-feldspar porphyry; medium to coarse grained, locally porphyritic (amphibole, tbiotite); minor TTG suite
fine- to medium-grained gabbroic dikes cutting the TTG suite

9 Cat Creek assemblage (2735.7 £3.8 Ma)“: lithic greywacke, siltstone, conglomerate with felsic volcanic and granit-  Sedimentary, volcaniclastic and
oid clasts, and garnet-bearing gneiss; minor volcaniclastic sandstone, lapillistone; minor gabbroic dikes volcanic rocks

8 Gabbroic rocks: fine- to coarse-grained gabbro occurring as dikes or sills, with locally leucocratic to melanocratic Mafic to ultramafic intrusive
varieties rocks

7 Gabbro: medium grained, locally strongly magnetic; part of Mayville intrusion Mayville intrusion (units 3 to 7;
2742.8 +0.8 Ma®?) and Euclid Lake
intrusion (units 3 and 6; 2743 +1

Ma®)
6 Leucogabbro to gabbroic anorthosite: coarse to very coarse grained, locally megacrystic
5 Gabbroic anorthosite to anorthosite: coarse to very coarse grained, and locally megacrystic, glomeroporphyritic
4 Heterolithic breccia: very coarse grained to megacrystic leucogabbro, anorthosite and basalt fragments (sub-metre
to decametre in size) in a mafic to ultramafic matrix; locally with massive to disseminated sulphide minerals and/
or disruptive chromitite layering
3 Melagabbroic and pyroxenitic rocks: medium to coarse grained, locally very coarse grained; fine- to medium-
grained melagabbro; locally strongly foliated, magnetite-bearing chlorite schist and/or amphibolite (after pyrox-
enite and/or olivine pyroxenite), and minor chromitite
Intrusive contact
2 MORB-type basalt: aphanitic, very fine to fine grained, pillowed to massive basalt and plagioclase-phyric basalt; Mafic volcanic rocks and synvol-
minor quartzite canic gabbroic rocks (Mayville
. . . . assemblage of Bailes et al.
2a Synvolcanic gabbro: fine to medium grained
¥ & g [2003]; Northern MORB-type
formation of Gilbert et al. [2008])
Inferred uncomformity
1 Maskwa Lake batholith I: medium- to coarse-grained, locally porphyritc granite, granodiorite, tonalite and quartz Mesoarchean
diorite (2782 +11 Ma™; 2832.3 £0.9 Ma®, 2844 +12 Ma', 2852.8 +1.1 Ma®), and granitic gneiss Granitoid intrusive rocks (granitoid

basement)

™ Wang (1993)

@ Houlé et al. (2013)
@ Gilbert et al. (2008)
@ This study
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Figure 3: Simplified geology of the Cat Creek—Euclid Lake area, Bird River greenstone belt, southeastern Manitoba (modified from Map GR2020-1-1).
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Figure 4: Field photographs of typical granitoid rocks of the Maskwa Lake batholith | (map unit 1), showing lithological characteristics and/or
field relationships, Cat Creek—Euclid Lake area: a) medium- to coarse-grained, massive pink granodiorite with subhedral K-feldspar phenocrysts,
Maskwa Lake batholith | (UTM 315347E, 5608476N; all co-ordinates are in UTM Zone 15N, NAD83); b) medium- to coarse-grained tonalite with
subrounded and elongated mafic xenoliths (UTM 328799E, 5606450N); c) coarse-grained granodiorite (unit 1) of the Maskwa Lake batholith |
is fragmented, brecciated and cemented at the contact zone by unit 2 basalt and associated synvolcanic mafic rock, suggesting that this phase
of the batholith I is older than the basalt (UTM 315328E, 5608468N); d) medium-grained tonalite (unit 1) cut by a diabase (or gabbroic) dike at
the contact zone with pillowed basalt (UTM 328700E, 5606539N); e) angular and irregular granodiorite breccia of the Maskwa Lake batholith |
(unit 1) at the contact zone with very fine grained basalt (UTM 315337E, 5608472N); f) strongly deformed granitoid (unit 1) xenoliths (two exam-
ples indicated by black arrows) in a mafic dike that is sheared and cuts the Maskwa Lake batholith | granitoid rocks (UTM 323969E, 5608326N).
Abbreviations: D, diabase; GR, granodiorite; T, tonalite.
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to biotite and chlorite. Sericite alteration is common in plagio-
clase, while argillic alteration occurs in microcline and perthitic
feldspars. In addition, epidotic alteration and plagioclase sau-
ssuritization (epidote-calcite-sericite) are evident in less abun-
dant quartz diorite (McRitchie, 1971; Cerny et al., 1981) in the
Maskwa Lake batholith I.

The younger granitoid phases of the Maskwa Lake batho-
lith Il include quartz diorite, tonalite and granodiorite to gran-
ite; these were dated at 2725 +6 Ma (Wang, 1993) and are
therefore younger than both the Bird River sill (2743.0 0.5
Ma; Scoates and Scoates, 2013) and the Northern MORB-type
formation in which the sill is emplaced (Gilbert et al., 2008).
The Maskwa Lake batholith Il is unit 10 in this report (Table 1)
and is described later.

MORB-type basalt and synvolcanic gabbro (unit 2
and subunit 2a)

Unit 2 mid-ocean—ridge basalt (MORB)-type basalt and
associated synvolcanic gabbro (subunit 2a; Table 1) are exposed
mainly to the south of the Mayville mafic—ultramafic intrusion
(Yang, 2012, 2014a; Yang et al., 2012). This unit is also exposed
intermittently in the northwestern and northern parts of Cat
Lake, as well as between Cat and Euclid lakes and in the south-
eastern part of Euclid Lake (Figure 3; Bécu et al., 2013; Yang,
2013; Yang et al., 2013). The basaltic rocks of unit 2 are com-
parable to the Northern MORB-type formation in the southern
part of the BRGB (Gilbert et al., 2008), based on lithologies,
deformation style, metamorphic grade and lithogeochemical
attributes (Yang et al., 2011, 2012, 2013). At the regional scale,
Bailes et al. (2003) collectively called these basaltic rocks the
Mayville assemblage, which is equivalent to the basal basalt
sequence in the BRGB to the south (Davies et al., 1962; True-
man, 1980). The unit 2 basalt is intruded by the Mayville intru-
sion (Peck et al., 1999, 2000, 2002; Yang et al., 2011, 2012),
which was dated at 2742.8 +0.8 Ma (Houlé et al., 2013).

Unit 2 mafic volcanic rocks comprise massive to pillowed
basalt flows locally cut by synvolcanic gabbroic dikes and sills
(subunit 2a), which were metamorphosed from greenschist to
lower-amphibolite facies. In low-strain areas, pillows are well
preserved, varying from 15 to 50 cm (Figure 5a) and locally
up to 100 cm. Pillow tops face north, consistent with the
observations of Macek (1985a, 1985b). However, pillow tops
are unknown in high-strain areas, where pillows are strongly
stretched parallel to approximately east-trending foliation
planes that dip steeply to the south. The basalt is very fine
grained to aphanitic and is largely aphyric, but locally includes
plagioclase-phyric, glomerocrystic and megaphyric varieties
(Figure 5a, 5b). Epidote patches or veins are common in out-
crops. Angular to irregularly shaped fragments of the basalt
are common in contact zones with the TTG suite (unit 10) that
locally occurs as dikes crosscutting the basalt (Yang et al., 2012,
2013) and the Mayville intrusion (Yang et al., 2011, 2012). A
megacrystic gabbroic anorthosite to anorthosite sill, exposed

west of the Donner Lake road, is comparable to part of the
Mayville intrusion (Yang, 2012). This anorthositic sill displays
igneous layering defined by grain-size variation, suggesting
that it is likely north facing and consistent with north-facing
pillowed flows in the same area (Macek, 1985a; Peck et al.,
2002; Yang et al., 2012). Similar megacrystic gabbroic anortho-
site sills are present in the Bernic Lake area in the southern arm
of the BRGB (Gilbert et al., 2008).

At the southern contact with the Mayville intrusion,
unit 2 pillow basalt is strongly foliated, although some of
the stretched hyaloclastite selvages are still discernible (Fig-
ure 5c). The basalt is recrystallized and consists largely of very
fine grained, elongate amphibole and plagioclase laths, typi-
cally aligned within main foliation planes, together with minor
magnetite, chlorite, epidote and albite (Figure 5d). Dissemi-
nated magnetite is common; pyrrhotite (+pyritetchalcopyrite)
occurs locally in the basalt (Figure 5e), suggesting that it may
have been saturated in sulphide. Chloritic alteration is com-
monly weak. Unit 2 basalt is geochemically and petrologically
equivalent to the Northern MORB-type formation of Gilbert et
al. (2008). Locally, thin-bedded, fine-grained quartzite occurs
atop the basalt.

Synvolcanic gabbro (subunit 2a), present as sills or dikes up
to 130 m in thickness, is fine to medium grained and consists
dominantly of plagioclase and amphibole (Figure 5f). Locally,
disseminated sulphide minerals (pyrrhotitexchalcopyritetpy-
rite) are present in the gabbroic rocks.

Mayville intrusion (units 3—7) and Euclid Lake intrusion
(units 3 and 6)

The Mayville mafic—ultramafic intrusion is a Neoarchean,
layered, mafic—ultramafic intrusion (Macek, 1985a; Peck et al.,
1999, 2002; Theyer, 2003; Yang et al., 2011, 2012; Houlé et
al., 2013; Yang and Gilbert, 2014b; Sotiriou et al., 2020) that
consists dominantly of anorthositic gabbro, gabbroic anor-
thosite and anorthosite, with subordinate melagabbro and
pyroxenite at the base and gabbro at the top. The intrusion
is an east-trending lopolith, approximately 10.5 km in length
and up to 1.5 km in width, that hosts significant Cu-Ni-PGE-
Cr mineral resources. It was emplaced into unit 2 basalt and
associated synvolcanic gabbro; its contact with granitoid rocks
to the east is interpreted as faulted or tectonic (Yang et al.,
2012). To the north, the intrusion is thought to be in fault con-
tact with a sequence of intercalated metasedimentary and vol-
caniclastic rocks (unit 9; Table 1) and structurally juxtaposed
against granitoid rocks (Figure 6). The Mayville intrusion is
similar in compositional range to many other Archean anor-
thosite complexes elsewhere in the Superior province (e.g.,
Ashwal, 1993; Sotiriou et al., 2019, 2020), and can generally
be subdivided into a lower heterolithic breccia zone (HBX) and
an upper anorthosite to leucogabbro zone (ALZ), as suggested
by detailed trench mapping (Peck et al., 1999, 2002; Mackie,
2003; Theyer, 2003). The intrusion is cut by late quartz diorite
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Figure 5: Field photographs and photomicrograph of mafic volcanic rocks (unit 2) and synvolcanic gabbroic rocks (subunit 2a), showing lithologi-
cal characteristics and/or field relationships and mineral assemblages, Cat Creek—Euclid Lake area: a) pillowed basalt flow (unit 2) with granitoid
xenolith similar to the unit 1 Maskwa Lake granodiorite (UTM 315261E, 5609647N); b) plagioclase-phyric basalt (unit 2) cut by a late, fine-grained
granitoid dike (lower left corner; UTM 314038E, 5611851N); c) strongly foliated pillow basalt with discernible stretched hyaloclastite selvages
(unit 2; UTM 314091E, 5612056N); d) photomicrograph of strongly foliated pillow basalt in photo ¢ (sample 111-11-03), showing that very fine
grained, elongate amphibole and plagioclase laths are aligned along foliation together with disseminated magnetite; weak chloritic alteration;

plane polarized light; e) foliated pillow basalt (unit 2) with iron-oxide—stained surface and disseminated pyrrhotite (UTM 313836E, 5611527N);
f) fine-grained, massive gabbro (subunit 2a) as a dike in unit 2 MORB-type basalt (UTM 313963E, 5611679N).
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to tonalite dikes (Yang et al., 2011, 2013) that are attributed to
a part of the TTG suite (unit 10). It is divided into five mappable
units (Table 1; Figure 7), which are described in the subsections
below.

Geochronological investigation of a leucogabbro xenolith
from the heterolithic breccia zone (unit 4) yielded an ID-TIMS
U-Pb zircon age of 2742.8 +0.8 Ma, interpreted as the crystal-
lization age for the Mayville intrusion (Houlé et al., 2013). This
result, within error, is identical with the age of 2743.0 +0.5 Ma
for a leucogabbro sample collected from the Chrome property
of the Bird River sill (Scoates and Scoates, 2013) in the south-
ern arm of the BRGB.

The Euclid Lake mafic—ultramafic intrusion is partly
exposed at the southeastern end and on the south shore of
the northwestern part of Euclid Lake (Figure 3; Yang, 2013;
Yang et al., 2013), where it occurs as leucogabbro to gabbroic
anorthosite (unit 6) and pyroxenite and amphibolite (unit 3),
respectively. Drilling data indicate that the Euclid Lake intrusion

consists of a lower ultramafic zone characterized by alternat-
ing peridotite and chromitite layers, and an upper mafic zone
composed of variable proportions of gabbro, leucogabbro and
anorthositic gabbro (Bécu et al., 2013, 2015). Zircon grains
retrieved from a leucogabbroic (unit 6; Table 1) whole-rock
sample collected from the Euclid Lake intrusion yielded ID-
TIMS U-Pb zircon ages of 2744-2743 Ma (Bécu et al., 2015;
Houlé et al., 2015).

Although more internal stratigraphic variations are evi-
dent in the Euclid Lake intrusion (Bécu et al., 2013, 2015) than
in the Mayuville intrusion (Yang et al., 2012, 2013), these two
intrusions, together with the Bird River sill (Trueman, 1981; Gil-
bert et al., 2008, 2013; Scoates and Scoates, 2013), are inter-
preted to have been formed by a single, large, mafic—ultramafic
magmatic event—the Bird River magmatic event (Houlé et al.,
2013). Houlé et al. (2015) termed these intrusions the Bird
River intrusive suite, emplaced between 2744 and 2742 Ma.
The tectonic setting of the ca. 2743 Ma mafic—ultramafic intru-
sions in the BRGB is discussed in a later section.

- contaminated gabbroic rocks with hangingwall orthogneiss and granitoid inclusions

Leucogabbro unit (consisting of three subunits)

- massive, medium- to coarse-grained leucogabbro

- alternating anorthositic and poikilitic leucogabbro layers
- plagioclase typically present as megacrysts >2 cm and up to 25 cm long

- metre-scale model layering involving leucogabbro and lesser gabbro and anorthosite

Gabbroic anorthosite to anorthosite unit
- alternating anorthositic and poikilitic leucogabbro layers
- plagioclase typically present as megacrysts >2 cm and up to 25 cm long

- plagioclase cumulate autoliths, basalt xenoliths

- local disrupted chromitite and chromite-rich pyroxenite layers
- disseminated sulphide minerals present throughout
- PGE enrichment observed in sulphide-bearing rocks and in chromite-rich layers

- local disrupted chromitite and chromite-rich pyroxenite layers
- disseminated sulphide minerals present throughout
- PGE enrichment observed in sulphide-bearing rocks and in chromite-rich layers
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Figure 7: Lithostratigraphic section through the Mayville mafic—ultramafic intrusion (modified after Peck et al., 2002; Yang et al., 2012), Bird River
greenstone belt. Note that neither the top nor the base of the intrusion is exposed. Abbreviation: PGE, platinum-group element.

12

Manitoba Geological Survey



Melagabbroic and pyroxenitic rocks: basal mafic—
ultramafic rocks of the Mayville and Euclid Lake
intrusions (unit 3)

This map unit occurs at the stratigraphic base of the west-
ern portion of the Mayuville intrusion, but it is absent in the
eastern portion where the southern contact of the intrusion
is in fault contact with granodiorite to tonalite assigned as
unit 10 in this report. The basal mafic—ultramafic unit consists
mainly of fine- to medium-grained melagabbro, and medium-
to coarse-grained, locally strongly foliated and magnetite-
bearing, chlorite-amphibole schist and hornblendite (both
after pyroxenite; Figure 8a). This basal unit is estimated to be
at least 100 m thick, although its southern extent is largely
covered by swamps and/or thick marsh. Disrupted chromitite
layers or bands are locally present in the upper part of the
unit (Figure 8b) and disseminated chromite is evident in some
places. Diamond-drill holes intersected a chromitite zone up to
5.9 m in width (PGE zone; drillhole MAY-11-07 of Mustang Min-
erals Corp.), the occurrence of which is supported by chromitite
banding and disseminated chromite in pyroxenite reported by
Hiebert (2003) elsewhere in the Mayville intrusion.

Basal melagabbro (unit 3) is fine to medium grained and
consists of 50-60% anhedral to subhedral hornblende, some
displaying sutured and diffuse grain boundaries (Figure 8c);
some hornblende crystals contain small anhedral to subhedral
plagioclase inclusions; simple twinning is evident. This suggests
that hornblende may have crystallized later than plagioclase.
Plagioclase, making up 30-40% of the rock, displays varied
grain shapes, ranging from anhedral to euhedral or equant,
with simple and albite twinning, and locally showing sutured
grain boundaries; some plagioclase crystals include tiny
amphibole inclusions, typical of poikilitic texture. Pyrrhotite-
chalcopyritetpyrite aggregates are disseminated interstitially
between hornblende and plagioclase crystals; some pyrrho-
tite blebs are included in hornblende and plagioclase crystals,
indicative of sulphide saturation in the silicate magma. Second-
ary magnetite is common, and chromite is commonly included
in hornblende crystals. Petrographic observation indicates
that clinopyroxene was metamorphosed to hornblende, horn-
blende was partially altered to chlorite and magnetite, and
plagioclase was altered to a mixture of epidote, calcite and
sericite (xquartz).

Magnetite stringers and thin layers are locally common
and exhibit strong magnetic response (Figure 8d). Nonmag-
netic chlorite-amphibole schist (after pyroxenite), however, is
also evident in unit 3 (Figure 8e), where coarse-grained pyrox-
enite contains hornblende with chromite inclusions (Figure 8f).
Chlorite and carbonate alteration is common.

Disseminated, semimassive to locally massive sulphide
minerals, mainly pyrrhotite, chalcopyrite and pentlandite, are
commonly present in this unit, particularly at the bottom of
the M2 deposit (Figure 8g), the M2W zone, the Copper Contact
zone and the Hititrite occurrence (Figure 8h; Yang et al., 2011,

2012; C. Galeschuk, pers. comm., 2012, 2013; Yang, 2014a; for
location of mineral deposit or occurrence, see Figure 3 and
Map GR2020-1-1).

Unit 3 pyroxenite and amphibolite underlie a small islet
(measuring <10 m by 2 m) close to the south shore of the
northwestern part of Euclid Lake. They form a lower part of
the Euclid intrusion and are comparable to the basal ultra-
mafic rocks (unit 3) of the Mayville intrusion. These rocks are
medium to coarse grained, brown-grey to dark green-grey
weathering and variously foliated (Figure 9a). Pyroxene is
altered to a secondary amphibole-chlorite assemblage; the
rock contains disseminated pyrrhotite and is strongly mag-
netic. Very coarse grained to megacrystic amphibolite occurs
within a strongly foliated and folded mafic—ultramafic rock
unit at the lakeshore, southeast of the pyroxenite occurrence.
The amphibolite is weakly magnetic and consists entirely of
clusters of radial tremolite-actinolite prisms up to 5 cm long
(Figure 9b), attributed to retrograde metamorphism. A west-
northwest-trending, elongated positive magnetic anomaly at
this locality (C. Galeschuk, pers. comm., 2013) is coincident
with the exposures of pyroxenite and amphibolite.

Olivine-bearing pyroxenite and serpentinized peridotite,
reported in diamond-drill logs from the southeastern part of
Euclid Lake (Bannatyne and Trueman, 1982), are interpreted
as part of unit 3. The drill logs show that the ultramafic rocks
contain several chromitite horizons and are overlain by a thick
gabbro—leucogabbro sequence (unit 5; Bécu et al., 2013, 2015)
that underlies an island at the southeastern end of Euclid
Lake. Springer (1950) located an ultramafic rock exposure and
observed that “disseminated and dense chromite may be seen
in the few feet of peridotite exposed”. However, no peridotite
outcrop was encountered during this mapping project.

Heterolithic breccia (unit 4)

Unit 4 heterolithic breccia (HBX) or the ‘heterolithic brec-
cia zone’ (Peck et al., 2002; Mackie, 2003; Yang et al., 2011,
2012) is an intrusive breccia composed of diverse rock types,
including medium- to coarse-grained and megacrystic, variably
textured melagabbro, gabbro and pyroxenite, as well as associ-
ated mafic pegmatite or megacrystic leucogabbro (Figure 10a)
and anorthosite (Figure 10b). These lithological phases occur
as irregular pods, diffuse patches, veins and layers ranging up
to 100 m in thickness. Rusty basalt xenoliths from the country
rocks (unit 2; Figure 10c) occur in the lower part of the HBX,
whereas irregular leucogabbro to anorthosite fragments (Fig-
ure 10d, e) cemented by melagabbroic matrix are widespread
higher up in this unit, where the rock consists almost entirely of
magmatic phases derived from the Mayville intrusion. Locally,
amphibolite (after pyroxenite) dikes cutting the HBX zone are
evident (Figure 10f) and contain abundant disseminated chro-
mite grains. The most southerly (inferred basal) HBX appears
to have been emplaced later than the upper leucogabbro and
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Figure 8: Field photographs and photomicrographs of unit 3 basal mafic—ultramafic rocks in the Mayville intrusion, showing lithological character-
istics and/or field relationships, Cat Creek—Euclid Lake area: a) foliated and strongly magnetic chlorite-magnetite-amphibole schist (after pyroxe-
nite; unit 3; UTM 313763E, 5612308N); b) disrupted, ~40 cm wide chromitite band in pyroxenite (UTM 314616E, 5612596N); c) photomicrograph
of melagabbro, sample 111-11-02 (UTM 316601E, 5611951N, PPL); d) magnetite stringers in pyroxenite (UTM 314610E, 5612593N); e) sulphide-
bearing and nonmagnetic chlorite-amphibole schist (after pyroxenite; UTM 313108E, 56123391N); f) photomicrograph of coarse-grained pyrox-
enite (UTM 314287E, 5612272N) containing hornblende, with chlorite and carbonate alteration and chromite inclusions (sample 111-11-12; XPL);
g) mineralized heterolithic breccia zone at the M2 deposit (person at top of stripped area for scale; UTM 315410E, 5612608N); h) mineralized
melagabbro containing disseminated to net-textured pyrrhotitetchalcopyritetpentlandite (UTM 316601E, 5611951N). Abbreviations: PPL, plane-

polarized light; XPL, cross-polarized light.
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Figure 9: Field photographs of representative mafic—ultramafic intrusive rocks (map unit 3) in the Euclid Lake intrusion, Cat Creek—Euclid Lake
area: a) medium- to coarse-grained pyroxenite, strongly magnetic, with disseminated pyrrhotite (unit 4, UTM 329664E, 5607287N); b) very
coarse grained amphibolite, consisting of radiating amphibole crystals up to 5 cm in length (unit 4, 329700E, 5607237N).

anorthosite units because it contains leucogabbro and anor-
thosite fragments that appear to have been derived from the
ALZ (units 5 and 6; Table 1).

The HBX is locally intruded by fine- to medium-grained
(locally very fine grained to aphanitic) quartz diorite to tonalite
dikes (Figure 10g) that are attributed to the unit 10 TTG suite,
as mentioned previously. These dikes locally contain rare sul-
phide disseminations. Some of them are very fine grained to
aphanitic (Figure 10h), consistent with textures formed by fast
cooling (or quenching). Felsic minerals comprise quartz, plagio-
clase and minor K-feldspar, accounting for 70% of the rock, and
mafic minerals are 15% biotite and 5% subhedral hornblende.
Tiny acicular apatite crystals are included in quartz and plagio-
clase; disseminated magnetite and pyrite are also evident. The
quartz diorite dikes appear less deformed to undeformed, and
are interpreted to have been emplaced in a cold setting (i.e.,
after the Mayville intrusion had cooled).

Sulphide minerals (mainly pyrrhotite with minor chalco-
pyritexpyrite) occur sporadically in the HBX as disseminations,
net-textured veins and/or locally massive sulphide bands. Mas-
sive chromitite bands and disrupted chromitite-pyroxenite lay-
ers are locally present in the middle to upper parts of the HBX
(Peck et al., 2002; Hiebert, 2003).

The eastern part of the Mayville intrusion (i.e., northeast
of the Donner Lake road), however, lacks both the HBX and the
uppermost gabbro of map unit 7 (Figure 6).

Gabbroic anorthosite to anorthosite (unit 5)

Unit 5 comprises coarse-grained and very coarse grained
to megacrystic, locally glomeroporphyritic, gabbroic anortho-
site to anorthosite. In the gabbroic anorthosite, calcic plagio-
clase occurs as equant, euhedral to subhedral crystals up to
10 cm in size, accounting for >80% of the rock, with minor

interstitial amphibole oikocrysts (after pyroxenes; Figure 11a).
Where amphibole (pyroxene) constitutes less than 10% of
plagioclase-rich rock, it is termed anorthosite (Ashwal, 1993),
which is mineralogically very similar to gabbroic anorthosite.
Primary layered textures (or igneous layering) are evident in
this unit, manifested by the varied grain size of equant to sub-
hedral plagioclase, ranging from ‘golf-ball’ (4-5 cm) to ‘tennis-
ball’ (8—10 cm; Figure 11b).

Some of the glomerophyric gabbroic anorthosite has a fine-
to medium-grained melagabbro matrix (Figure 11c) instead of
the more commonly seen interstitial amphibole (after pyrox-
ene?), as shown in Figure 11a. The boundary between plagio-
clase crystals and the melagabbro matrix is sharp and is also
indicated by the wrapping of fine-grained amphibole crystals
(Figure 11d). This suggests that at least two epidote crystal-
lization events were recorded: an earlier plagioclase in much
coarser phenocrystic aggregates and a late plagioclase (plus
pyroxene) in the matrix assemblage, similar to the scenarios of
porphyritic rocks (e.g., Winter, 2010). Alternatively, this study
proposes that the ‘golf-ball’ to ‘tennis-ball’ plagioclase aggre-
gates are internal xenoliths that were derived from an earlier
anorthosite body and experienced a highly dynamic system:
they were broken up and trundled, partially melted, sorted
in a mafic chamber, and then the crystal and melt mush was
emplaced as sills and/or dikes along faults cutting the unit 2
MORB-type basalt.

Generally, unit 5 gabbroic anorthosite to anorthosite dis-
plays coarse-grained to megacrystic mosaic or cumulus texture,
where finer amphibole inclusions randomly occur in larger
equant plagioclase crystals (Figure 11e). However, plagioclase
laths occur mostly as a finer variety of this unit, where they
are euhedral to subhedral. It is common that some plagioclase
grains show diffuse boundaries. Albite and Carlsbad twinning
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Figure 10: Field photographs and photomicrograph of unit 4 heterolithic breccia in the Mayville intrusion, showing lithological characteristics
and/or field relationships, Cat Creek—Euclid Lake area: a) megacrystic gabbro to leucogabbro (UTM 315037E, 5612797N); b) subrounded anor-
thosite xenolith, 2 by 3 m in size, in coarse-grained melagabbro (UTM 314297E, 5612264N); c) strongly sheared rusty basalt xenolith (derived
from unit 2 basalt), 2 by 3 m in size, in unit 4 heterolithic breccia of the Mayville intrusion (UTM 314213E, 5612544N); d) leucogabbro to anortho-
site fragments and/or breccia cemented by melagabbro matrix in the heterolithic breccia zone (UTM 315405E, 5612630N); e) heterolithic breccia
zone containing leucogabbro to anorthosite fragments and disseminated sulphide mineralization (UTM 314064E, 5612456N); f) amphibolite
(after pyroxenite, left) dike cuts very coarse grained leucogabbro (right) that is gradational to anorthosite (UTM 314666E, 5612593N); g) fine- to
medium-grained quartz diorite dike (likely belonging to the unit 10 TTG suite) with chilled margin, cutting pyroxenite and gabbro in the hetero-
lithic breccia zone (UTM 314465E, 5612457N); h) photomicrograph of very fine grained quartz diorite (UTM 316626E, 5611931N), sample 111-
11-05 (XPL). Abbreviations: TTG, tonalite-trondhjemite-granodiorite; XPL, cross-polarized light.
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Figure 11: Field photographs and photomicrographs of unit 5 gabbroic anorthosite to anorthosite in the Mayville intrusion, showing lithologi-
cal characteristics and/or field relationships, Cat Creek—Euclid Lake area: a) megacrystic anorthosite (UTM 319580E, 5611714N); b) ‘golf-ball’
to ‘tennis-ball’ gabbroic anorthosite exhibiting primary layered texture, with interstitial amphibole crystals (UTM 317573E, 5610186N, length
of hammer head is 12.3 cm); c¢) glomeroporphyritic plagioclase crystals in a matrix consisting of fine- to medium-grained melagabbro (UTM
317573E, 5610186N), rather than interstitial amphibole as shown in Figure 11a; d) photomicrograph of ‘golf-ball’ anorthosite showing sharp
boundary between large plagioclase crystal and fine-grained melagabbo matrix consisting of amphibole and plagioclase, sample 111-12-677A01
(UTM 317590E, 5612959N; PPL); e) photomicrograph of megacrystic plagioclase crystals containing randomly distributed amphibole grains,
sample 111-12-677A01 (PPL); f) photomicrograph of coarse-grained anorthosite containing minor phlogopite; sample 111-11-16 (XPL); g) photo-
micrograph of coarse-grained anorthosite, sample 111-11-15 (XPL); h) sheared gabbroic anorthosite with mylonitic characteristics (unit 6; UTM
319438E, 5611789N). Abbreviations: PPL, plane-polarized light; XPL, cross-polarized light.
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and pericline lamellae are evident, and minor phlogopite
is present (Figure 11f). Sericitic alteration is commonly seen
together with quartz, albite and epidote grains (Figure 11g).
Where alteration is apparent, tiny hornblende grains are either
included in plagioclase or occur as interstitial aggregates.
Hornblende is locally concentrated and anhedral to subhedral;
it is locally altered to chlorite and magnetite.

Unit 5 is a relatively thin (less than 50 m wide) but per-
sistent member of the Mayuville intrusion. Where megacrystic
subrounded plagioclase occurs in the rock, it is called ‘golf-ball’
to ‘tennis-ball’ leucogabbro or anorthosite (Figure 11b; C. Gale-
schuk, pers. comm., 2012). Much larger, rounded plagioclase
aggregates, up to soccer-ball size, are evident as dikes cutting
the MORB-type basalt in anorthositic rocks at Bernic Lake, in
the southern arm of the BRGB (e.g., Gilbert et al., 2008).

At one locality, gabbroic anorthosite is strongly sheared
and displays only a few sporadic plagioclase megacryst relicts
(Figure 11h). Asymmetric plagioclase relicts, ‘S-C’ fabrics and
shear bands indicate a sinistral movement related to the D,
deformation event. Sulphide minerals are rarely present in this
unit.

Leucogabbro to gabbroic anorthosite (unit 6)

Leucogabbro to gabbroic anorthosite (Figure 12a—d) is the
most abundant rock type within the Mayville intrusion. Pri-
mary igneous layering is present in various parts of this unit,
defined by variations in grain size and/or mineralogical compo-
sition. Locally, pegmatitic leucogabbro zones/patches consist
of euhedral plagioclase laths and elongate poikilitic horn-
blende crystals. The pegmatitic patches are up to 2 m across
and have gradational contacts with the surrounding leucogab-
bro. Near the top of this unit, embayed xenoliths of gneiss and
fine-grained volcanic rocks occur within the leucogabbro.

Leucogabbro is typically coarse- to very coarse grained
(Figure 12a) and locally megacrystic (Figure 12b), and contains
65—80% calcic plagioclase, 15-25% hornblende (after pyrox-
ene) and accessory minerals comprising Fe-Ti oxide(s), zircon
and apatite. Plagioclase occurs as equant, subhedral to euhe-
dral crystals without notable optical (or compositional) zoning.
At the top of this unit, plagioclase laths display decreasing grain
size in a zone that is gradational with the overlying gabbro (see
unit 7, below). Hornblende is typically anhedral and interstitial
(Figure 12e), and locally displays simple twinning. Plagioclase
included in hornblende is evident (Figure 12e, f), although most
of the hornblende occurs interstitially among plagioclase. Sim-
ply twinned plagioclase crystals are included in a single, large
hornblende grain that is optically homogeneous (Figure 12f),
suggesting that such hornblende could be magmatic in origin
(A. Polat, pers. comm., 2018; Sotiriou et al., 2020). Whether
at least some hornblende is primary or, alternatively, all is of
secondary (metamorphic) origin requires further investigation.

Sulphide minerals (disseminated pyritetchalcopyrite) occur
locally in shear zones.

Unit 6 leucogabbro to gabbroic anorthosite (Figure 12g, h)
is the dominant rock type in the limited number of exposures
of the Euclid Lake intrusion in the southeastern part of Euclid
Lake. The mineral composition and texture of this unit are
comparable to those of leucogabbro to gabbroic anorthosite
in the Mayuville intrusion (Bécu et al., 2013; Yang et al., 2013).
Igneous layering, defined by variations in grain size and/or min-
eralogical composition, was observed at several localities. Leu-
cogabbro is typically coarse- to very coarse grained and locally
megacrystic, and contains 65-80% calcic plagioclase, 15-25%
hornblende (after pyroxene) and accessory Fe-Ti oxide, zircon
and apatite. Plagioclase occurs as equant, subhedral to euhe-
dral crystals that lack optical zoning. Subordinate gabbroic
anorthosite contains >85% plagioclase (Ashwal, 1993).

Gabbro (unit 7)

Unit 7 gabbro (Figure 13a—c) occurs at the top of the west-
ern part of the Mayville intrusion but is apparently absent in
the eastern part (east of the Donner Lake road; Figure 6). The
gabbro is massive, equigranular, medium to coarse grained and
locally strongly magnetic. It is moderately to strongly foliated
(Figure 13a, c). The gabbro consists of 50-60% plagioclase,
30-40% hornblende, and accessory magnetite and ilmenite.
Plagioclase laths (0.3-0.5 cm long) and subhedral to anhedral
hornblende (0.2-0.5 cm; after pyroxene) locally display ophitic
texture. Sericite, chlorite, epidote and biotite alteration are
common, especially in fault zones, whereas sulphide minerals
(e.g., pyrite) are rare.

Large plagioclase relicts are partially preserved and show
sericitic alteration in unit 7 gabbro (Figure 13d). These large
plagioclase relicts are surrounded by numerous finer plagio-
clase and hornblende grains that are relatively unaltered.
Some large plagioclase crystals are broken into many smaller
pieces, but their original equant outlines are still discernible
(Figure 13e). The unaltered, finer plagioclase grains display
typical triple-junction texture (Figure 13f), which is good evi-
dence for the gabbro having been recrystallized. Consequently,
anorthite number (An) of the plagioclase is reduced to ~18 +2,
within the An range of oligoclase and reflecting a disequilib-
rium state for the unit 7 gabbro.

Gabbroic rocks (unit 8)

Unit 8 gabbro (Figure 14a, b) is the main rock type
observed in the New Manitoba Mine intrusion (NMMI) and Cat
Lake intrusion, as well as other, smaller gabbroic intrusions in
the map area, many of which are unnamed. Marginal phases of
the NMMI and some other intrusions are characterized locally
by fine-grained ophitic gabbro (Figure 14c). The gabbro is leu-
cocratic to melanocratic and typically massive, equigranular
and medium- to coarse-grained (2-5 mm crystals); locally, it
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Figure 12: Field photographs and photomicrographs of unit 6, exhibiting lithological characteristics and/or field relationships, Cat Creek—Euclid
Lake area: a) coarse-grained leucogabbro (UTM 313722E, 5612269N); b) megacrystic leucogabbro to gabbroic anorthosite (UTM 313704E,
5612799N); c) medium- to coarse-grained leucogabbro with few larger plagioclase crystals (>2 cm; UTM 313769E, 5612930N); d) massive, medi-
um- to coarse-grained leucogabbro to gabbroic anorthosite (UTM 313769E, 5612930N); e) photomicrograph of leucogabbro, showing interstitial
hornblende that includes an equant plagioclase crystal, sample 111-12-538A01 (PPL; courtesy of A. Polat, 2018); f) photomicrograph of leuco-
gabbro showing a single hornblende crystal that includes subhedral, twinned plagioclase laths, sample MV2017-1B-10 (PPL; courtesy of A. Polat,
2018); g) very coarse grained to megacrystic leucogabbro to anorthositic gabbro (unit 6, Euclid Lake intrusion; UTM 332361E, 5605049N), with
euhedral to subhedral plagioclase crystals and interstitial amphibole; h) very coarse grained to megacrystic leucogabbro to gabbroic anorthosite
(unit 6, Euclid Lake intrusion; UTM 332626E, 5605024N). Abbreviation: PPL, plane-polarized light.
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Figure 14: Field photographs of unit 8 gabbroic rocks, Cat Creek—Euclid Lake area: a) medium- to coarse-grained gabbro with disseminated chal-
copyrite and pyrrhotite, New Manitoba Mine intrusion (UTM 324533E, 5608618N); b) coarse-grained massive gabbro containing chalcopyrite
and pyrrhotite disseminations and blebs (UTM 324444E, 5608654N) c) fine-grained gabbro displaying ophitic texture, marginal phase of the New
Manitoba Mine intrusion (UTM 324035E, 5609005N); d) fine- to medium-grained gabbro, Cat Lake intrusion, intruded first by trondhjemite and
then by pegmatite (that locally contains gabbro xenoliths; (UTM 327649E, 5609300N); e) medium-grained gabbro intruded by a granodiorite
dike derived from the Maskwa Lake batholith Il (unit 10; UTM 330094E, 5606632N); f) medium-grained gabbro dike emplaced into tonalite of
the Maskwa Lake batholith | (unit 1), both rock types strongly foliated (UTM 330493E, 5607254N); g) foliated, fine- to medium-grained gabbro
cut by medium-grained granodiorite (unit 10; UTM 323012E, 5612129N); h) numerous granodiorite veins to dikes of the unit 10 TTG suite that
cut foliated, fine-grained gabbro at the contact (UTM 322766E, 5612170E). Abbreviations: Gb, gabbro; Pg, pegmatite; Tj, trondhjemite; TTG,
tonalite-trondhjemite-granodiorite.
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is strongly magnetic. It consists essentially of plagioclase (50—
60%), hornblende (30-40%; after pyroxene) and accessory
magnetite and ilmenite. Secondary sericite, chlorite, epidote
and biotite are common, especially within fault zones. Spo-
radic mineralized localities contain up to 15% disseminated
chalcopyrite and pyrrhotite (tpyrite).

Unit 8 gabbroic intrusions are intruded by various gran-
itoid rocks (units 10), such as north of Cat Lake where rocks
of the Cat Lake intrusion are intruded by trondhjemite and
younger pegmatite (Figure 14d). At Euclid Lake, gabbro is
cut by granodiorite dikes from the Maskwa Lake batholith I
(unit 10; Figure 14e). Unit 8 gabbro dikes are commonly seen
to be intrusive into older granitoid rocks of unit 1 (Figure 14f).

In the Cat Creek area, unit 8 comprises fine- to medium-
grained gabbro that occurs as dikes and sills in the middle part
of the Mayville intrusion. The gabbroic rocks are dark green on
fresh surface and characterized by plagioclase phenocrysts in
a fine-grained matrix of amphibole (after pyroxene) and pla-
gioclase. Chlorite and biotite alteration are common, whereas
disseminated pyrrhotite is rare. In most cases, unit 8 rocks are
nonmagnetic and appear to be undeformed, unlike the unit 7
gabbro atop the Mayville intrusion. Leucogabbro and anortho-
site xenoliths occur locally in the unit 8 gabbroic intrusions,
some of which display chilled margins that suggest they are
likely younger than the ca. 2743 Ma Mayuville intrusion. The
unit 8 gabbroic intrusions occur within older leucogabbro
(unit 6), as well as intercalated with metasedimentary rocks
(unit 9) north of the Mayville intrusion. The gabbro is locally
very similar to basalt (unit 2) in appearance but is distinguished
by its intrusive relationship. At contact zones (e.g., north of Cat
Creek), however, unit 8 gabbroic rocks display moderate to
strong foliation and are cut by granodiorite (Figure 14g, h) of
the TTG suite (unit 10; Table 1).

Cat Creek assemblage (2735.7 3.8 Ma): sedimentary,
volcaniclastic and volcanic rocks (unit 9)

Unit 9 consists of sedimentary rocks (and derived
gneisses), intercalated thin volcaniclastic beds and relatively
minor mafic volcanic rocks that outcrop close to the northern
margin of the Mayuville intrusion, north of Cat Creek (Yang,
2012) in the northwestern part of the map area. The diverse
rock association of unit 9 is termed the ‘Cat Creek assemblage’,
whose direct contact with the Mayville intrusion, however, was
not observed due to lack of exposure. The contact is inferred as
faulted or tectonic (Table 1).

The main rock types in unit 9 are well-layered (1-10 cm)
greywacke and siltstone (Figure 15a), fine- to medium-grained
sandstone and laminated gneiss containing garnet porphyrob-
lasts (Figure 15b—d). Matrix-supported to clast-supported poly-
mictic conglomerate with felsic volcanic and granitoid clasts
occurs locally at the base of unit 9 (Figure 15e). Volcaniclastic
sandstone with intermediate to felsic volcanic clasts and feld-

spar, which occurs as a thin bed within unit 9, contains garnet
and biotite bands and/or patches (Figure 15f). A thin bed of
lapilli tuff to massive tuff up to 10 m in thickness (Figure 15g)
is locally evident, but its lateral distribution is unknown. Below
the lapilli tuff to tuff bed, a very coarse fragmental rock subunit
containing ovoid to amoeboid fragments that are rimmed and
unsorted to randomly distributed is either a debris flow or a
volcanic breccia to tuff breccia (Figure 15h).

Alternating biotite-amphibole-garnet and feldspar-quartz
layers within a lithic fragment-rich greywacke/sandstone bed
suggest metamorphic differentiation and amphibolite-facies
grade of metamorphism. Late granitoid and pegmatite dikes
and veins were emplaced within this unit.

Internal contact relationships between the sedimen-
tary, gneissic and volcaniclastic rocks in unit 9, however,
are unknown because of the lack of exposure in the field.
New detrital U-Pb zircon age data provide a mean of 2735.7
+3.8 Ma for the dominant detrital zircon population in a vol-
caniclastic sandstone sample collected from this unit close to
the northern margin of the Mayville intrusion. This age sug-
gests that it is largely or partially derived from rocks younger
than the ca. 2743 Ma ‘Bird River magmatic event’ (Houlé et al.,
2013) because most units associated with this magmatic event
are mafic—ultramafic and may not contain zircon. Unit 9 may
correlate with rocks of the Peterson Creek formation in the
southern part of the BRGB (Gilbert et al., 2008). Intriguingly,
one exposure of unit 9 fine-grained greywacke-siltstone north
of Cat Creek that is cut by pegmatite dikes (consisting mainly
of K-feldspar and quartz) contains prominent amphibole and
garnet porphyroblasts. In addition, the gneiss subunit is cut by
late granite and pegmatite dikes, suggesting that unit 9 rocks
predate the rocks of the TTG suite (unit 10).

Tonalite, trondhjemite, granodiorite (TTG) suite rocks
of the Maskwa Lake batholith Il (unit 10)

Granitoid rocks of the TTG suite (unit 10) are abundant
south of the Cat Creek—Euclid Lake area, where they represent
part of the ca. 2725 +6 Ma Maskwa Lake batholith Il (Table 1;
Wang, 1993; Gilbert et al., 2008; Yang et al., 2012, 2013;
Yang, 2013, 2014a; Yang and Gilbert, 2014a). This unit is also
exposed south of the eastern part of the Mayuville intrusion,
where the granitoid rocks intrude unit 2 basalt and related
gabbro (Figure 16a, b). Intrusions of the TTG suite also occur
within the eastern part of the Mayuville intrusion (Yang, 2012),
where granitoid rocks intrude basalt of unit 2 and medium-
grained gabbro of unit 8. Similar relationships were observed
on the northwestern shore of Sausage Lake (see Map GR2020-
1-1), where medium- to coarse-grained granodiorite (unit 10)
intruded and brecciated medium-grained gabbro (unit 8; Fig-
ure 16c).

In addition to tonalite, trondhjemite and granodiorite,
subordinate phases of the TTG suite include quartz diorite
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Figure 15: Field photographs of unit 9 sedimentary, volcaniclastic and volcanic rocks, exhibiting lithological characteristics and/or field rela-
tionships, Cat Creek—Euclid Lake area: a) well-bedded greywacke (UTM 315176E, 5613405N); b) folded gneiss, containing felsic veins that are
both parallel and discordant to the main foliation (UTM 312461E, 5613304N); c) laminated garnet-porphyroblastic greywacke (UTM 315401E,
5613350N); d) well-bedded siltstone and greywacke, containing disseminated pyrite (UTM 315357E, 5613415N); e) polymictic conglomerate
with felsic volcanic and granitoid fragments (UTM 315908E, 5613436N); f) volcaniclastic sandstone with garnet and biotite bands and/or patches
(UTM 315913E, 5613513N); g) lapilli tuff (UTM 315915E, 5613319N); h) tuff breccia to volcanic breccia or debris flow (UTM 315939E, 5613300N).

Geoscientific Report GR2020-1 23



Figure 16: Field photographs and photomicrographs of unit 10 tonalite-trondhjemite-granodiorite (TTG) suite rocks of the Maskwa Lake batho-
lith Il, showing some of the key field relationships, Cat Creek—Euclid Lake area: a) (view width is about 2 m) and b) medium-grained granodiorite
intruding very fine grained basalt (unit 2) and containing basalt fragments (UTM 317746E, 5160077N); c) medium- to coarse-grained grano-
diorite, Maskwa Lake batholith Il (unit 10), which intruded and brecciated medium-grained gabbro (unit 8; UTM 328104E, 5605981N); d) two-
feldspar porphyry, Maskwa Lake batholith Il (UTM 324786E, 5597364N); e) medium-grained tonalite cut by a granodiorite dike that is offset by
a fault (sinistral sense of movement; UTM 323969E, 5608326N); f) large plagioclase-phyric mafic inclusion (left side of view) in tonalite cut by
simple pegmatite dike and veins (UTM 323969E, 5608326N).
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Figure 16 (continued): Field photographs and photomicrographs of unit 10 tonalite-trondhjemite-granodiorite (TTG) suite rocks of the Maskwa
Lake batholith I, showing some of the key field relationships, Cat Creek—Euclid Lake area: g) fine-grained gabbroic dike (up to 15 m wide) cuts
unit 10 tonalite in the Maskwa Lake batholith Il (UTM 327063E, 5608933E); h) unit 10 feldspar porphyry contains abundant plagioclase feldspar
phenocrysts (UTM 326833E, 5608665N); i) coarse- to very coarse grained, massive scapolite-garnet skarn cut by chalcopyrite-pyrite—bearing
quartz veins (UTM 328671E, 5608315N) at the Cat Lake Au-Ag mine; j) enlarged view of euhedral to subhedral garnet crystals in the skarn shown
in Figure 16i; k) photomicrograph of the skarn in Figure 16i (sample 111-14-17A01;), showing clusters of diopside crystals aligned along foliation
planes within large garnets (PPL); 1) photomicrograph of the skarn in Figure 16i, showing clinopyroxene (diopside) clusters within large garnet
crystals that are black due to extinction (sample 111-14-17A01; XPL). Abbreviations: PPL, plane-polarized light; XPL, cross-polarized light.
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and diorite, as well as late quartz-feldspar porphyry dikes (Fig-
ure 16d) and gabbroic dikes that postdate the other phases.
Field relationships generally indicate the emplacement
sequence within the TTG suite as tonalite and trondhjemite
being cut by granodiorite and evolved granite, and then by
associated simple pegmatite dikes and veins (i.e., compris-
ing mainly quartz+feldspartbiotite; Figure 16e, f). Fine- to
medium-grained mafic inclusions are common in rocks of the
unit 10 TTG suite.

Granitoid rocks of the TTG suite are generally medium
to coarse grained, weakly foliated to massive and locally por-
phyritic. Feldspar and quartz are the predominant minerals;
K-feldspar locally accounts for more than one-third of the total
feldspar content (commonly as phenocrysts), whereas mafic
minerals (biotitetamphibole) are subordinate (10-20% of the
rock).

Granodiorite north of Sausage Lake contains chalcopyrite-
bearing quartz veins and is characterized by K-metasomatism
(K-feldspar+biotite), suggesting a potential for porphyry Cu-
(Au)—type mineralization. The depth of emplacement and
erosion level of the granitoid intrusion could be estimated
by Al-in-hornblende geobarometry (Hammarstrom and Zen,
1986; Johnson and Rutherford, 1989), but the hornblende is
mostly altered, thus rendering the results calculated from this
method less reliable (Yang, 2017).

Porphyritic quartz diorite and feldspar porphyry are cut
by fine-grained, east-trending gabbro dikes (Figure 16g), up to
15 m wide, in the southern part of the Maskwa Lake batho-
lith 1. The porphyry is interpreted as a late-stage stock result-
ing from arc magmatism (Yang, 2014b). The porphyry dikes
are not foliated, contain both plagioclase and Kfeldspar phe-
nocrysts and show strong sericitic and chloritic alteration; no
mafic minerals are discernible in outcrop (Figure 16d, h). Pet-
rologically, these feldspar porphyries are similar to sanukitoids
(Shirey and Hanson 1984; Yang and Gilbert, 2014a).

It is noteworthy that Cu-Au-Ag mineralization (e.g., Cat
Lake Au-Ag mine; Theyer, 1994) is hosted in a skarn zone
emplaced between the unit 10 granitoids and unit 2 basalt
(Yang et al., 2013). The skarn is coarse to very coarse grained,
composed dominantly of euhedral to subhedral garnet (Fig-
ure 16i—j) and crosscut by chalcopyrite-pyrite—bearing quartz
(xcarbonate) veins. Large garnet grains contain clusters of
clinopyroxene (diopside) crystals that appear to align along
S, foliation (Figure 16k-l). This skarn contains 75-80% garnet,
and 15-20% diopside that is subhedral and 0.1-0.5 mm, with
longer edges being subparallel foliation planes. The skarn also
contains minor scapolite, tvesuvianite, amphibole, epidote,
magnetite, ilmenite, quartz, chalcopyrite, pyrrhotite, pyrite
and carbonate (calcite, dolomite?). The skarn is cut by late
quartz veins, consisting of fine- to medium-grained quartz with
undulose extinction and containing chalcopyrite, pyrrhotite,
and pyrite.

It is well known that skarn commonly occurs as a meta-
somatic product at the contact zone between granitoid intru-
sions and carbonate rocks (e.g., Siivola and Schmid, 2007).
Unfortunately, no carbonate rocks were encountered nearby
at the Cat Lake deposit during the course of this mapping.

Euclid Lake assemblage: sedimentary, volcaniclastic
and related intrusive rocks (unit 11)

The Euclid Lake assemblage (unit 11) is composed domi-
nantly of sedimentary rocks, intercalated thin mafic volcani-
clastic sandstone beds, and mafic rocks. This unit is exposed
mainly along the northeastern shore of Euclid Lake (Yang,
2013) and extending to the southeast. The unit is intruded by
granitoids (unit 12) northeast of Euclid Lake and is in faulted
contact with the TTG suite (unit 10) to the south (Yang, 2013;
Yang et al.,, 2013). The main rock types are well-layered
(1-10 cm) feldspathic greywacke, arkose, siltstone and oxide-
facies iron formation (Figure 17a—c). The fine- to medium-
grained sedimentary rocks display alternating feldspathic and
mafic laminae, and are intercalated with thin beds of volcani-
clastic sandstone (Figure 17a, b). Where the sedimentary rocks
are folded and relatively more metamorphosed, they contain
leucosome veins parallel, and locally oblique, to the main folia-
tion (Figure 17d, e).

Gabbroic sills and/or dikes (up to 1 m thick) within the
sedimentary sequence at Euclid Lake are thought to be pene-
contemporaneous with deposition of their hostrocks, based on
consistently concordant contact relationships; these gabbroic
rocks have been strongly deformed and foliated together with
the sedimentary rocks (Figure 17g, h). Late pegmatitic granite
dikes were emplaced within unit 11 rocks; some of these dikes
were boudinaged (Figure 17f).

Northwest-trending, 1-3 m thick, oxide-facies iron forma-
tion is intercalated with fine-grained quartz-biotite schist and
gneiss northwest of Euclid Lake (Theyer, 1994; Assessment
File 92607, Manitoba Agriculture and Resource Development,
Winnipeg). The iron formation is locally folded and disrupted,
and extends discontinuously along strike for more than 350 m;
it is locally mineralized with minor pyrrhotite (Theyer, 1994).

A comparison of supracrustal rock formations in the north-
ern arm of the BRGB with those in the southern part (Gilbert et
al., 2008) suggests that some of them may be correlative. Yang
et al. (2012) interpreted a volcaniclastic rock (unit 9; Table 1) in
the Cat Creek area of the northern arm to predate the 2742.8
+0.8 Ma Mayville intrusion (Houlé et al., 2013). However, new
detrital zircon age data provided a mean age of 2735.7 +3.8 Ma
for the dominant detrital zircon population in a volcaniclastic
sandstone sample from this unit, which was collected from an
outcrop close to the northern margin of the Mayville intrusion,
suggesting that it probably postdates the Mayville intrusion
formed by the ‘Bird River magmatic event’ and may correlate
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Figure 17: Field photographs of sedimentary and volcaniclastic rocks of unit 11, showing their relationships with (inferred) syndepositional mafic
rocks and younger pegmatite dikes, Cat Creek—Euclid Lake area: a) lithic greywacke and arkose with thin, mafic volcaniclastic sandstone and
quartzite (iron formation) beds, bedding being reinforced by penetrative foliation (UTM 332040E, 5605616N); b) arenite and siltstone, showing
feldspathic laminae and mafic layering (UTM 332040E, 5605616N); c) rusty banded iron formation (BIF) with strong magnetics (UTM 332040E,
5605616N); d) greywacke, arkose and mafic volcaniclastic sandstone, with leucosome veinlets both parallel and oblique to main foliation; this
sedimentary package is cut by coarse-grained to pegmatitic granite (visible at right margin; UTM 332040E, 5605616N); e) M-symmetric folds
in metasedimentary rocks, cut by coarse-grained to pegmatitic granite (right edge of view); f) greywacke intruded by boudinaged granite dike
and veinlets (UTM 332040E, 5605616N); g) syndepositional mafic volcanic rock recrystallized to medium-grained amphibolite within unit 11
metasedimentary rocks, interpreted as intrusive, penecontemporaneous with deposition of the sedimentary host; also shows brittle deformation
of early penetrative fabric (UTM 332040E, 5605616N); h) enlarged view of the mafic rock (medium-grained amphibolite) in Figure 17g, showing
multiple generations of deformation reflected by differing orientation of fabrics.
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with rocks of the Peterson Creek formation in the main part of
the BRGB (Gilbert et al., 2008; Figure 2).

In the Euclid Lake area, however, sedimentary rocks con-
tain layers of mafic volcanic rocks and/or are intruded by thin
gabbroic sills that could be related to either the 2725 Ma TTG
suite or to synvolcanic gabbro within the mafic volcanic rocks;
thus, a post—Euclid Lake intrusion age (i.e., post ca. 2743 Ma)
cannot be ruled out for this portion of the sedimentary pack-
age at Euclid Lake.

Inconnu pluton (unit 12)

Based on field relations, mineral assemblages and textural
characteristics, the Inconnu pluton (Cerny et al., 1981) is sub-
divided into two subunits: Inconnu pluton | (subunit 12a) and
Inconnu pluton Il (subunit 12b). Mafic dikes cutting the Inconnu
pluton are rare or absent, but metasedimentary rock xenoliths

that occur in the pluton are a geological criterion to differenti-
ate unit 12 granitoids from the unit 10 TTG suite south of the
Cat Lake—Euclid Lake fault zone (Yang, 2013; Yang et al., 2013).

Inconnu pluton I (subunit 12a)

Granodiorite and granite (subunit 12a) occur in the area
north of the west-northwest-trending Cat Creek—Euclid Lake
fault zone, and directly north of subunit 12b gneissic grano-
diorite and unit 13 muscovite- and/or garnet-bearing granite
(see below). Subunit 12a granitoid rocks are interpreted as
early phases of the Inconnu pluton | of Cerny et al. (1981),
which consists mainly of coarse-grained, locally porphyritic,
pinkish grey granodiorite, granite and minor monzogranite,
and diorite to quartz diorite. Some of these granitoid rocks
show heterogeneous texture (Figure 18a); very coarse grained
to pegmatitic granite with heterogeneous texture is locally
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Figure 18: Field photographs of various phases of granitoid rocks in the Inconnu pluton | (subunit 12a) and Il (subunit 12b), showing some of
the key features and field relationships, Cat Creek—Euclid Lake area: a) coarse-grained granite with heterogeneous texture (subunit 12a; UTM
333044E, 5605525N); b) medium-grained granodiorite cut by simple pegmatite consisting of quartz and feldspars (subunit 12a; UTM 323140E,
5612109N); c) gneissic granodiorite (subunit 12b) containing biotitetgreenish amphiboletmuscovite and associated simple pegmatite vein (UTM
332922E, 5605199N); d) medium-grained, strongly foliated granodiorite bearing biotitetgreenish amphiboletmuscovite (subunit 12b; UTM
332663E, 5605219N).
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transitional to homogeneous, massive or porphyritic varieties.
The massive to weakly foliated granitoid rocks are character-
ized by a mineral assemblage of quartz-feldspar(s)-amphibole-
biotitetmuscovite. Accessory minerals are apatite, zircon,
titanite, monazite tmagnetite. Late (quartz-feldspartmusco-
vite) pegmatite dikes are common within subunit 12a granitoid
rocks. As pointed out by Cerny et al. (1981), minor muscovite in
some of the granite phases is the product of secondary altera-
tion.

Inconnu pluton Il (subunit 12b)

Subunit 12b granitoid rocks are confined to a narrow
zone that extends from the area north of central Euclid Lake
northwestward to the area north of the Trans-license road.
This subunit is gradational or intrusive into granitoid rocks of
subunit 12a that occur immediately north of Euclid Lake. Sub-
unit 12b rocks were interpreted as part of the young phases of
the Inconnu pluton 1l of Cerny et al. (1981). Contacts between
subunit 12b and unit 11 sedimentary rocks were not observed,
but subunit 12b is assumed to be coeval with or younger than
subunit 12ain terms of their spatial relation with the Cat Creek—
Euclid Lake fault zone (Figure 3). Subunit 12b granitoid rocks
are strongly foliated to gneissic, light grey to grey and medium
grained; the mineral assemblage includes dark brown (Fe-rich)
biotitetgreenish amphiboletmuscovite (Figure 18c, d). Mica-
ceous, dark brown biotite stringers (1-3 mm wide) parallel to
the foliation locally wrap around feldspar porphyroclasts.

Late granodiorite, granite (unit 13)

Late granodiorite and granite intrusions (e.g., Cat Creek
intrusion) are closely associated with pink to grey, muscovite-
garnet (ttourmaline)-bearing pegmatite bodies that cut all
other map units (see below). The late granitoid rocks, which
are younger than the Mayville intrusion, occur largely in the
area north of, and are rare or absent south of, the Mayville
intrusion. No direct contact of unit 13 granitoids with the May-
ville intrusion was observed in the field, although strongly foli-
ated, fine- to medium-grained mafic (gabbroic) xenoliths are
evident in unit 13 massive granite at the northern margin of
the Mayville intrusion. It is inferred that the contact is faulted.

The granitoid rocks (unit 13) are massive, fine to coarse
grained and locally porphyritic; they are rarely deformed.
Quartz, plagioclase and K-feldspar form approximately 90%
of the granitoid rocks; muscovite, tred garnet, tbiotite, and
ilmenite are accessories (Figure 19a—c), but magnetite is rare
or absent. Textural evidence of muscovite and garnet (Fig-
ure 19d-f) occurring together with an intergrowth of quartz
and feldspar (Figure 19e, f) indicates that the muscovite and
garnet are magmatic in origin (Kushner, 2016), which contrasts
with the secondary muscovite found in subunit 12b (Cerny et
al.,, 1981). In addition, a notable physical feature of unit 13
granitoids is that they display very low magnetic-susceptibility

values of <0.1x10 SI, consistent with typical S-type granites
(Chappell and White, 1974, 1992, 2001) and the ilmenite-
series granites defined by Ishihara (1977, 1981, 2004). The
occurrence of unit 13 granites may indicate a terrane boundary
zone (Yang, 2014b; Yang et al., 2019) between the English River
basin to the north and the BRGB to the south.

Pegmatitic granite, pegmatite and minor aplite
(unit 14)

Pegmatitic granite and pegmatite intrusions (unit 14), typ-
ically 0.5-30 m thick, are the youngest known rocks in the map
area. Pegmatitic granites are composed of quartz, K-feldspar,
and muscovitextourmaline (Figure 20a, b); they occur both
along and crosscutting foliations in unit 11 greywacke on the
northern shore of Euclid Lake. Both simple and complex peg-
matites occur in the Cat Creek—Euclid Lake area. Simple pegma-
tite is composed mainly of K-feldspar, plagioclase and quartz
(tbiotite, +muscovite), without notable replacement textures.
Complex pegmatite exhibits metasomatic texture and contains
more diverse mineral assemblages (K-feldspar-quartz-albite+
muscovitetgarnetttourmalinetspodumenetberyl; Figure 20c—
f); graphic texture is locally evident in both simple and complex
pegmatites. Where identifiable, the simple type is commonly
hosted by all phases of granitoid intrusions (units 1 and 10, and
subunit 12a), whereas the complex type appears to be associ-
ated only with subunit 12b and unit 13.

For a comprehensive review of pegmatites in the BRGB,
the reader is referred to the very detailed descriptions in Cerny
et al. (1981).

Mineral chemistry

Mineral chemistry data on rocks of the Mayville intrusion
(units 3-7) are presented in Tables 2—5. All analytical work
was done at the University of Manitoba using a Cameca SX100
electron probe microanalyzer (EPMA). Detailed analytical con-
ditions were briefly reported in Yang and Gilbert (2014b) and
are included in DRI2020024. A brief description of the mineral
chemistry of chromite, hornblende and plagioclase, as well as
some other minerals, is presented in this section.

Chromite

Introduction

To demonstrate the importance of chromite for investiga-
tions of petrogenesis and mineral exploration for mafic—ultra-
mafic rocks, it is necessary to provide a brief background on
chromite studies before the results of work on the Mayville
chromite are presented.

Chromite (Fe**Cr,0,) is an end member of the spinel group
of minerals, whose formula is AB,O, (where A is Fe*, Ni*,
Mn?*, Co* or Zn?** in four-fold co-ordination T sites, and B is
Cr¥, Fe¥, APP* or Ti* in six-fold co-ordination M sites; see Deer
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Figure 19: Field photographs and photomicrographs of unit 13 muscovite-garnet—bearing granitoids, showing some of the key features and field
relationships, Cat Creek—Euclid Lake area: a) massive, medium- to coarse-grained, equigranular, muscovite-garnet—bearing granite that displays
a very low magnetic-susceptibility (MS) value of 0.044x10° SI (UTM 314163E, 5613775N); b) massive, coarse-grained, muscovite-garnet—bear-
ing granite with a very low MS value of 0.021x10° SI (UTM 314790E, 5613829N); c) fine- to medium-grained garnet-muscovite—bearing granite
(UTM 310217E, 5613304N); d) photomicrograph of muscovite-garnet—bearing granite (sample 111-15-4A01; PPL); e) same view as Figure 19d
but under cross-polarized light (XPL); f) photomicrograph of muscovite-garnet—bearing granite, showing clusters of myrmekitic textures (sample
111-15-4A01; XPL). Photos d—f from Kushner (2016). Abbreviations: PPL, plane-polarized light; XPL, cross-polarized light.
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Figure 20: Field photographs and photomicrographs of unit 14 pegmatitic granite, granitic pegmatite and minor aplite, showing some of the
key features and field relationships, Cat Creek—Euclid Lake area: a) muscovite- and tourmaline-bearing pegmatitic granite intrusive into unit 11
sedimentary rocks (UTM 332040E, 5605616N); b) pegmatitic granite as veins or dikes cutting S, foliations (UTM 332040E, 5605616N); c) mas-
sive, spodumene-muscovite—bearing pegmatite (UTM 324702E, 5609789N) from a 60 cm wide dike that trends 325°; d) garnet-tourmaline-
muscovite pegmatite (UTM 328943E, 5607872N) from a 30 m wide pegmatite dike that cuts medium-grained gabbro of unit 8; e) enlarged view
of part of Figure 20d, showing euhedral garnet-crystal clusters; f) massive muscovite-bearing pegmatite (UTM 330469E, 5607231N).
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et al., 1962, 1992). Spinel-group minerals have long been used
as ‘petrogenetic indicators’ (Irvine, 1965, 1967) because they
1) crystallize over a wide range of conditions from mafic—ultra-
mafic magmas; 2) are among the first phase(s) to crystallize;
3) display a wide range of solid solution; and 4) are relatively
refractory and resistant to alteration and metamorphism, com-
pared to other high-temperature magmatic silicate minerals
such as olivine or orthopyroxene (Bateman, 1943, 1945; Peck
and Keays, 1990; Ballhaus et al., 1991; Barnes, 1998, 2000;
Barnes and Roeder, 2001; Sobolev and Logvinova, 2005; Rol-
linson et al., 2010; Krause et al., 2011; Voigt and von der Handt,
2011; Yang and Gilbert, 2014b).

The cores of chromite crystals can retain their original
magmatic chemistry at metamorphic temperatures of up to
500°C (Barnes, 1998) or even higher (Rollinson et al., 2002,
2010). Therefore, chromite chemistry has proven to be an
effective tool for investigating magma types, magmatic pro-
cesses and tectonic settings in metamorphosed mafic—ultra-
mafic intrusions (lrvine, 1965; Roeder, 1994; Stowe, 1994;
Barnes, 1998, 2000; Barnes and Roeder, 2001; Kamenetsky et
al., 2001; Arif and Jan, 2006). The chemical composition of spi-
nel minerals can also be used to identify Ni-mineralized and
-barren mafic—ultramafic intrusions (Yang et al., 1994; Barnes
and Tang, 1999; Barnes and Kunilov, 2000). Therefore, spinel
is one of the best index minerals for Ni-Cu-PGE-Cr exploration.
Moreover, chromite included in diamonds displays a relatively
narrow Cr#f range (100xCr3/[Cr¥*+Al*]=75-90) but variable
Mg# (100xMg?*/[Mg?**+Fe?*]=50-80), thus making it an ideal
indicator mineral for diamond exploration (Sobolev and Log-
vinova, 2005).

Occurrences of chromite in the Mayville intrusion

Chromite occurs mostly in unit 4 rocks of the heterolithic
breccia zone (HBZ) of the Mayville mafic—ultramafic intrusion
(Peck et al., 1999; Yang et al., 2012; Yang and Gilbert, 2014b)
as 1) chromitite bands or layers; 2) disseminations in pyrox-
enite and gabbro; and 3) discrete crystals in the reaction
zones between leucogabbro (blocks) and ultramafic rocks in
the intrusion, as described by Hiebert (2003). Chromitite lay-
ers up to 0.4 m thick, consisting of ~30-50 mode % chromite
plus amphibole, chlorite and minor sulphide, occur within the
upper HBZ (Figure 21a, b). Some chromite grains contain exso-
lution lamellae of ilmenite and/or rutile (Figure 21c), confirm-
ing the observations of Hiebert (2003). This style of chromitite
is similar to that of the Bird River sill, where the Chromitiferous
zone, comprising chromitite bands or layers, is also present at
the top of the Ultramafic series (Scoates et al., 1986, 1989; Wil-
liamson, 1990; Sotiriou et al., 2019). Some chromitite layers in
pyroxenite are strongly magnetic (Figure 21d), whereas others
are lens-like rafts trapped in anorthosite that are not magnetic
(Figure 21e). Disseminated chromite usually occurs in ultra-
mafic dikes in the heterolithic breccia unit, which contains
scattered disseminated pyrrhotite and chalcopyrite (Figure

21f). Some chromite crystals contain rounded inclusions of sili-
cate melt (Figure 21g), suggesting that they crystallized from
a silicate melt (magma). Compositional zoning is common in
Mayville chromite (Figure 21h), indicating that it was likely
buffered by the melt composition. Pyrrhotite inclusions are
evident in chromite, suggesting that sulphide saturation may
have occurred earlier (Hiebert, 2003; Yang et al., 2011, 2012),
perhaps resulting in Ni, Cu and PGE depletion in the evolved
residual magma(s).

Hiebert (2003) investigated the chemical composition of
chromite from the Mayville intrusion, concluding that it is gen-
erally characterized by much lower MgO/(MgO+FeQ) ratios
than those in the Bird River sill (as determined by Gait, 1964).
This suggests that the magmas from which the Mayville intru-
sion formed may have been relatively more evolved, consistent
with petrological and lithogeochemical features (Theyer, 1991,
2003; Peck et al., 1999, 2000; Yang et al., 2011, 2012). Hiebert
(2003) only analyzed five elements (i.e., ALLO,, MgO, Cr,0,,
TiO,, FeO) by EPMA. Full characterization of the chemistry of
chromite, however, also requires analysis of NiO, CoO, MnO
and ZnO (Barnes and Roeder, 2001; Rollinson et al., 2010).

In this report, 17 samples from the Mayville intrusion were
collected for petrographic investigation and chemical analy-
sis of chromite to characterize their chemical signatures and
magmatic affinity, and compare them with those of chromite
in the Bird River sill. The nature of the parent magma from
which the Mayville intrusion formed is also assessed using
chromite chemistry. Cores of refractory chromite grains may
record information regarding the magma from which it crystal-
lized, whereas rim composition of the chromite may reflect re-
equilibrium with interstitial residual melt (silicate liquid; e.g.,
Barnes and Roeder, 2001; Rollinson et al., 2002, 2010).

Petrography

Massive, fine-grained chromitite consists of 35-50
mode % euhedral to anhedral chromite, 0.02—0.3 mm in diam-
eter, embedded in a groundmass of serpentine and chlorite
(Figure 21b). Most chromite grains are unaltered, although
some display minor chloritic alteration. Some chromite crys-
tals contain rounded silicate inclusions (Figure 21g) and others
have sulphide inclusions, indicating that chromite crystallized
from sulphide-saturated silicate magma(s). Compositional
zonation is common, mostly with an FeO'-enriched rim and
Cr,0,-rich core (Figure 21h). However, reverse zoning is also
evident. Opaque minerals are dominantly chromite and minor
ilmenite and rutile.

Disseminated chromite also occurs in pyroxenite and gab-
broic rocks from the Mayville intrusion. The ultramafic rocks
are commonly coarse grained, showing adcumulus texture,
and consist dominantly of hornblende (as a result of alteration
of pyroxene, mostly clinopyroxene). Hornblende crystals are
euhedral to subhedral and constitute more than 90% of the
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Figure 21: Field photographs and photomicrographs of chromite occurrences and representative photomicrographs of chromite crystals in the
Mayville intrusion, Cat Creek—Euclid Lake area: a) disrupted, ~40 cm thick, nonmagnetic chromitite band in pyroxenite from the heterolithic
breccia zone (unit 4; UTM 314616E, 5612596N); b) photomicrograph of euhedral to subhedral chromite crystals (scale bar is 300 um) in massive
chromitite band (sample 111-12-500B1; location same as Figure 21a; RPL); ¢) photomicrograph of exsolved lamellae in a chromite crystal (sample
111-12-5008B1; RPL); d) strongly magnetic chromitite layers in pyroxenite (UTM 314606E, 5612599N); e) lens-like chromitite raft in pyroxenite
(UTM 314606E, 5612599N) trapped in anorthosite; f) disseminated chromite in an ultramafic dike from the heterolithic breccia zone that also
contains scattered disseminated pyrrhotite and chalcopyrite (UTM 314616E, 5612473N); g) photomicrograph of spherical inclusion of silicate
melt, about 25 um in size, in a subhedral chromite crystal with resorbed edges (sample 111-12-500B1; RPL); h) back-scattered electron image
with pseudocolour, showing compositional zonation and/or heterogeneities in chromite (sample 111-12-500B1). Abbreviation: RPL, reflected
polarized light.
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mode (Yang and Gilbert, 2014b). Some hornblende grains are
strongly altered to chlorite, carbonate and magnetite. Recrys-
tallization of some grains is manifested by smaller amphibole
aggregates. Disseminated chromite occurs as inclusions in
hornblende grains, and pyrite and pyrrhotite are interstitial.

Chromite chemistry

Table 2 presents the chemical compositions and structural
formulas of chromite in representative samples collected from
the Mayville intrusion and the Bird River sill. The detailed data-
set is tabulated in Tables 2_1 and 2_2 of DRI2020024.

Table 2: Chemical compositions (wt. %) and structural formulas of chromite in representative samples from the Mayville intrusion and Bird River

sill, Cat Creek—Euclid Lake area, Bird River greenstone belt.

Sample: 111-12-500B1 111-11-12 111-11-20 111-11-18 111-11-21
Intrusion: Mi Mi BRS BRS BRS
Rock type: Chromitite Pyroxenite Chromitite Chromitite Chromitite
Mineral: Chromite Chromite Chromite Chromite Chromite
No. of grains: 4 1 8 4 4
No. of analyses: 13 1 14 5 7
Av. SD Core Av. SD Av. SD Av. SD

Sio, 0.01 0.01 0.16 0.02 0.01 0.03 0.02 0.07 0.11
TiO, 1.17 0.06 0.50 0.44 0.20 0.36 0.04 1.26 0.04
V,0, 0.36 0.04 0.25 0.29 0.03 0.21 0.03 0.36 0.02
ALO, 12.78 0.51 17.49 16.06 2.39 17.84 0.38 14.45 0.43
Cr,0, 37.22 0.29 30.81 44.37 3.62 41.57 0.25 43.02 0.90
FeO! 44.41 0.39 43.98 28.32 2.18 30.09 1.30 30.61 3.64
FeO 32.26 0.14 31.95 23.09 2.55 24.50 1.47 24.31 3.57
Fe,0, 13.50 0.31 13.37 5.81 1.22 6.22 0.24 7.00 0.21
MnO 0.56 0.03 0.40 0.62 0.20 0.43 0.05 0.61 0.28
MgOo 1.21 0.13 0.57 6.83 1.96 6.06 0.94 6.32 2.53
CoO 0.03 0.02 0.02 0.04 0.03 0.03 0.02 0.01 0.01
NiO 0.08 0.03 0.00 0.09 0.06 0.12 0.03 0.14 0.03
Zn0 0.20 0.03 0.87 0.08 0.05 0.08 0.02 0.09 0.06
Total 99.39 96.39 97.72 97.45 97.66
On the basis of four oxygen:
Cr 1.034 0.011 0.868 1.182 0.119 1.106 0.006 1.159 0.007
Ti 0.031 0.002 0.013 0.011 0.005 0.009 0.001 0.032 0.001
\Y 0.008 0.001 0.006 0.006 0.001 0.005 0.001 0.008 0.000
Al 0.529 0.019 0.735 0.635 0.085 0.708 0.011 0.580 0.008
Fe3* 0.357 0.009 0.358 0.147 0.029 0.158 0.006 0.180 0.008
Fe? 0.948 0.007 0.952 0.651 0.082 0.690 0.045 0.694 0.113
Mn 0.017 0.001 0.012 0.018 0.006 0.012 0.001 0.018 0.008
Mg 0.063 0.007 0.030 0.341 0.091 0.304 0.045 0.319 0.121
Co 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000
Ni 0.002 0.001 0.000 0.002 0.002 0.003 0.001 0.004 0.001
Zn 0.005 0.001 0.023 0.002 0.001 0.002 0.000 0.002 0.001
Cr/(Cr¥*+AP*+Fe®) 0.538 0.006 0.443 0.602 0.058 0.561 0.003 0.604 0.004
Fe3*/(Cre*+Al**+Fe) 0.186 0.005 0.183 0.075 0.015 0.080 0.003 0.094 0.004
Al/(Cr¥+APF*+Fe®) 0.276 0.010 0.375 0.324 0.044 0.359 0.005 0.303 0.004
Fe®*/(Fe*+Fe®) 0.274 0.004 0.274 0.186 0.045 0.186 0.015 0.208 0.026
Mg/(Mg?**+Fe?) 0.063 0.007 0.031 0.343 0.088 0.306 0.045 0.314 0.116
Fe?*/(Mg**+Fe?*) 0.937 0.007 0.969 0.657 0.088 0.694 0.045 0.686 0.116
Cr/(Cr¥+Al*) 0.661 0.010 0.542 0.650 0.052 0.610 0.005 0.666 0.004

Abbreviations: Av., average; BRS, Bird River sill; Core, position of grain; MI, Mayville intrusion; SD, standard deviation.
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Nomenclature of spinel-group minerals used in this
report strictly follows the recommendations of the Interna-
tional Mineralogical Association (Nickel, 1992). Spinel miner-
als are named based on the most abundant trivalent cations:
chromite (dominated by Cr®), spinel (AI*) or magnetite (Fe*).
Accordingly, spinel minerals in the Mayville intrusion and the
Bird River sill are chromite that is dominated by Cr3* (Table 2).
Chromite in the Mayville intrusion has a maximum Cr/Fe' ratio
of 1.1, whereas that in the Bird River sill varies up to 1.8. These
ratios are well within the range of stratiform chromite deposits
associated with layered mafic—ultramafic intrusions but much
lower than those of podiform chromite deposits related to
ophiolite suites (Stowe, 1994).

It is worth noting that chromite in the Bird River sill dis-
plays a range of Mg# from 19 to 50 but maintains a narrow,
relatively high range of Cr# (52-76). In contrast, chromite in
the Mayville intrusion has a larger range of Cr# (31-83), with
only a small and lower variation in Mg# (10-23).

Chemical composition of chromite in the Mayuville intru-
sion and the Bird River sill is well portrayed in a set of composi-
tional diagrams suggested by Barnes and Roeder (2001), based
on two common projections of the spinel prism of Stevens
(1944). The Cr3*-Al**-Fe3* ternary diagram (Figure 22) repre-
sents the projection onto the end face of the prism; diagrams
(not shown) of Cr3*/(Cr3*+Al**) and Fe3*/(Fe3*+Cr3*+Al3*) versus
Fe# (i.e., Fe?*/(Mg?+Fe?) represent their mutual relations to
Fe#. Plots (not shown) of TiO, versus Fe*/(Fe**+Cr**+Al**) and

versus Fe# are also used to explore their compositional varia-
tions.

Two populations of chromite are evident on the Cr3*-AlP*-
Fe* ternary diagram (Figure 22). One group displays an Fe-Ti
trend and exhibits characteristics of enriched Fe*. The other
group, together with the data from the Bird River sill, displays
a Rum trend, indicating the similarity between the two intru-
sions in terms of chromite chemistry, although the data from
the Bird River sill lack the Fe-Ti trend. This suggests that chro-
mite crystallized from magmas of tholeiitic affinity that may
have differentiated by means of fractional crystallization in a
continental-crust setting (cf. Barnes and Roeder, 2001). These
combined trends are interpreted to be the result of reaction
between cumulus chromite crystals and evolving interstitial
silicate melt. This is consistent with the observations of Barnes
and Roeder (2001), who pointed out that the Rum trend is
commonly restricted to layered mafic intrusions and is attrib-
uted to reaction between cumulus chromite, trapped intercu-
mulus liquid, plagioclase and olivine.

Moreover, some of the chromite in chromitite from the
Bird River sill displays relatively low Fe3* content (Figure 21).
Because the ratio of chromite to the trapped silicate lig-
uid (melt) is so high in chromitite, the effect of the reaction
between chromite and interstitial liquid on the composition
of chromite may be less pronounced. Thus, chromitite is more
likely to reflect the primary composition of liquidus chromite.

Fe*

Gabbroic rocks
Pyroxenite
Chromitite in BRS

Chromitite in Ml

D SR

Cr

Al

Figure 22: Ternary plot of Cr**-APP*-Fe* in chromite from the Mayville intrusion (M) and Bird River sill (BRS) in the Bird River greenstone belt. Data
are from Gait (1964), Hiebert (2003) and this study. Arrows show the Fe-Ti trend and Rum trend, as defined by Barnes and Roeder (2001). The
data for chromite in gabbroic rocks and pyroxenite are from the Mayville intrusion.
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On a plot of Cr# (Cr/[Cr+Al]) versus Fe# (Fe?*/[Mg+Fe?*];
Figure 23), chromite from the Mayville intrusion appears to
resemble that in Archean anorthosite complexes of Rollinson
et al. (2010), showing a continuous trend, but it is distinctly
different from that of the Bird River sill. The Mayuville intru-
sion chromite displays variable Cr# but relatively narrow and
higher Fe#. The Bird River sill chromite, however, has relatively
constant Cr# but variable and relatively lower Fe#, which may
be due to the late-stage metamorphic effect, as proposed by
Scoates et al. (1986). However, at a fixed Cr#, the Mayville
chromite has a higher Fe#t and lower Mg# than chromite from
the Bird River sill that had formed from relatively primitive
magma(s) (i.e., higher Mg#), consistent with their geochemical
signatures based on bulk-rock molar MgO/(FeO+MgO) ratios
(Yang et al., 2011, 2012). This strongly suggests that the paren-
tal magmas of both the Mayuville intrusion and the Bird River
sill are dominantly tholeiitic in affinity but evolved via different
paths (i.e., the Mayville intrusion being more evolved than the
Bird River sill).

In this study, hercynite (Fe**AlLLO,) was not observed in
samples from the Mayville intrusion, although it was reported
to be present as disseminations in a pyroxenite sample by
Hiebert (2003). Hercynite displays the lowest Cr# and relatively
lower Fe#. This mineral belongs to a distinct population in min-
eral chemistry, as shown in Figures 22 and 23. The hercynite

grains occur as disseminations in a matrix of amphibole and
chlorite (Hiebert, 2003), suggesting that it may not be primary
and perhaps formed during later alteration or metamorphism
(e.g., Deer et al., 1962, 1992). Evidence of magmatic hercynite
is very rare (Kamenetsky et al., 2001), so the petrogenetic
implications are not discussed further in this report.

A diagram (not shown) of Fe# versus Fe**/(Fe3**+Cr+Al) indi-
cates that the values for chromite from the Mayville intrusion
are very low (<20 in most cases), comparable to those from
the Bird River sill, and seem to increase with fractionation. This
suggests that the parental magmas from which chromite crys-
tallized might be relatively reduced, favouring the formation
of sulphide minerals (Roeder, 1994). The Fe-numbers, how-
ever, are generally higher but less variable than those from
the Bird River sill, consistent with the conclusion that the May-
ville intrusion is more evolved than the BRS (Yang et al., 2011,
2012). A plot (not shown) of Mg# (Mg/Mg+Fe?) versus Fe3/
(Fe**+Cr+Al) indicates that the Mayville intrusion chromite has
much lower Mg# (<20), whereas chromite in the Bird River sill
has higher and more variable Mg# (20-50). Again, chromite
from chromitite in the Bird River sill is broadly similar to that
in chromitite from continental mafic intrusions, as compiled by
Barnes and Roeder (2001), with relatively low Fe3*/(Fe3*+Cr+Al)
ratios and a range in Fe#.
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Figure 23: Plot of Cr# versus Fe# of chromite from the Mayville intrusion (Ml) and Bird River sill (BRS). Data sources and symbols as in Figure 22.
Hercynite has the lowest Cr# (=0). Shown for comparison are the fields of chromite in arc tholeiite (Barnes and Roeder, 2001), the Oman ophiolite
from the ‘fertile’ mantle harzburgite (dotted outline; Le Mée et al., 2004), and Archean komatiitic intrusions, Bushveld complex, Archean anortho-
sites, Ujaragssuit anorthosite and Sittampundi chromitite (Rollinson et al., 2010). The heavy arrows show the evolution of melts from aluminous
(fertile) mantle in the Archean and from less aluminous (depleted) mantle in recent arcs (after Rollinson et al., 2010).
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Titanium oxide (wt. %) contents (not shown; see also Fig-
ure 22) increase with increasing atomic Fe3*/(Fe3*+Cr+Al) ratios
and Fe# in chromites from the Mayville intrusion and the Bird
River sill, a typical Fe-Ti trend commonly evident in continental
mafic intrusions elsewhere, as indicated in Barnes and Roeder
(2001). Chemically, chromites from these two intrusions are
indistinguishable in terms of their Fe®*/(Fe3*+Cr+Al) ratios, but
the Mayville chromite has higher Fe#, as described above. In
addition, most of the chromite has relatively low TiO, (<1.5
wt. %; Table 2). These values are higher than those in podiform
chromite (<0.3 wt. %) associated with ophiolite (e.g., Duke,
1983), but they are consistent with those crystallized from tho-
leiitic magmas (Kamenetsky et al., 2001) elsewhere and with
the conclusions based on lithogeochemical characteristics of
the Mayville intrusion (Peck et al., 2000, 2002; Yang et al.,
2011, 2012).

Itis known that trivalent (Al, Cr) and tetravalent (Ti) cations
in magmatic spinel-group minerals are reluctant to exchange
with those in olivine during post-entrapment re-equilibration
because these cations have low diffusivity in olivine compared
to Mg and Fe**. Consequently, Al,O, and TiO, contents of spi-
nel minerals are largely controlled by magma composition, as
suggested by Kamenetsky et al. (2001), a characteristic that
can be used to discriminate geodynamic settings in which the
magmas formed. For example, low-Al-low-Ti spinel is related

to island-arc magmas, whereas low-Al-high-Ti spinel is associ-
ated with rifting magmas in large igneous provinces. Chromites
in both the Mayuville intrusion and the Bird River sill are rela-
tively low in ALO, and TiO, (Table 2) and most plot in the fields
of island arc and MORB (Figure 24) with transitional features.
The core compositions of chromite define a narrow range that
largely straddles the boundary of island-arc magmas (ARC)
and MORB, which may be compatible with a back-arc setting.
According to the study of Kamenetsky et al. (2001), spinel min-
erals from modern back-arc environments also exhibit transi-
tional compositions, spanning those for island arc and MORB.
They suggested that back-arc magmas form in complex settings
that may involve diverse melting conditions and subduction-
related magma components. However, a more complicated
situation is evident for the Mayville intrusion chromite data-
set, which may be attributed to the effect of metamorphism
and/or alteration. For example, Barnes (2000) and Rollinson et
al. (2002) noticed that metamorphism at mid-amphibolite— to
granulite-facies conditions may modify chromite chemistry,
leading to enrichment in Ti*, Fe3*/Fe?* and Al*.

It is noteworthy that Al/Mg ratios increase with decreasing
Mg# in chromite from the Mayuville intrusion and the Bird River
sill (Figure 25). This diagram shows that the Mayuville intrusion
chromites have higher Al/Mg ratios but lower Mg# than the
Bird River sill chromites, suggesting that the Mayville intrusion
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Figure 24: Plot of TiO, versus Al,O, content (wt. %) of chromite from the Mayville intrusion (MI) and Bird River sill (BRS). The shaded area de-
notes core compositions. The discrimination fields of chrome-spinel inclusions trapped in primitive olivine (Fo>84) from mid-ocean—ridge basalt
(MORB), oceanic-island basalt (OIB), large igneous provinces (LIP), island-arc magmas (ARC) and west Greenland are from Kamenetsky et al.

(2001). Data sources and symbols as in Figure 22.
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Figure 25: Plot of Al/Mg versus Mg# (Mg/[Mg+Fe?']) in chromite from the Mayville intrusion (Ml) and Bird River sill (BRS). Data sources and

symbols as in Figure 22.

is more evolved than the Bird River sill. Again, this is consistent
with the prior lithogeochemical studies mentioned above (e.g.,
Peck et al., 2000, 2002; Yang et al., 2011, 2012), although the
ultramafic unit (pyroxenite) in the Mayuville intrusion displays
a trend similar to that of the Bird River sill. These chemical
characteristics of chromite may reflect a petrogenetic link-
age between the two intrusions. Given that their ages overlap
within uncertainty (i.e., Mayville intrusion at 2742.8 +0.8 Ma
per Houlé et al., 2013; BRS at 2743.0 £0.5 Ma per Scoates and
Scoates, 2013), they were likely produced either from partial
melting of a common, heterogeneous mantle source or via
fractional crystallization of similar parental magma derived
from a subcontinental lithospheric mantle. In the former case,
the Mayville intrusion requires a more fertile mantle source,
whereas the Bird River sill requires a depleted-mantle source.
In the latter scenario, the Mayville intrusion may have been
sourced from a more fractionated parental magma compared
to that of the Bird River sill. The EPMA analyses showing
‘abnormal’ compositions may be attributed to the effects of
metamorphism or alteration.

Hiebert (2003) concluded that the Mayville intrusion and
Bird River sill were probably comagmatic, in accord with the
conclusions of Macek (1985a). However, the compositional
differences between the two chromite populations suggest
apparent differences in magmatic processes.

Minor oxides, such as V,0,, NiO, CoO, ZnO and MnO, in
chromite were also analyzed in this study, but no anomalous

values were noted (Table 2). However, the Mayville intrusion
chromite exhibits relatively lower NiO contents than that of
the Bird River sill. Because sulphide saturation led to Ni deple-
tion in the silicate melt from which the chromite crystallized,
this relative depletion of Ni in the Mayville intrusion chromite
suggests that it is prospective for magmatic Ni mineralization
(e.g., Barnes and Tang, 1999), manifested in the occurrences
of Ni-Cu sulphide mineralization in the M2 deposit (Figure 6).

Plagioclase

The chemical compositions and structural formulas of pla-
gioclase in representative samples from the Mayville intrusion
are given in Table 3. Detailed data on plagioclase chemistry are
tabulated in Tables 3_1 and 3_2 of DRI2020024. Plagioclase in
unit 3 gabbro to melagabbro has average An contents ranging
from 66.1 to 75.1, categorizing it as labradorite to bytownite.
In unit 4 heterolithic breccia, plagioclase is highly calcic with
An contents of 79.0-85.0, making it bytownite. Notably, unit 5
anorthosite has alkali-feldspar with very low An content (2.1—
3.8), which is abnormal for Archean anorthosite (e.g., Ashwal,
1993). Plagioclase in unit 5 gabbroic anorthosite has an aver-
age An content of 63.8, categorizing it as labradorite. In unit
6 leucogabbro, plagioclase displays a consistent highly calcic
signature, with average An content of 78.5-89.5 (Table 3), typi-
cal of Archean anorthosite (Ashwal, 1993). Plagioclase in unit
7 gabbro, however, has a low An content of 18.3, making it
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Table 3: Chemical compositions (wt. %) and structural formulas of plagioclase in representative samples from the Mayville intrusion, Cat Creek—Euclid Lake area, Bird River greenstone belt.

Sample:  111-12-514A1 111-12-594A1 111-11-14 111-11-16 111-11-17 111-12-541A1 111-12-541A1 111-12-632A1 111-12-461A1  111-12-538A1 111-12-628A1 111-12-677A1  111-12-621A1
Rock: Gabbro Melagabbro Leucograbbro Anorthosite Pyroxenite Anorthosite Anorthosite a:s:[z':siicte Leucogabbro Leucograbbro Leucograbbro Anorthosite Gabbro
Unit: 3 3 4 4 4 5 5 5 6 6 6 6 7

Mineral: Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase K-feldspar Albite Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase

gNr:i'nosf 2 5 2 4 3 1 1 4 3 3 2 3 5
an:l';’s'e‘: 15 15 7 12 6 5 1 21 12 6 7 10 10
Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD 83/1. Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD

Sio, 51.43 3.92 4848 244 4749 1.00 45.95 0.59 48.16 257 62.92 8.02 66.43 51.51 1.34 44.94 0.56 4791 0.93 48.07 0.37 4740 1.32 64.11 0.73
Tio, 0.02 0.02 001 002 001 001 0.02 0.03 001 0.02 0.02 0.01 0.02 0.01 0.01 0.00 001 0.01 0.1 0.02 0.02 001 0.01 0.01 0.02
AlLO, 30.91 244 3223 164 3337 059 3395 0.53 33.00 172 25.12 5.27 21.47 30.44 0.57 34.58 0.42 33.01 0.67 33.26 0.16 3283 0.84 23.17 0.66
FeO 0.07 0.03 0.07 0.04 0.07 0.04 0.02 0.02 0.07 0.03 0.21 0.35 0.00 0.04 0.03 0.06 0.04 0.10 0.05 0.06 0.02 0.10 0.10 0.09 0.03
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.64 0.79 0.01 0.00 0.00 0.00 0.00 0.03 0.08 0.01 0.02 0.01 0.04 0.00 0.00
Cao 13.84 3.05 15.64 2.03 16.83 0.74 17.59 0.67 16.29 2.03 0.62 0.29 1.35 13.38 0.76 18.50 0.49 16.26  1.25 16.52 0.38 16.25 1.07 3.96 0.54
Na,0 3.93 1.78 2.86 1.16 2.04 0.42 1.71 0.35 2.39 1.23 4.65 2.23 10.88 4.19 0.46 1.20 0.29 2.30 0.38 2.33 0.18 241 0.61 9.66 0.37
K,0 0.03 0.02 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 5.09 241 0.43 0.02 0.00 0.00 0.00 0.12 0.26 0.01 0.01 0.09 0.20 0.16 0.18
Total 100.26 0.31 99.34 054 99.83 0.56 99.25 0.65 99.93 049 99.29 2.37 100.62 99.60 0.69 99.30 045 99.74 0.69 10033 045 99.13 0.67 101.19 0.88
On the basis of 32 oxygen:

Si 9331 0.605 8937 0.392 8.730 0.143 8526 0.106 8.829 0.414 11.170 1.047 11.608 9.402 0.171 8358 0.091 8.809 0.167 8790 0.042 8.778 0.204 11.212 0.107
Al 6.621 0.595 7.005 0.384 7.230 0.138 7.425 0.099 7.133 0417 5302 1319 4.421 6.551 0.167 7.580 0.088 7.152 0.147 7.168 0.031 7.167 0.197 4.775 0.115
Fe 0.011 0.004 0.011 0.007 0.011 0.006 0.003 0.002 0.011 0.004 0.032 0.055 0.000 0.006 0.005 0.010 0.007 0.015 0.008 0.009 0.003 0.016 0.016 0.013 0.005
Ti 0.002 0.003 0.002 0.003 0.001 0.001 0.002 0.004 0.001 0.002 0.002 0.002 0.003 0.001 0.001 0.000 0.001 0.001 0.002 0.003 0.003 0.002 0.002 0.001 0.002
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.002 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.001
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.176 0.221 0.003 0.000 0.000 0.000 0.000 0.009 0.021 0.002 0.004 0.004 0.011 0.000 0.000
Ca 2,699 0.622 3.091 0.410 3.316 0.159 3.496 0.130 3.202 0419 0.116 0.055 0.253 2618 0.168 3.685 0.099 3.202 0.239 3.237 0.070 3.225 0.218 0.742 0.100
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 1376 0.610 1.021 0.402 0.726 0.146 0.615 0.128 0.848 0.432 1.581 0.756 3.686 1481 0.153 0431 0.103 0.819 0.136 0.824 0.065 0.863 0.218 3.276 0.136
K 0.007 0.004 0.005 0.003 0.002 0.001 0.003 0.003 0.003 0.003 1.171 0.582 0.096 0.004 0.001 0.001 0.001 0.028 0.062 0.002 0.002 0.022 0.047 0.036 0.040
Xao 0337 0.150 0.248 0.098 0.180 0.037 0.149 0.031 0.209 0.105 0.502 0.264 0.914 0361 0.038 0.105 0.025 0.203 0.036 0.203 0.016 0.210 0.052 0.808 0.029
Xor 0.002 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0460 0.281 0.024 0.001 0.000 0.000 0.000 0.007 0.016 0.000 0.000 0.005 0.012 0.009 0.010
X 0.661 0.151 0.751 0.099 0.820 0.037 0.850 0.032 0.790 0.106 0.038 0.021 0.063 0.638 0.039 0.895 0.025 0.790 0.046 0.797 0.016 0.785 0.054 0.183 0.025

Abbreviations: Av., average; SD, standard deviation.



oligoclase. Again, this is uncommon for Archean anorthosite
and likely due to late alteration.

When plotting all plagioclase chemical data (DR12020024,
Table 3_2) on an Ab-Or-An diagram (Figure 26a), a composi-
tional gap(s) in the plagioclase is evident between An<30 and
An>50. Also, a few alkali-feldspar points stand out and display
a large but discontinuous Or range. A histogram of An contents
in plagioclase (Figure 26b) shows a bimodal distribution that is
highly skewed toward high An values (~80-90), indicative of a

a)

compositional gap between An ~30-40, similar to Figure 26a.
Plagioclase with higher An content is interpreted to reflect a
primary magmatic signature, whereas plagioclase with low An
content, together with the presence of alkali feldspar, may be
the result of late hydrothermal alteration and/or metamor-
phism. Ashwal (1993) had similar findings for plagioclase in the
Archean Bad Vermilion Lake anorthosite and likewise attrib-
uted the low An content of plagioclase to hydrothermal altera-
tion and/or metamorphism. Interestingly, Phinney et al. (1985)
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Figure 26: Chemical composition of feldspar in representative samples from the Mayville intrusion, Bird River greenstone belt: a) Ab-Or-An plot;

b) histogram of An contents (mole %) in plagioclase.
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noticed that megacrystic plagioclase from the Bird River sill
anorthosite displayed complicated rim zonings with discrete
compositional steps in An content at 73-75, 55-57, 38—40 and
23-25.

Amphibole

The chemical compositions and structural formulas of
ampbhibole in representative samples from the Mayuville intru-
sion are given in Table 4. Detailed data on amphibole chemistry
determined by EPMA are tabulated in Tables 4_1 and 4_2 of
DRI2020024. Mineral formula calculations are based on 23 oxy-
gens, and ferric/ferrous ratios were calculated using 13-cation
normalization and charge balance (Leake et al., 1997). Water
contents were calculated on the basis of stoichiometry.

According to the amphibole classification scheme of Leake
et al. (1997, 2003), amphibole in various units of the May-
ville intrusion is calcic amphibole characterized by X(Ca+Na)
on M,21.00 with Na<0.5, and Caz1.5 on M, (Table 4). The cal-
cic amphibole is mostly magnesian and falls mainly into the
field of magnesiohornblende, although some of the analyses
extend into the fields of ferrohornblende, ferrotschermak-
ite and tschermakite (Figure 27). Amphibole in each unit dis-
plays positive correlation between Mg/(Mg+Fe?*) ratios and
Si values, consistent with a typical fractionation trend of tho-
leiitic magmas. A notable population of amphibole in sample
111-12-621A1, collected from unit 7 gabbro, has lower Mg/
(Mg+Fe?*) ratios and Si values, typical of ferrohornblende (Fig-
ure 27), strongly suggesting evolved characteristics of the tho-
leiitic magmas. This amphibole further displays (Na+K),>0.5
with Ti<0.5, which is assigned compositionally to ferro-edenite
(Leake et al., 1997).

Chemical zonation in each individual amphibole grain is
not evident in terms of variations in Mg# (Mg/[Mg+Fe?*]) and
Fe# (Fe?*/[Mg+Fe?"]). For instance, eight analyses from rim,
core and core to rim on amphibole grain #3 in sample 111-12-
632A1 (Table 4; DRI2020024) show consistent Mg# (0.58—-0.67)
and Fe# (0.33-0.42) values, suggesting compositional homoge-
neity throughout the grain. Generally, calcic amphibole from
the Mayville intrusion has relatively low TiO, contents, ranging
from 0.15 to 0.88 wt. % and reflecting a reduced nature for
the tholeiitic magmas consistent with very low Fe3*/(Fe*+Fe?*)
ratios (0.01-0.06; Table 4).

Crystallization pressures, calculated using the Al-in-horn-
blende geobarometer of Johnson and Rutherford (1989), are
3.3-4.1 kb for unit 3, 4.2—-4.4 kb for unit 4, 4.1 kb for unit 5, 2.1—
5.0 kb for unit 6 and 4.3 kb for unit 7 (Table 4). Application of a
revised Al-in-hornblende geobarometer proposed by Mutch et
al. (2016) raised the calculated pressures by up to 0.6 kb. Such
a large range of pressures, from 2.1 to 5.0 kb, recorded in May-
ville intrusion amphibole cannot represent emplacement pres-
sures because the difference in relative altitude (elevation) of
the exposed intrusion is less than 100 m (i.e., ~0.03 kb), but

may instead reflect regional metamorphism and rapidly differ-
ential terrane exhumation.

More recently, Sotiriou et al. (2020) suggested that pri-
mary magmatic hornblende occurs in the various units of the
Mayville intrusion, making the parental magma hydrous tholei-
ite derived from partial melting of depleted mantle in a back-
arc setting. This is largely consistent with the main conclusion
of this study.

Epidote group minerals

The mineral chemistry of epidote-group minerals from the
Mayville intrusion is similar to clinozoisite (Table 5), and their
detailed data are listed in Tables 5_1 and 5_2 of DRI2020024.
The epidote-group minerals likely formed by low-grade meta-
morphism (i.e., ranging from greenschist to epidote-amphibo-
lite facies; Deer et al., 1962, 1992).

Chlorite

Chlorite minerals are classified as ripidolite in terms of
chemical composition (Table 5), with an average Mg# of 57.0
that is typical of a metamorphic product at greenschist facies.

limenite

The presence of ilmenite in units 3 and 7 gabbroic rocks
(Table 5) is consistent with tholeiitic magmas that are relatively
reduced in terms of redox condition. This may have facilitated
sulphide saturation in the tholeiitic magmas, consistent with
the occurrence of pyrrhotite blebs in various units of the May-
ville intrusion, as described above.

Geochemistry

Major (wt. %) and trace-element (ppm) contents of 194
samples collected from the Cat Creek—Euclid Lake area were
analyzed using the 4-Lithores package at Activation Labora-
tories Ltd. (Actlabs) in Ancaster, Ontario. Detailed analytical
procedures and methods were described in Anderson (2013)
and Polat et al. (2016), and may also be found at www.actlabs.
com. Precious metals (Au, Pt, Pd; ppb) in some of the samples
were also analyzed using fire assay (standard grade) at Actlabs.
The geochemical compositions of representative samples for
each map unit are presented in Table 6. Detailed data on the
geochemical compositions (and elemental ratios as well as
petrochemical parameters) of all 194 whole-rock samples are
tabulated in Tables 6_1 and 6_2 of DRI2020024.

Remarks on the geochemical studies of granitoids

In addition to supracrustal rocks, the Cat Creek—Euclid
Lake area is underlain by various phases of granitoid rocks that
are grouped into five map units (units 1, 10, 12, 13 and 14;
Table 1) that record a diverse geodynamic history from Meso-
to Neoarchean. In the context of granitoid study, it is neces-

Geoscientific Report GR2020-1

41



Aaning |eai8ojoaD eqoliuey

Table 4: Chemical compositions (wt. %) and structural formulas of amphibole in representative samples from the Mayville intrusion, Cat Creek—Euclid Lake area, Bird River greenstone belt.

Sample: 111-12-514A1 111-12-594A1 111-11-14 111-11-16 111-11-17 111-12-632A1 111-12-461A1 111-12-538A1  111-12-628A1  111-12-677A1 111-12-621A1
Rock: Gabbro Melagabbro Leucograbbro Anorthosite Pyroxenite Gabbroic anorthosite Leucogabbro Leucograbbro Leucograbbro Anorthosite Gabbro
Unit: 3 3 4 4 6 7
Mineral: Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole
No. of grains: 2 3 2 4 3 5
No. of analyses: 10 10 8 8 10 9
Av. SD Av. SD Av. sD Av. sD Av. sD Av. sD Av. sD Av. SD Av. sD Av. sD Av. sD
Sio, 4545 096 4637 159 4429 238 4740 394 4562 266 46.84 2.85 45.62 402 4767 155 4878 362 48.09 137 41.60 0.32
Tio, 049 004 049 006 044 006 032 014 049 0.10 0.40 0.12 0.64 1.42 0.43 0.08 0.15 0.16 0.51 0.07 0.88 0.05
ALO, 10.08 0.87 9.12 1.18 10.21 1.75 10.57 4.94 1060 2.78 10.38 3.19 11.43 4.74 7.81 1.69 8.70 465  7.61 1.39 9.89 0.23
Cr,0, 000 000 000 000 0.00 ©0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe,0, 047 035 042 029 335 092 068 034 146 0.55 0.18 0.13 0.35 0.25 021 021 0.47 032 068 0.80 2.00 0.17
FeO 16.86 0.65 1425 0.61 1643 045 1232 291 1361 041 12.77 0.83 14.21 2,04 1380 106 1511 244 1540 113 2455 0.24
MnO 021 002 027 001 023 001 026 014 0.24 0.04 0.24 0.03 0.26 0.12 024  0.03 0.43 0.22 035 0.02 0.50 0.04
MgO 10.54 0.54 1259 0.84 9.00 1.14 1523 297 11.75 154 13.43 1.72 12.99 269 1329 095 1480 2.84 1183 0.85 5.06 0.17
Ca0 12.01 0.25 12.22 014 11.27 0.69 8.97 3.94 1155 0.15 11.71 0.21 10.26 2.69 12.29 0.15 8.28 3.86 12.12 0.06 10.75 0.07
BaO 000 000 000 000 000 000 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,0 096 008 099 013 1.09 015 126 063 111 0.31 1.25 0.40 1.27 0.55 079  0.20 0.96 0.52  0.65 0.12 1.68 0.10
K,0 029 005 022 005 015 0.05 010 0.05 0.16 0.06 0.14 0.07 0.18 0.11 030  0.05 0.08 0.05 0.35 0.06 0.50 0.02
H,0 199 002 200 002 182 007 204 002 196 0.05 2.05 0.02 2.03 0.05 202 0.01 2.05 0.02 2.00 0.04 1.82 0.01
cl 002 000 002 001 055 017 0.09 0.04 0.21 0.10 0.02 0.01 0.05 0.03 001 0.01 0.02 0.01  0.03 0.02 0.29 0.02
F 003 003 002 002 001 002 001 002 0.01 0.02 0.00 0.01 0.00 0.01 0.01  0.02 0.03 0.03 0.04 0.07 0.01 0.01
-0=Cl 000 000 000 0.00 012 0.04 0.02 0.01 0.05 0.02 0.00 0.00 0.01 0.01 0.00  0.00 0.00 0.00 0.01 0.00 0.07 0.00
-0=F 001 001 001 001 000 001 0.0 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01  0.02 0.03 0.00 0.01
Total 99.38 1 0.27 9898 111 9872 136 99.21 98.72 1.07 99.39 0.42 99.27 137 9885 065 99.82 0.60 99.65 99.45
On the basis of 23 oxygen:
Si 6.793 0.115 6.874 0.153 6.736 0.251 687 053 6.776 0.321  6.835 0.357 6.695 0.469 7.042 0.209 7.076 0.494 7.103 0.159 6.558 0.026
VAl 1.207 0.115 1.126 0.153 1.264 0.251 113 0.53 1.224 0.321 1.165 0.357 1305 0.469 0958 0.209 0.924 0.494 0.897 0.159 1.442 0.026
T site 8.000 0.000 8.000 0.000 8.000 0.000 800 0.00 8000 0.000 8.000 0.000 8.000 0.000 8.000 0.000 8.000 0.000 8.000 0.000 8.000 0.000
VAl 0.569 0.052 0.470 0.077 0.572 0.099 067 032 0636 0.189 0.626 0.204 0.686 0.415 0.403 0.095 0.566 0.308 0.428 0.092 0.396 0.028
Ti 0.055 0.005 0.055 0.007 0.050 0.008 0.03 0.02 0.055 0.012 0.044 0.014 0.070  0.155 0.048 0.009 0.016 0.017 0.057 0.008 0.105 0.005
Fe** 0.018 0.014 0.016 0.011 0.147 0.046 0.03 001 0.059 0.024 0.007 0.005 0.013  0.010 0.008 0.008 0.018 0.012 0.027 0.034 0.083 0.007
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe? 2.148 0.078 1.803 0.083 2372 0.089 155 032 1.815 0.101 1.574 0.116 1.774  0.224 1723 0.138 1.872 0.289 1.960 0.102 3.416 0.026
Mn 0.026 0.002 0.034 0.002 0.029 0.002 0.03 002 0.030 0.005 0.029 0.004 0.033  0.014 0.030 0.003 0.052 0.027 0.044 0.002 0.067 0.005
Mg 2.184 0.118 2622 0.154 1.829 0.225 269 008 2406 0304 2720 0.323 2424 0250 2.788 0.214 2477 0.067 2.484 0.181 0.934 0.035
Csite 5.000 0.000 5.000 0.000 5.000 0.000 5.00 000 5.000 0.000 5.000 0.000 5.000 0.000 5.000 0.000 5.000 0.000 5.000 0.000 5.000 0.000

Abbreviations: Av., average; SD, standard deviation.
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Table 4 (continued): Chemical compositions (wt. %) and structural formulas of amphibole in representative samples from the Mayuville intrusion, Cat Creek—Euclid Lake area, Bird River green-
stone belt.

Sample: 111-12-514A1 111-12-594A1 111-11-14 111-11-16 111-11-17 111-12-632A1 111-12-461A1 111-12-538A1  111-12-628A1  111-12-677A1 111-12-621A1
Rock: Gabbro Melagabbro Leucograbbro Anorthosite Pyroxenite Gabbroic anorthosite Leucogabbro Leucograbbro Leucograbbro Anorthosite Gabbro
Unit: 3 3 4 4 4 5 6 6 6 6 7
Mineral: Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole Amphibole
No. of grains: 2 3 2 4 4 4 5 3 2 3 5
No. of analyses: 10 10 8 8 9 19 15 8 8 10 9
Av. SD Av. SD Av. sD Av. SD Av. sD Av. sD Av. SD Av. SD Av. sD Av. sD Av. sD

On the basis of 23 oxygen:

Mg 0.164 0.049 0.160 0.025 0.211 0.149 060 062 0.196 0.042 0.201 0.042 0.414 0.418 0.140 0.051 0.722 0.598 0.121 0.027 0.255 0.018
Fe? 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.836 0.049 1.840 0.025 1.789 0.149 140 062 1.804 0.042 1.799 0.042 1.586 0.418 1.860 0.051 1.278 0.598 1.879 0.027 1.745 0.018
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.00 0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B site 2.000 0.000 2.000 0.000 2.000 0.000 2.00 0.00 2.000 0.000 2.000 0.000 2.000 0.000 2.000 0.000 2.000 0.000 2.000 0.000 2.000 0.000
Ca 0.087 0.019 0.102 0.032 0.047 0.062 -0.00 0.04 0.035 0.040 0.033 0.018 0.035 0.038 0.085 0.035 0.011 0.012 0.038 0.027 0.070 0.027
Na 0.280 0.023 0.286 0.039 0.321 0.046 035 0.18 0.319 0.092 0.353 0.115 0.363 0.160 0.225 0.057 0.271 0.147 0.185 0.037 0.513 0.031
K 0.056 0.010 0.041 0.010 0.029 0.010 0.02 0.01 0.030 0.012 0.026 0.012 0.033 0.021 0.056 0.010 0.016 0.010 0.067 0.011 0.100 0.004
Asite 0.423 0.048 0.428 0.072 0.397 0.079 037 0.18 0.384 0.115 0.412 0.129 0.431 0.201 0.366 0.088 0.298 0.163 0.290 0.060 0.684 0.020
cl 0.004 0.001 0.005 0.002 0.143 0.045 0.02 0.01 0.053 0.026 0.005 0.002 0.012 0.009 0.003 0.001 0.004 0.003 0.009 0.004 0.078 0.004
F 0.014 0.015 0.011 0.011 0.004 0.008 0.01 0.01 0.006 0.009 0.002 0.004 0.001 0.003 0.005 0.008 0.014 0.013 0.019 0.034 0.005 0.006
OH 1982 0.014 1984 0.011 1.853 0.046 197 0.01 1941 0.024 1.993 0.005 1.987 0.010 1992 0.008 1.982 0.012 1973 0.034 1917 0.007
Si 6.79 0.11 6.87 0.15 6.74  0.25 6.87 053 6.78 0.32 6.84 0.36 6.69 0.47 7.04 0.21 7.08 0.49 7.10 0.16 6.56 0.03
Mg/(Mg+Fe?) 0.52 0.02 0.61 0.03 0.46 0.04 0.68 0.01 0.59 0.04 0.65 0.04 0.61 0.04 0.63 0.03 0.63 0.01 0.57 0.03 0.26 0.01
Fe# 0.48 0.02 0.40 0.02 0.55 0.04 032 0.01 0.42 0.05 0.35 0.04 0.39 0.04 0.37 0.03 0.37 0.01 0.43 0.03 0.75 0.01
Fe®/(Fe**+Fe?) 0.01 0.01 0.01 0.01 0.06 0.02 0.02 0.01 0.03 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.00
P (kb)® 41 33 43 4.2 4.4 4.1 5.0 2.3 2.8 21 4.3

() Pressures estimated by Ai-in-hornblende barometer of Johnson and Rutherford (1989)

Abbreviations: Av., average; SD, standard deviation.
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Figure 27: Chemical classification diagram (after Leake et al., 1997) for amphibole in representative samples from the Mayville intrusion, Bird
River greenstone belt. Abbreviation: apfu, atoms per formula unit.

Table 5: Chemical compositions of ilmenite, chlorite and epidote from the Mayuville intrusion, Cat
Creek—Euclid Lake area, Bird River greenstone belt.

Sample: 111-11-02 111-12-621A1 111-12-541A1 111-12-541A1
Mineral: limenite IImenite Chlorite Epidote
Rock: Melagabbro Gabbro Anorthosite
Unit: 3 7 5 5
No. of grains: 1 1 3 3
No. of analyses: 1 1 10 14
Core Core Av. SD Av. SD
Sio, 0.00 0.06 25.65 1.09 39.50 4.57
Tio, 52.43 51.59 0.12 0.22 0.02 0.02
A|203 0.01 0.08 21.00 0.62 28.33 2.54
FeO 46.97 45.82 22.75 1.65 2.33 1.70
MnO 1.33 1.67 0.25 0.03 0.06 0.06
MgO 0.13 0.03 16.91 1.07 0.19 0.49
Ca0 na 0.03 0.08 0.12 23.56 3.52
Na,O na 0.10 0.01 0.01 0.08 0.18
K,0 na 0.04 0.00 0.00 0.25 0.70
F na 0.04 0.01 0.02 0.01 0.02
Cl na 0.05 0.03 0.01 0.00 0.01
Total 100.85 99.51 86.79 94.33

Abbreviations:

Av., average; Core, grain centre; na, not analyzed; SD, standard deviation.
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sary to briefly review the current understanding of petrology
and major-element geochemistry of granitoid rocks (Clarke,
1992; Frost et al., 2001; Yang, 2007; Frost and Frost, 2008; Win-
ter, 2010). Based on major-element composition of granitoid
rocks, their magmatic affinities can be divided into 1) subal-
kaline or alkaline series (that is further subdivided into calcic,
calcalkaline, alkaline and peralkaline) in terms of alkalinity;
2) metaluminous, peraluminous and peralkaline in terms of
the aluminum saturation index; and 3) magnesian and ferroan,
based on Fe*. However, this report will not review advances
in granitoid petrogenesis using trace-element and radiogenic-
isotope geochemistry because there are numerous references
dealing with this topic (e.g., Allegre and Minster, 1978, Han-
son, 1978; O’Nions et al., 1979; DePaolo, 1981, 1988; Pearce et
al., 1984; Whalen et al., 1987; Eby, 1990; Chappell and White,
2001; Ishihara, 2004; Zhang et al., 2006; Hildebrand et al.,
2018; Whalen and Hildebrand, 2019; Clemens et al., 2020).

Scaillet et al. (2016) reviewed the studies of experimental
petrology on the formation of granite magmas containing 3-7%
H,0™" that are inversely correlated with pre-eruptive tempera-
tures (700° to >950°C) but unrelated to redox conditions. They
showed that granites are readily subdivided into peraluminous
(A/CNK>1.1), metaluminous (1.1>A/CNK>1, A/NK>1) and per-
alkaline (A/NK<1) classes based on molar ratios of A/CNK and
A/NK (i.e., Al/[2Ca+Na+K] and Al/[Na+K], respectively), which
display different mineralogy and have distinctively different
petrogenesis. Although the scheme of Scaillet et al. (2016) is
slightly different from that of Clarke (2019), whose classifica-
tion is similar to that of Maniar and Piccoli (1989) in terms of
peraluminosity, the results (i.e., peraluminosity) obtained by
the two methods are almost the same.

Peraluminous granites are derived mainly from partial
melting of continental sedimentary rocks; metaluminous gran-
ites require input from both continental and mantle materials;
and peralkaline granites (and rhyolites) are formed by pro-
tracted differentiation or small degrees of partial melting of
basalt, with limited crustal contribution. High-pressure experi-
ments suggest that Archean TTG suites require partial melting
of basaltic rocks in equilibrium with garnet at very high pres-
sures of 10-30 kb (e.g., Moyen and Martin, 2012; Scaillet et
al., 2016).

Peraluminous granites characterized by the occurrence
of minerals rich in aluminum, such as cordierite, garnet, mus-
covite, tourmaline, hercynite (Fe**ALO,) to gahnite (ZnAl0,),
andalusite or sillimanite, occur in three geological settings:
thickened continental crust as a result of continental colli-
sion (e.g., Himalayas); continental arc (e.g., Peruvian Andes);
and post-orogenic environments (e.g., the Devonian terranes
of eastern Australia). In leucogranite (FeO! <1.5%), Mn-rich
garnet (spessartine) occurs only in late-stage derivatives; this
contrasts with the higher temperature, almandine-type gar-
net present in more mafic peraluminous granites. Muscovite
occurs in S-type leucogranites but only crystallizes under high

pressure (>3.5 kb), although it is also a late-crystallizing min-
eral at lower f(O,) (Scaillet et al., 2016).

Metaluminous granitoids and dacites to rhyolites normally
occur in subduction-zone settings, although they are also pres-
ent in anorogenic zones and hotspots. Mixing of magmas from
both crust and mantle sources is common, although metalu-
minous silicic magmas may have been directly derived from
partial melting of igneous rocks in continental crust.

Peralkaline silicic magmatic rocks occur mostly in rift
zones, back-arc settings or hotspot environments. They are
associated with basalts of transitional affinity between those
of MORB and alkali basalts, thus forming bimodal volcanic
provinces. Peralkaline silicic rocks result from processes involv-
ing differentiation from mantle-derived magmas, with mar-
ginal inputs from crustal materials. The A-type granites are not
necessarily peralkaline, but can be metaluminous or even per-
aluminous. Although A-type granites are ambiguous in genesis,
they are commonly rich in alkalis, anhydrous and emplaced
into an anorogenic setting (Loiselle and Wones, 1979; Whalen
et al., 1987; Eby, 1990; Yang, 2007; Yang et al., 2008) or within-
plate settings (Pearce et al., 1984; Whalen et al., 1987) to plate
boundaries (Bonin, 2007).

Thus far, only metaluminous (e.g., units 1, 10, 12) and per-
aluminous (e.g., units 1, 13, 14) granitoid rocks, but no peral-
kaline varieties, have been found in the Cat Creek—Euclid Lake
area.

Unit 1: basement granitoid rocks

Classification

Based on major-element composition, unit 1 granitoid
rocks are dominantly within the fields of granodiorite and
granite in the total alkalis versus SiO, (TAS) diagram, although
one sample plots in each of the quartz diorite and monzonite
fields (Figure 28a). All samples are subalkaline, based on the
definition of Irvine and Baragar (1971), and most are calcic in
terms of alkalinity, except for a few that plot in the calc-alkalic
and alkali-calcic fields (Figure 28b). Based on the Fe* index pro-
posed by Frost et al. (2001), unit 1 granitoids are dominantly
magnesian, although a few evolved phases fall into the ferroan
field (Figure 28c). On the Shand index plot (Figure 28d), unit 1
granitoids are weakly to moderately peraluminous, although a
sheared granite (sample 111-13-190C01; solid red reverse tri-
angle on Figure 28d) that was called muscovite-biotite schist in
terms of texture and mineral assemblage in the field is strongly
peraluminous due to the presence of secondary muscovite. In
addition, sample 111-13-221A01 is metaluminous. Using an
aluminum saturation index (ACNK) of 1.1 as the boundary for
differentiating I-type (<1.1) from S-type (>1.1) granites (Fig-
ure 28d; Chappell and White, 1974), unit 1 granitoids are of
I-type and therefore most likely derived from partial melting of
igneous source rocks that typically contain titanite and apatite
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(e.g., Bruand et al., 2020). More interestingly, unit 1 granitoid
rocks display a range of lithologies from tonalite, trondhjemite,
granodiorite (TTG) to granite (Figure 28e), typical of Archean
TTG suites (Barker, 1979). This is also consistent with the obser-
vation on the TAS (total alkalis vs. silica) diagram (Figure 28a)
that unit 1 granitoid rocks span a wide compositional space.

Unit 1 granitoid rocks display a range of values from 0.01
to 3.48 on the Rittmann Serial Index (c=[Na,0+K,0]?/[Si0,-43];
Table 6_2 of DRI2020024; Rittmann, 1973), suggesting that
they are calcic to calcalkaline (Yang, 2007). This is consistent
with the classification results obtained in Figure 28b and is also
confirmed by variation in Nb/Y ratios of the unit 1 granitoids
that are consistently less than 0.7 on the Zr/TiO, versus Nb/Y
plot (Figure 28f), typical of subalkaline affinity (Pearce, 1996).
In addition, unit 1 granitoid rocks exhibit varied Zr/TiO2 ratios
that are mostly higher than 0.05, reflecting relatively evolved
characteristics (Figure 28f), although sample 111-12-28B01
falls into the field of unevolved gabbro.

Trace-element geochemistry

Unit 1 granitoid rocks have low Rb (up to 180 ppm), rela-
tively high Sr (up to 196 ppm) and Ba (up to 5080 ppm) con-
tents, with low Rb/Sr ratios that are mostly <1 (Table 6_2 of
DRI2020024), suggesting limited magmatic fractionation after
separation from the source magma. However, unit 1 granitoids
display variable K/Rb ratios that range from 116 to 563 but
are mostly higher than 200, indicating that their sources were
unevolved to moderately evolved (cf. Blevin, 2004). This is con-
sistent with low to moderately abundant transitional elements
(e.g., Cr, Co, Ni) in unit 1 granitoids.

Chondrite-normalized rare-earth element (REE) patterns
of unit 1 granitoid rocks show moderately to strongly light-
REE—enriched and heavy-REE—depleted profiles, mostly with
small negative Eu anomalies. as indicated by the Eu/Eu* values
of 0.33-0.94. Some granite samples, however, do not have Eu
anomalies (Eu/Eu*=0.97-1.00; Figure 29a). The abundances
of REE vary remarkably, ranging from a few up to 650 times
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Figure 29: Trace-element profiles for unit 1 granitoid rocks from the Cat Creek—Euclid Lake area: a) chondrite-normalized rare-earth—element
plot; b) primitive-mantle—-normalized extended trace-element plot (normalizing values from Sun and McDonough, 1989).
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the chondrite values. Also, LREE and HREE are moderately to
strongly fractionated, manifested by chrondrite-normalized
ratios of (La/Yb), ranging from 3 to 120. Intra-HREE fraction-
ation, however, is relatively weak, with (Gd/Yb), ratios ranging
from 0.9 to 2.5 (Table 6_2 of DRI2020024).

Primitive-mantle-normalized extended trace-element
profiles of unit 1 granitoid rocks show that they are enriched
in incompatible elements, with pronounced negative Nb, Ta
and Ti anomalies (Figure 29b). This is a typical arc signature,
suggesting that unit 1 granitoids may have been formed in an

arc-type setting (e.g., Rollinson, 1993; Pearce and Peate, 1995;
Yang et al., 2008). On the Pearce et al. (1984) discrimination
diagram, all samples from unit 1 granitoids fall in the field of
volcanic granitoids (Figure 30a). On the plot of log T versus log ¢
(not shown), all samples from unit 1 granitoids fall in the field
of orogenic belts and island arcs. Note that t=(Al,0,—Na,0)/
TiO, (Gottini, 1968) and ranges from 28.86 to 90.05 (Table 6_2
of DRI2020024), consistent with characteristics of granitoids
from unevolved to moderately evolved source(s) suggested by
the moderate to high K/Rb ratios described above.
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Figure 30: Tectonomagmatic discrimination diagram for unit 1 granitoid rocks from the Cat Creek—Euclid Lake area: a) plot of (Y+Nb) versus Rb
(after Pearce et al., 1984); b) plot of Zr/Sm versus Nb/Tb (after Foley et al., 2002); primitive-mantle Na/Ta and Zr/Sm ratios are 17.4 and 25.2,
respectively (Sun and McDonough, 1989). Abbreviations: CC, continental crust; IAB, island-arc basalt; MORB, mid-ocean—ridge basalt; OIB, ocean-

island basalt; TTG, tonalite-granodiorite-trondhjemite.
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On the plot of Nb/Ta versus Zr/Sm (Figure 30b), unit 1
granitoid rocks display relatively low Nb/Ta ratios (<17.4) and
high Zr/Sm ratios (>25.2) when compared to primitive mantle,
MORB, ocean-island basalt and island-arc basalt, and are more
similar to Archean TTG and/or adakite (Foley et al., 2002). This
suggests that the granitoids from unit 1 may have been derived
from partial melting of amphibolite (Foley et al., 2002) in a vol-
canic-arc environment. However, on the plot of Sr/Y versus La/
Yb, unit 1 granitoid rocks can be subdivided into two groups:
one with Sr/Y<10 and La/Yb<20 located in the non-TTG field,
and the other with 50>Sr/Y>10 and La/Yb>20, located in the
low-pressure TTG field (Figure 31; Moyen and Martin, 2012).
Relatively low La/Yb and Sr/Y ratios in the granitoids can be
explained by plagioclase fractionation in a closed system,
which consequently leads to moderately negative Eu anoma-
lies (Figure 29a). Alternatively, partial melting of the source
region may have taken place at relatively shallow crustal levels
and involving plenty of plagioclase (e.g., juvenile mafic crustal
material).

It is noteworthy that TTG can be subdivided into low,
medium and high subtypes in terms of heavy REE (HREE) con-
tents. These subtypes correspond to high-, medium- and low-
pressure partial melting, respectively, of the source region
(Moyen, 2011; Moyen and Martin, 2012). The TTG subtype
with low HREE concentration (Moyen, 2011), low Nb and Ta,
and high Sr displays a geochemical signature of modern ada-
kite, requiring the TTG melt to be in equilibrium with a sig-

nificant amount of garnet and some rutile in a source region
where plagioclase is absent or unstable under high pressure
(>15 kb). The absence of plagioclase in the source region (resi-
due), where it is unstable because of P-T conditions, or the
absence of physical separation of plagioclase from the ascend-
ing magma in a closed system (e.g., shallow magma chamber;
Prouteau et al., 1999) is required to preserve the geochemi-
cal characteristics of adakite-type melts inherited from puta-
tive slab melting (Defant and Drummond, 1990; Drummond
and Defant, 1990). In contrast, the ‘low-pressure’ TTG group
(Moyen, 2011) shows high HREE, Nb and Ta but lower Sr, con-
sistent with the presence of plagioclase in the source region
(residues) but a smaller amount of garnet and no rutile. The
‘medium pressure’ group falls in between. Plagioclase, rutile
and garnet are strongly pressure dependent, so the three sub-
types of TTG can be interpreted in terms of depth of partial
melting that implicitly takes place in an arc environment linked
to plate subduction.

Unit 1 granitoid rocks are comparable to the low-pressure
subtype of TTG proposed by Moyen and Martin (2012), which
may exhibit the geochemical characteristics of non-TTG owing
to differentiation (Figure 31), likely involving plagioclase (Fig-
ure 29) in a closed system. In addition, these granitoids gen-
erally display calcic, magnesian and weakly to moderately
peraluminous affinities. These features, together with con-
straints from trace-element geochemistry, suggest that unit 1
granitoids may have been generated by partial melting of
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Figure 31: Plot of La/Yb versus Sr/Y for unit 1 granitoid rocks from the Cat Creek—Euclid Lake area. The boundary between Sr/Y and La/Yb ratios
used to define TTG and subtypes is from Moyen and Martin (2012). Abbreviation: TTG, tonalite-trondhjemite-granodiorite.
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amphibolites derived from mafic protoliths at relatively low
pressure in an arc-like setting (e.g., Windley and Garde, 2009;
Bruand et al., 2020), together constituting part of a newly
formed continental basement in the BRGB.

Unit 2: MORB-type basalt and synvolcanic gabbro

Major- and trace-element characteristics
Unit 2 MORB-type basalt and related synvolcanic gabbro
are dominated by basaltic (or basic) composition according to

the TAS classification (Le Bas et al., 1986), although few sam-
ples fall into the fields of basaltic andesite, basaltic trachyan-
desite and picrobasalt (Figure 32a). These basalts (unit 2) and
gabbros (subunit 2a) display a normal and narrow range of SiO,
(46.01-50.83 wt. %) and MgO (5.67-8.13 wt. %), but a large
range of total alkalis (0.25-3.20 wt. %; Table 6; Table 6_2 of
DRI2020024); the increase in SiO, with increasing total alkalis
is consistent with a common compositional trend of magmatic
fractionation (e.g., Winter, 2010). Sample 111-14-12B01 (Table
6_2 of DRI2020024), which was collected from the contact
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zone where the basalt intruded and fragmented the unit 1
basement granitoid rocks (Figure 4c), has abnormally high total
alkalis and is therefore thought to have been severely contami-
nated by the basement granitoids. Consequently, it is enriched
in Na,O+K,O up to 6.45 wt. % and SiO, up to 55.62 wt. %
(Figure 32a; Table 6_2 of DRI2020024). Another outlier is
sample 111-13-258A01, which displays ultrabasic composi-
tion (Figure 32a) with low SiO, (41.58 wt. %) and total alkalis
(0.41 wt. %) but high MgO (12.94 wt. %), and can be classified
as picrobasalt based on the IUGS Subcommission nomencla-
ture of Le Bas et al. (1986). Three samples plot in the field of
basaltic andesite, having a relatively narrow range in SiO, but a
large range in total alkalis (Figure 32a).

On the plot of high-field-strength—element (HFSE) ratios,
unit 2 basalt and subunit 2a gabbro samples have consis-

tently low Zr/TiO2 but varied Nb/Y ratios and are mainly within
the field of basalt (Figure 32b); only one sample plots in the
andesite/basalt field and two straddle the border between
the basalt and andesite/basalt fields. These generally agree
with the results of discrimination based on the TAS diagram
(Figure 32a). Low and varied Nb/Y ratios (0.01-0.34) of all the
unit 2 mafic rocks suggest that they are subalkaline (Pearce,
1996), which is also supported by, and consistent with, the
result based on the classification scheme of Irvine and Baragar
(1971).

The unit 2 subalkaline mafic rocks are dominantly tholei-
itic, but basalt sample 111-14-12B01, which is strongly contam-
inated by unit 1 granitoids, is calcalkaline in terms of FeO'/MgO
versus SiO, (wt. %; Figure 33a). Similarly, using HFSE ratios (i.e.,
Th/Yb versus Zr/Y; see Ross and Bédard, 2009) to discriminate
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Figure 33: Discrimination diagrams for whole-rock samples of unit 2 MORB-type basalt and synvolcanic gabbro from the Cat Creek—Euclid Lake
area: a) FeO'/MgO versus SiO, (wt. %, boundary between tholeiitic and calcalkaline series from Miyashiro, 1974); b) Th/Yb versus Zr/Y (boundar-
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magmatic affinities indicates that the unit 2 rocks are predomi-
nantly tholeiitic (Figure 33b). However, sample 111-14-12B01
plots in the calcalkaline series and two other samples plot on
the boundary between the calcalkaline and transitional series
due to elevated Th/Yb ratios that are interpreted to be the
result of crustal contamination and/or input of melts from
slab subduction (e.g., Pearce, 1983, 2008; Pearce and Peate,
1995).

More importantly, unit 2 mafic rocks could be divided
into two subgroups in terms of TiO, concentration: high (>1.5
wt. %) and low (<1.5 wt. %) TiO, mafic rocks. On the plot of
TiO, (wt. %) versus Mg#, there is a compositional gap between
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these two subgroups (Figure 34a). Within the low TiO, sub-
group, the TiO, contents decrease with increasing Mg#, consis-
tent with the compositional trend produced by partial melting
of the upwelling mantle at different depths (i.e., deep melting
forms basaltic melt with high TiO, and low Mg#, whereas shal-
low melting creates melt with low TiO, and high Mg#; Pearce,
2008). Alternatively, the degree of the mantle partial melt-
ing may have been different for the two subgroups of mag-
mas. The most contaminated sample (111-14-12B01) exhibits
a lower Mg#, off the differentiation trend, although its TiO,
remains unaffected by crustal contamination (Figure 34a). This
suggests that the melting depth could have played a major part
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Figure 34: Geochemical plots for rocks of unit 2 MORB-type basalt and subvolcanic gabbro from the Cat Creek—Euclid Lake area: a) TiO, (wt. %)
versus Mg# (Mg#=molar MgO/[MgO+FeQ']); note that two subgroups of mafic rocks are evident (i.e., high TiO, and low TiO,); b) (La/Yb), versus
Eu/Eu*; see strongly contaminated basalt, as indicated by sample 14-12B01, with a considerably elevated chondrite-normalized (La/Yb),, value
of 9.3 and slightly negative Eu anomaly; chondrite-normalizing values from Sun and McDonough (1989); ¢) Th/Yb versus Nb/Yb, and d) TiO,/Yb
versus Nb/Yb. Abbreviations: alk, alkaline; CA, calcalkaline; E-MORB, enriched mid-ocean—ridge basalt; N-MORB, normal mid-ocean—ridge basalt
(mantle array for oceanic basalts from Pearce, 2008); OIB, ocean-island basalt; SHO, shoshonitic; Th, tholeiitic; UC, upper continental crust, indi-

cated by solid black star (data from Taylor and McLennan, 1985).
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in controlling the composition of mafic melts (rocks). Further-
more, despite the effect of crustal contamination manifested
by the decrease in Mg# and increase in (La/Yb), most of the
samples display relatively constant Eu/Eu* values (within 1.0
+0.2; Figure 34b). However, a few samples (i.e., three basalts
and one gabbro) display Eu/Eu* values considerably beyond
this threshold, suggesting that plagioclase may have occurred
either as a fractionating phase or as a cumulus phase (see ‘REE
patterns’ section).

The presence of old sialic crust could be reflected by the
composition of Archean supracrustal mafic volcanics (e.g.,
Whyman and Kerrich, 2010). The decrease in Mg# and increase
in (La/Yb), and Th/Yb ratios (Figure 34a—c) suggest that these
rocks may have been contaminated (e.g., sample 111-14-
12B01) when the mafic magmas ascended and percolated
through the basement, as represented by unit 1 granitoids
with similar Th/Yb ratios (~5.0) to that of the upper continen-
tal crust (4.9; Taylor and McLennan, 1985). Other samples that
are less or not contaminated by crust display much lower (La/
Yb), (<1) and Th/Yb ratios but relatively higher Mg# (>50; Fig-
ure 34a—c). Crustal contamination would have likely changed
magmatic affinities of the samples from tholeiitic to calcalka-
line or even to shoshonitic (e.g., the most contaminated sam-
ple, 111-14-12B01; Figure 34c). However, most of the samples
have low Zr/Y ratios (<3.0; Table 6_2 of DRI2020024), identical
to those from the Northern MORB-type formation of Gilbert
et al. (2008), which was likely emplaced in an oceanic-arc to
back-arc setting (e.g., Pearce, 1983, 2008; Gorton and Schandl,
2000). Again, the most contaminated sample (111-14-12B01)
has high Zr/Y (7.2) and Nb/Yb (3.1) ratios, ruling out derivation
from an enriched mantle (e.g., enriched MORB; Fitton et al.,
1997; Figure 34d).

Most of the unit 2 mafic rocks have constant TiOZ/Yb ratios
(Figure 34d), regardless of whether or not they interacted with
the crust (see ‘REE patterns’ section), suggesting that they may
have been derived from partial melting at similar mantle lev-
els. This may be evidence for fairly constant lithosphere thick-
ness (e.g., Pearce, 2008). Therefore, it is suggested that the
subgroupings of unit 2 mafic rocks based on TiO, concentra-
tions (Figure 34a) are most likely due to differing degrees of
partial melting of the mantle (i.e., the high-Ti melts formed by
a relatively low degree of partial melting).

REE patterns

Chondrite-normalized REE patterns of unit 2 mafic rocks
display fairly flat LREE-depleted and -enriched patterns (Fig-
ure 35), except for the most contaminated sample (111-14-
12B01). As such, these rocks can be divided into two subgroups
on the basis of chondrite-normalized (La/Yb), ratios: LREE-
depleted patterns with (La/Yb), ratios <1 and LREE-enriched
patterns with (La/Yb), ratios >1. Both subgroups have no
slightly positive or negative Eu anomalies. The most crustally

contaminated sample (111-14-12B01) has the most enriched
LREE pattern, with a (La/Yb)N ratio of 9.3 (Figures 34b, 35b). All
subunit 2a gabbros (n=3) fall into the LREE-enriched subgroup
with (La/Yb), values of 1.2-1.8, suggesting that they are only
slightly enriched in LREE. There appears to be a negative corre-
lation between the ratios of (La/Yb), and Eu/Eu* (Figure 34b),
which is likely due to fractional crystallization of plagioclase
under relatively reduced conditions (cf., Rollinson, 1993). The
most contaminated sample (111-14-12B01) has only a slightly
negative Eu anomaly, as indicated by its Eu/Eu* value of 0.94.
Also, it is noted that (Gd/Yb), ratios remain relatively con-
stant between 0.9 and 1.3 (Table 6; Table 6_2 of DRI2020024),
except for sample 111-14-12B01, which has a ratio of 1.6 as a
result of strong crustal contamination. A plot of La/Sm ratio
against La (ppm) for unit 2 mafic rocks (not shown) displays a
linear relationship, suggesting that these rocks may have been
formed by batch partial melting of the mantle (e.g., Allégre and
Minster, 1978; Rollinson, 1993).

Unit 2 mafic rocks are generally identical in terms of their
REE patterns to those of the Northern MORB-type formation
proposed by Gilbert et al. (2008) in the southern limb of the
BRGB. Other characteristic parameters of lithogeochemistry
also point to their similarities (see below). Therefore, unit 2
appears to correlate well with the Northern MORB-type for-
mation based on lithogeochemistry.

Extended trace-element patterns

The primitive-mantle-normalized extended trace-ele-
ment patterns for unit 2 mafic rocks in Figure 36 can be used to
divide this unit into two subgroups in terms of (La/Yb), ratios
(i.e., a depleted and an enriched pattern). The depleted sub-
group of unit 2 mafic rocks displays fairly flat patterns, with
trace-element abundances 2-9 times higher (Figure 36a;
Table 6; Table 6_2 of DRI2020024) than the primitive mantle of
Sun and McDonough (1989), whereas the enriched subgroup
has an enriched pattern, with trace-element concentrations
2-65 times higher than the primitive mantle (Figure 36b). Both
depleted and enriched trace-element profiles display notable
to significant negative Nb, Ta and Ti anomalies, typical of oce-
anic island-arc to back-arc volcanic rocks (Pearce and Peate,
1995; Pearce, 2008; Anderson, 2013). Thorium is strongly
enriched in the enriched subgroup, particularly in the most
contaminated sample (111-14-12B01; Figure 36b). Generally,
these trace-element patterns are comparable to those of the
most primitive arc mafic rocks of the Northern MORB-type for-
mation (Gilbert et al., 2008) in the southern limb of the BRGB
(e.g., Polat and Kerrich, 2001; Whyman and Kerrich, 2010;
Sotiriou et al., 2019, 2020).

However, a gabbro sample (111-12-726A01) in subunit 2a
shows an abnormally large positive Ta anomaly, in addition to
a slightly positive Nb anomaly (Figure 36b). This distinct fea-
ture contrasts with other samples in the enriched subgroup
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values from Sun and McDonough (1989).

and may indicate the presence of a cumulus Ta (Nb)—bearing
mineral (e.g., rutile, ilmenite) in the sample. In addition, this
gabbro sample also has a slightly positive Eu anomaly (see Fig-
ure 35b), indicative of the presence of cumulus plagioclase.

In summary, unit 2 MORB-type basalt and synvolcanic
gabbro are mainly tholeiitic, dominated chemically by basal-
tic composition, and can be divided into two subgroups: high
TiO, (>1.5 wt. %)-low Mg# (<50) and low TiO, (<1.0 wt. %)-
high Mg# (>50), which appear to be unrelated, respectively,
to LREE-enriched ([La/Yb], > 1.0) and LREE-depleted ([La/Yb]

< 1.0) subgroupings. This geochemical fingerprint is consistent
with the observation that these mafic rocks of unit 2 could have
been affected by crustal contamination, requiring the presence
of crustal basement in the Bird River belt (e.g., unit 1 granitoid
rocks in the Maskwa Lake batholith I). The unit 2 rocks were
likely formed by partial melting of slightly depleted mantle (see
‘Sm-Nd isotope systematics’ section), and some must have
been affected by crustal contamination to some extent during
emplacement. Therefore, this unit is interpreted to have been
emplaced in an oceanic-arc to back-arc setting adjacent to a
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continental margin (e.g., Yang et al., 2012). In addition, unit 2
mafic rocks are geochemically comparable to the Northern
MORB-type formation of Gilbert et al. (2008) in the southern
limb of the BRGB, both representing remnants of a magmatic,
arc-related supracrustal sequence.

Units 3=7: Mayville intrusion

The geochemical characteristics of the Mayville intrusion
were discussed in Yang et al. (2011, 2012) based on previously

published data (Peck et al., 2000) and the data acquired dur-
ing the course of this bedrock mapping. The major conclusion
was that the Mayville intrusion may have been formed from
multiple injections of tholeiitic magmas derived from partial
melting of the lithospheric mantle. These magmas were inter-
preted to have undergone assimilation and fractional crystal-
lization (AFC) processes during emplacement in an extensional
setting characterized by a relatively thin crust (Yang et al,,
2011, 2012). In this section, additional whole-rock geochemi-
cal data (Table 6; Table 6_2 of DRI2020024) are presented to
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help assess the petrogenesis and geodynamic setting of the
Mayville intrusion in terms of field relationships established by
the bedrock mapping.

Classification

Based on the TAS diagram, the Mayville intrusion is com-
posed dominantly of gabbroic rocks, although a few samples
from units 4, 6, and 7 extend to ultrabasic and dioritic varieties

(Figure 37a). All samples have relatively low total alkali
(Na,0+K,0) contents (Table 6; for details, see Table 6_2 of
DRI2020024) and can be attributed to the subalkaline series
defined by Irvine and Baragar (1971). There is a general trend
of increasing total alkali content with increasing SiO,, except
that the samples from unit 3 show a negative correlation.

Application of the cation normative plagioclase-orthopy-
roxene-clinopyroxene ternary classification plot proposed by
Streckeisen (1976) indicates that most of the unit 3 samples
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Figure 37: Chemical classification of the Mayville intrusion (units 3-7): a) total alkalis (Na,0+K,0 wt. %) versus silica (SiO, wt. %) diagram (TAS;
after Middlemost, 1994); b) cation-normative PI-Cpx-Opx ternary plot (modified from Streckeisen, 1976). Abbreviations: CN, clinopyroxene norite;
Cpx, clinopyroxene; OG, orthopyroxene gabbro; Opx, orthopyroxene; Pl, plagioclase; PXT, pyroxenite.
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are normal gabbronorite and one is an orthopyroxene mel-
agabbronorite (Figure 37b). In addition, unit 4 samples span
from gabbronorite and leucogabbronorite to anorthosite and
orthopyroxene melagabbronorite, consistent with the field
occurrences of heterolithic breccia formed by multiple injec-
tions of mafic to ultramafic magmas (Yang et al., 2011, 2012).
Chemically, unit 5 consists of leuconorite, leucogabbronorite
and anorthosite, whereas unit 6 comprises leucogabbronorite

and leucogabbro (Figure 37b). Unit 7 is leucogabbro, although
it falls in the field of quartz diorite on the TAS diagram.

All rocks of units 3—7 of the Mayville intrusion are subal-
kaline in magmatic affinity and dominantly tholeiitic, although
some fall in the calcalkaline field (Figure 38a, b). Unit 7 gab-
bro has a high Fe0!/MgO ratio of 8.5, which places it outside
the plot area (Figure 38a) due to magmatic differentiation,
as suggested by Miyashiro (1974), but it is tholeiitic based
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Figure 38: Geochemical discrimination diagrams for rocks of the Mayville intrusion (units 3-7): a) FeO'/MgO versus SiO, (wt. %; boundary be-
tween tholeiitic and calcalkaline rock series from Miyashiro, 1974); b) AFM diagram, showing the division of tholeiitic and calcalkaline series
(after Irvine and Baragar, 1971). Abbreviations: A, Na,0+K,O; F, FeO', (total Fe as FeO); M, MgO. All values in wt. %.

Geoscientific Report GR2020-1

57



on the discrimination factor. Samples from unit 3, together
with a large part of the samples from units 4 and 7, align par-
allel to the MgO-FeQ! side of the AFM diagram (Figure 38b),
consistent with the common trend of tholeiitic magmas that
evolved under relatively reduced condition (e.g., Miyashiro,
1974; Yang et al., 2011; Sotiriou et al., 2020). However, some
of the samples from units 4, 5 and 6 fall into the calcalkaline
field (Figure 38b), which is interpreted as an effect of crustal
contamination to some extent.

There is no doubt that the chemical composition of a mag-
matic rock, particularly of mafic—ultramafic composition, can
be readily altered by hydrothermal processes, chemical weath-
ering and/or metamorphism (e.g., Rollinson, 1993; Syme,
1998). In order to address this problem, Hattie et al. (2007) pro-
posed a new Th versus Co discrimination diagram (Figure 39a).
Most of the samples from the Mayville intrusion plot in the
island-arc tholeiite (IAT) field on this diagram and vary from
basaltic to dacitic in composition, as suggested by the decrease
in Co concentration. This reflects a fractional crystallization
process controlled by separation of sulphide minerals (e.g.,
pyrrhotite) from the residual tholeiitic magmas. Most samples
have relatively low Th contents (<0.2 ppm) that increase with
decreasing Co content, consistent with the process of mag-
matic fractionation. Three samples plot as calcalkaline and one
sample (111-12-544A01) as high K, which is interpreted to be
the result of crustal contamination (e.g., AFC process). Sample
111-12-544A01 was collected from a 5 m wide dike cutting a
very coarse grained leucogabbro phase of unit 6, which is likely
unrelated to the Mayville intrusion despite being spatially
associated with the intrusion.

Whole-rock samples from the Mayville intrusion are domi-
nantly tholeiitic based on the plot of Th/Yb versus Zr/Y ratios
proposed by Ross and Bédard (2009), despite the presence
of a few samples falling in the fields of transitional to calcal-
kaline series (Figure 39b). The outliers are likely attributed to
the crustal contamination mentioned previously, leading to
elevated Th contents. Notably, the Mayville intrusion exhib-
its a large range of Zr/Y ratios within a relatively narrow Th/
Yb range (except for those affected by crustal contamination),
strongly suggesting its derivation from partial melting of the
upper mantle (i.e., a sub-arc lithospheric mantle). This inter-
pretation is consistent with a positive correlation between
these ratios (Figure 39b).

Mafic and ultramafic rocks of the Mayuville intrusion are
characterized by low Zr/TiO, and Nb/Y ratios (Table 6; for
detail, see Table 6_2 of DRI2020024), typical for the subalka-
line series (Figure 39c) and consistent with a magmatic-arc set-
ting (Syme, 1998; Syme et al., 1999). Low ratios of Nb/Y, Zr/
TiO, and Zr/P,O, (the latter not shown) suggest the Mayuville
intrusion has a tholeiitic rather than calcalkaline petrogenetic
affinity. These three ratios involving HFSE correlate positively
with one another, although the data points are fairly scat-
tered, indicating that magmatic evolution was associated with

a distinct AFC trend, as described above (Yang et al., 2011).
Only a few gabbroic samples plot outside the basalt field in
Figure 39c, probably due to the effect of crustal contamination.
Because the HFSE are fairly stable and would not be readily
remobilized by metamorphism and alteration, the classifica-
tion of the Mayuville intrusion rocks described here is consid-
ered reliable and also consistent with the patterns in the AFM
diagram (Figure 38b). Unit 3 rocks appear to have a positive
correlation between the Zr/TiO, and Nb/Y ratios (Figure 39c),
whereas they seem to have a negative correlation between the
total alkalis and SiO, contents (Figure 37a). Such geochemical
relationships are likely ascribed to one of two scenarios: 1)
crustal contamination; or 2) the magma(s) being derived from
a lower degree melting of the mantle source (e.g., Pearce,
2008). The authors of this study prefer the first scenario.

In summary, the parental magmas of the Mayville intru-
sion are mainly subalkaline and tholeiitic, and may have been
contaminated by crustal material during emplacement into a
magmatic-arc environment, consistent with the AFM, Th/Ta
versus Yb, and Zr/TiO, versus Nb/Y discrimination diagrams
(Irvine and Baragar, 1971; Pearce, 1996; Syme, 1998; Syme et
al., 1999; Gorton and Schandl, 2000; Yang et al., 2011, 2012).
Due to the presence of magmatic hornblende in the intrusion,
Sotiriou et al. (2020) postulated that the parental magma was
hydrous tholeiitic in composition, favourable for the genera-
tion of calcic plagioclase, as indicated in Archean anorthosite
in magmatic-arc to back-arc settings.

REE patterns and extended trace-element profiles

Chondrite-normalized REE patterns and primitive-man-
tle-normalized extended trace-element profiles of rocks from
units 3—7 of the Mayville intrusion are presented in Figure 40.
Gabbronorite and clinopyroxene melagabbronoritic rocks of
unit 3 display dominantly flat REE patterns with either slightly
negative or positive Eu anomalies, except for pyroxenite sam-
ple 111-13-226A01, which shows an LREE-enriched pattern
without a notable Eu anomaly (Figure 40a). Similarly, these
rocks exhibit flat extended trace-element profiles, with either
negative or positive Nb, Ta, Zr and Hf anomalies, and low but
varied trace-element concentrations ranging from 0.3 to 10
times the primitive-mantle values (Figure 40b). These features
are consistent with magmatic fractionation plus crustal assimi-
lation (i.e., AFC process; Yang et al., 2011, 2012). Accumulation
of plagioclase plus Fe-Ti (+Zr) oxides (e.g., ilmenite, rutile and
baddeleyite?) can explain the fact that some of the samples
display positive Nb, Ta, Zr and Hf anomalies.

Unit 4 rocks display relatively flat REE patterns similar
to those of unit 3, although unit 4 comprises diverse litholo-
gies, except for the massive chromitite sample that shows
much lower REE contents but a slightly enriched pattern with
a notable trough in the middle (Figure 40c). Both the cumu-
lative phases (e.g., pyroxenite, anorthosite) and the common
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fractionated phases (e.g., leucogabbro) are manifested by
the presence or absence of positive or negative Eu anomalies
related to evolvement of plagioclase (e.g., Rollinson, 1993).
On the primitive-mantle—-normalized, extended trace-element
profiles, these unit 4 mafic—ultramafic rocks also display either
positive or negative anomalies for Nb, Ta, Zr and Hf, similar to
those observed in rocks of unit 3. Similar trace-element com-
positions and REE patterns strongly suggest that they may have
been derived from similar mantle source(s). More importantly,
individual REE patterns of unit 4 rocks are subparallel, suggest-
ing that the intrusion may have formed by multiple batches
of magma derived from a common magma chamber where
fractional crystallization took place, probably involving all con-
stituent minerals except plagioclase as fractionating phases.
One pyroxenite sample displays distinctive LREE depletion and
a slight negative Eu anomaly; this rock may either be a cumu-
late phase or have crystallized from a late phase of ultramafic
magma. Field evidence shows that the pyroxenite cuts leuco-
gabbro, thus favouring the latter interpretation.

Leucogabbro to anorthositic rocks in unit 5 are more or
less similar in REE patterns and extended trace-element pro-
files, although some show positive and others negative Eu, Nb,
Ta, Zr and Hf anomalies (Figure 40c, d). These are interpreted to
have formed by processes similar to those previously proposed
for units 3 and 4. Some of the samples have slightly negative
Nb (Ta) anomalies (Figure 40b, d, f), suggesting that they may
have formed in a back-arc type of setting. In contrast, a sample
(111-12-544A01) collected from a quartz diorite dike cutting
unit 6 shows a significantly LREE-enriched and HREE-depleted
pattern without a Eu anomaly; it also exhibits pronounced neg-
ative Nb, Ta, Zr, Hf, and Ti anomalies (Figure 40g, h), resulting in
a strong magmatic-arc signature (e.g., Pearce, 2008). Although
gabbroic rocks of unit 7 have relatively higher REE and trace-
element concentrations, they cannot be distinguished in REE
and extended trace-element profiles (Figure 40g, h) from the
rocks of units 3—6. Elevated REE and trace-element abundances
are most likely due to magmatic fractionation.

The trace-element (including REE) characteristics collec-
tively suggest that the Mayville intrusion formed by multiple
batches of magma derived from a common magma chamber
where fractional crystallization took place, probably involv-
ing all constituent minerals except plagioclase as fractionat-
ing phases. Melagabbro, characterized by moderate negative
Eu anomalies, may be an exception in this model because it
appears to represent a residual phase following fractionation
of plagioclase. This is interpreted to indicate that the magma(s)
was/were probably derived from a relatively shallow depleted
mantle that underwent a high degree of partial melting. Pla-
gioclase may have been absent in the fractionating phases that
led to anorthosite, leucogabbro, gabbro and pyroxenite in the
Mayville intrusion, but it is present as a constituent mineral in
these rocks. The extended trace-element profiles are consis-
tent with mafic—ultramafic rocks derived from a magmatic-arc

to back-arc system, where arc-related magmas were generated
by decompression melting in the mantle wedge augmented by
fluid and/or magma additions from the subducting lithospheric
slab (Pearce and Peate, 1995; Tatsumi and Eggins, 1995; Man-
tle and Collins, 2008).

Contamination of tholeiitic magma by continental crustal
materials would influence the geochemical signature of the
magma because the crustal rocks have relatively higher primi-
tive-mantle—normalized ratios of (Th/Yb),,, (20-100), elevated
(Nb/Yb),,, (2-15) and greater Th enrichment relative to Nb
compared to juvenile magma (Lightfoot et al., 1990; Keays
and Lightfoot, 2010; Yuan et al., 2012). A geochemical model
of simple mixing between N-MORB magma and upper conti-
nental crust was carried out to test the hypothesis that the
Mayville intrusion was emplaced in an extensional environ-
ment at a continental margin (Yang et al., 2012). The model
suggests that about 5-10% contamination by continental crust
is required to elevate the (Th/Yb), , (Nb/Yb),, and (Th/Nb),,
ratios in N-MORB magma to the values observed in the May-
ville intrusion. This contamination is thought to be important
for triggering sulphide saturation in tholeiitic magmas (e.g.,
Naldrett, 2004).

Unit 8: gabbroic rocks

Samples from unit 8 fall mainly in the field of gabbro on
the TAS diagram (not shown), although a few from the New
Manitoba Mine intrusion (NMMI; Yang et al., 2013) fall into the
ultrabasic field (44.0-44.7 wt. % SiO,) and one (56.9 wt. % SiO,)
into the diorite field (Table 6_2 of DRI2020024). Gabbroic sam-
ples from the Cat Lake intrusion display consistent SiO, con-
tents ranging from 49.1 to 51.0 wt. %. Similarly, other unit 8
samples are restricted within an SiO, range of 48.1-51.0 wt. %.
As an affiliation (Table 1), gabbroic rocks of unit 8 are attributed
to the subalkaline series defined by Irvine and Baragar (1971)
because of relatively low alkali contents (Table 6; Table 6_2 of
DRI2020024). On an AFM diagram (Figure 41a), all unit 8 gab-
broic samples are exclusively tholeiitic. They align along the
F-M side of the AFM diagram, consistent with the fractionation
trend of tholeiitic magmas elsewhere under relatively reduced
conditions (e.g., Miyashiro, 1974; Winter, 2010).

Based on the Th/Yb versus Zr/Y diagram, unit 8 gabbroic
rocks are dominantly tholeiitic (Figure 41b), consistent with
the discrimination result from the AFM diagram. Two samples
(111-13-096A01 and 111-12-703A01) show higher Th/Yb and
Zr/Y ratios, probably reflecting the effect of crustal contamina-
tion. This is also manifested in the plot of Zr/TiO2 versus Nb/Y,
although all samples with relatively low Nb/Y ratios (<0.7) are
located exclusively in the gabbro field (Figure 41c) with subal-
kaline affinity (Pearce, 1996).

Figure 42 shows chrondrite-normalized REE patterns and
primitive-mantle—normalized extended trace-element profiles
for unit 8 gabbroic rocks. Generally, these rocks have similar,
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to the TAS (total alkalis versus silica) diagram (Rollinson, 1993). Abbreviations: A, Na,0+K,0; F, FeO* (total Fe as FeO); M, MgO. All values in wt. %.
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Figure 42: Chondrite-normalized rare-earth—element patterns and primitive-mantle—normalized, extended trace-element profiles for unit 8 gab-
broic rocks from the Cat Creek—Euclid Lake area: a) and b) for the New Manitoba Mine intrusion (NMMI); ¢) and d) for the Cat Lake intrusion (CLI);
e) and f) for other unit 8 rocks. Normalizing values from Sun and McDonough (1989).

flat REE patterns with or without very slight Eu anomalies and
display 5-20 times chondrite-normalized REE values. They
also exhibit similar extended trace-element profiles with rel-
atively low HFSE concentrations that are ~5-10 times higher
than primitive-mantle values (Sun and McDonough, 1989).
Exceptions are evident for two samples (111-13-096A01 and
111-12-703A01) that show LREE-enriched patterns with REE

abundances up to 50 times the normalized values (Figure 423,
e). Again, these characteristics are attributed to crustal con-
tamination, which is also apparent in the trace-element pro-
files that show either pronounced Nb, Ta and Ti negative
anomalies or even a positive Ta anomaly (Figure 42b, f). Accu-
mulation or separation of Fe-Ti oxide minerals (e.g., ilmenite,
rutile) can explain the geochemical characteristics.
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To further test the effect of crustal contamination on
the geochemistry of unit 8 rocks, application of a primitive-
mantle—normalized (Cu/Zr),,, versus (Nb/Th), ratio plot (e.g.,
Lightfoot et al., 1990) suggests that some of these rocks may
have been influenced by crustal contamination, leading to sig-
nificantly decreased (Nb/Th),,, ratios (Figure 43). Simultane-
ously, such a process may also have resulted in sulphide melt
saturation (that would form sulphide minerals, such as chalco-
pyrite and pyrrhotite, upon cooling and solid-solution fraction-
ation and exsolution), segregation, accumulation and settling
down, which is common for tholeiitic magmas (chambers or
conduits; e.g., Lightfoot et al., 1990; Peck et al., 2001, 2002;
Naldrett, 2004; Lightfoot, 2016). Notably, both sulphide accu-
mulation and removal are manifested in the New Manitoba
Mine intrusion, as shown by the dashed outline and sample
111-13-96A01 in Figure 43.

Unit 9: Cat Creek assemblage rocks

Unit 9 metasedimentary rocks, represented by grey-
wackes, have intermediate to felsic composition, with SiO, con-
tents ranging from 61.22 to 70.69 wt. % and total alkali contents
ranging from 4.81 to 5.40 wt. % (Table 6_2 of DRI2020024),
placing them in the andesite and dacite fields on the TAS dia-
gram (Figure 44a). They are relatively rich in Na,O, with K,0/
Na,O ratios of 0.56—0.79, suggesting derivation from an arc-like
provenance. These greywackes display low Nb/Y ratios (<0.7),
with Zr/TiO2 ratios comparable to those commonly seen in arc

basalt or andesite (Figure 44b) and consistent with their source
rocks being subalkaline arc-like volcanic rocks. A La-Th-Sc ter-
nary discrimination diagram for greywackes (not shown), pro-
posed by Bhatia and Cook (1986), indicates that these samples
fall in the field of either continental island arcs (three samples)
or oceanic island arcs (one sample), confirming that their prov-
enance could be a volcanic arc.

The volcaniclastic rocks from unit 9 display chemical
compositions similar to that of greywacke on a TAS diagram,
despite extending to a lower SiO, content (54.94 wt. %), and a
positive correlation between SiO, and total alkali contents (Fig-
ure 44a). The volcaniclastic rocks also have low KZO/NaZO ratios
(0.33-0.77) that are relatively enriched in Na,O (Table 6_2 of
DRI2020024). This suggests that the volcaniclastic rocks (e.g.,
lapilli tuff and volcaniclastic sandstone), together with the
greywacke, may have inherited their subalkaline signature
from volcanic-arc rocks. Again, on a plot of Zr/TiO, versus Nb/Y,
unit 9 volcaniclastic rocks have compositions similar to those
of the greywackes, with low Nb/Y ratios (<0.7) and a range of
Zr/TiO, values comparable to those of basalt to andesite (Fig-
ure 44b).

More interestingly, unit 9 greywackes and volcaniclastic
rocks exhibit very similar chondrite-normalized REE patterns
(Figure 45a) and primitive-mantle—normalized trace-element
profiles (Figure 45b). These rocks show LREE-enriched and rel-
atively HREE-depleted patterns with slightly negative to no Eu
anomalies. One volcaniclastic sample and one greywacke sam-
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Figure 43: Plot of (Cu/Zr),,, versus (Nb/Th),,, for unit 8 gabbroic rocks; dashed line outlines some of the samples from the New Manitoba Mine
intrusion (NMMI). Primitive-mantle—normalized values from McDonough and Sun (1995).

64

Manitoba Geological Survey



16|||||||||"|||"'||||||||||C>Unit99reywacke
— a) X Unit 9 volcaniclastic rock
14 | Phonolite ]
i Tephri- |
12 - . -
i phonolite Trachyte ]
X - \ ]
© 10 %lgﬂﬁte Trachydacite
3 ~ Foidite Trachy: ]
o 8F , andesite Rhyolite _|
3 L Tephrite asatic |
X bas%nite trachy- >
O 6} rachy andesite -
g basa O &)
4 Basalt x Dacite -
: , Basaltic| Andesite :
2 Eel:ggl—t andesit
ot b bt b b b b b
0

35 40 45 50

55 60 65 70 75

SiO, (wt. %)

T T TTTT T T TITIT] T T TP |
1 L ® - _|
- Alkali rhyolite =
— Phonolite
L Rhyolite/dacite Trachyte /:
/ Tephri-phonolite
S I = —
o - Trachy- =
£ - andesite /
N B / ]
- Andesite/basalt .
01 Foidite —
- Alkali basalt -
L Basalt ]
B Lol | Lol A FRERET |_

.01 A 1 10

Nb/Y

Figure 44: Geochemical characteristics of unit 9 Cat Creek assemblage rocks from the Cat Creek—Euclid Lake area: a) total alkalis versus SiO,
diagram (TAS; after Le Bas et al., 1986); b) Zr/TiOZ versus Nb/Y (from Pearce, 1996).

ple appear to be less fractionated between the LREE and HREE,
likely because of their compositional differences compared
to the other samples. This is also manifested in the extended
trace-element profiles that these two samples display, with
much less pronounced Nb, Ta and Ti negative anomalies com-
pared to the other samples, which inherited more typical arc
signatures (Figure 45b; e.g., Rollinson, 1993; Pearce, 2008).

Geochemical characteristics of the greywackes and volca-
niclastic rocks from the unit 9 Cat Creek assemblage suggest
that they may have a volcanic-arc provenance.

Unit 10: TTG suite rocks, including the Maskwa Lake
batholith Il

Classification

Based on their major-element compositions, unit 10 TTG
suite rocks range from granite, granodiorite and quartz diorite
to gabbro on the TAS diagram (Figure 46a), and can be grouped
into felsic and mafic compositions. Field relationships indicate
that the felsic rocks were cut by mafic rocks, although they are
all subalkaline based on the definition by Irvine and Baragar
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(1971). Most are calcic, although a few samples are calc-alkalic
(Figure 46b). Based on the index of Fe* proposed by Frost et al.
(2001), unit 10 granitoids are dominantly magnesian, although
a few samples from evolved phases fall into the ferroan field
(Figure 46c). On the Shand index plot, they are metaluminous
to weakly peraluminous. Only a few, more evolved, samples
are moderately to strongly peraluminous (Figure 46d). Using
an aluminum saturation index ACNK of 1.1 as the boundary
to differentiate I-type (<1.1) from S-type (>1.1) granites (Chap-
pell and White, 1974, 1992, 2001), unit 10 granitoids are of
I-type, which is interpreted to be derived from partial melting
of igneous source rocks. More interestingly, unit 10 granitoid
rocks display a range of lithological types, from tonalite, trond-
hjemite and granodiorite (TTG) to granite (Figure 46e), typical
of Archean TTG suites (Barker, 1979). This is consistent with
the observation on the TAS diagram (Figure 46a) that unit 10
granitoid rocks span a wide compositional range.

Unit 10 granitoid rocks display a range of ¢ values from
0.60 to 2.05 but are all below 3.5 (Table 6_2 of DRI12020024),
suggesting that they are calcic to calcalkaline (Yang, 2007). This
is consistent with the classification result in Figure 46b and is
also confirmed by Nb/Y ratios consistently less than 0.7 for the
unit 10 granitoids (Figure 46f), typical of subalkaline affinity
(Pearce, 1996). One sample (111-12-477C01) has an Nb/Y ratio
of 0.98, likely reflecting the effect of crustal contamination. In
addition, unit 10 granitoid rocks exhibit varied Zr/TiO2 ratios
that are mostly higher than 0.05, reflecting relatively evolved
characteristics (Figure 46f). Again, similar to the TAS diagram
classification, two groups of unit 10 rocks are evident based on
their felsic and mafic compositions.

Trace elements
Except for gabbro dikes, unit 10 granitoid rocks have rela-
tively low Rb (up to 286 ppm) and Sr (up to 263 ppm), and

high Ba (up to 1102 ppm); Rb/Sr ratios range from 0.1 to 6.6
(Table 6_2 of DRI2020024), suggesting extensive magmatic
fractionation. Unit 10 granitoids display varied K/Rb ratios,
ranging from 32 to 681 and generally higher than 200, reflect-
ing sources that were unevolved to moderately evolved
(Blevin, 2004). This is consistent with low to moderately abun-
dant transitional elements (e.g., Cr, Co, Ni) in these rocks.

Figure 47 shows chondrite-normalized REE patterns of
unit 10 granitoid rocks, which are plotted on the basis of rock
types (i.e., gabbro, quartz diorite, feldspar porphyry, tonalite,
granodiorite and granite). Relative to the granitoid rocks of
unit 10, the gabbros have lower REE abundances and display
flat to slightly LREE-enriched patterns with slightly negative
to positive Eu anomalies (Figure 47a). One sample (111-13-
137B01) even exhibits an LREE-depleted pattern without a
notable Eu anomaly and is elevated in TiO, (1.24 wt. %). Quartz
diorite shows moderately to strongly LREE-enriched and HREE-
depleted profiles, with small negative to positive Eu anomalies,
as indicated by Eu/Eu* values of 0.89-1.11 (Figure 47b). Rare-
earth element abundance increases from gabbro to quartz dio-
rite to granitoid compositions. Tonalite, granodiorite and granite
all display very similar LREE-enriched and HREE-depleted pat-
terns with variably negative Eu anomalies, indicated by Eu/
Eu* values of 0.21-0.94 (Figure 47d—f). This suggests that pla-
gioclase may have played a role in their magmatic evolution,
leading to bulk-REE concentrations varying from tens to hun-
dreds of times chondrite-normalized values and La/Yb ratios
varying from ~6 to 31 (Table 6_2 of DRI2020024). Feldspar por-
phyry samples are generally similar to the other granitoids in
terms of their REE patterns (Figure 47c). A garnet skarn sample
(Figure 47b) displays an LREE-depleted pattern with notable
positive Eu anomaly, although it has a much lower bulk-REE
content.
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Figure 47: Chondrite-normalized rare-earth element patterns for unit 10 granitoid rocks from the Cat Creek—Euclid Lake area. Normalizing values
from Sun and McDonough (1989).

Figure 48 shows primitive-mantle-normalized extended
trace-element profiles of unit 10 granitoid rocks, revealing
that they are enriched in incompatible elements and have
pronounced negative Nb, Ta and Ti anomalies. This is a typi-
cal arc signature, suggesting that unit 10 granitoids may have

formed in a magmatic-arc setting (e.g., Prouteau et al., 1999,
2001; Pearce et al., 2005; Anderson, 2013). Again, unit 10 gab-
bros, which occur as dikes cutting granitoids, have lower trace-
element abundances and flat profiles with or without Nb, Ta
and Ti anomalies. A garnet skarn sample (Figure 48b) displays
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much lower trace-element concentrations characterized by a
zigzag profile, suggesting that it was formed by metasomatism
resulting from its intrusion into calcareous sedimentary rock
(e.g., limestone).

On the Pearce et al. (1984) discrimination diagram, all
samples of unit 10 granitoids plot in the field of volcanic gran-

itoids (Figure 49a) except sample 111-12-279c, which has a
Rb content of 286 ppm as a result of amphibole fractionation
(cf. Clarke, 1992; Yang et al., 2008). On the plot of log t versus
log & (not shown), all granitoid samples fall into the field of
orogenic belts and island arcs. Note that t=(Al,0,-Na,0)/TiO,
(Gottini, 1968) and ranges from 13.88 to 151.23 (see Table 6_2
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Figure 49: Tectonomagmatic discrimination diagram for unit 10 granitoid rocks from the Cat Creek—Euclid Lake area: a) (Y+Nb) versus Rb (after
Pearce et al., 1984); b) Zr/Sm versus Nb/Tb (after Foley et al., 2002); primitive-mantle Nb/Ta and Zr/Sm ratios are 17.4 and 25.2, respectively
(Sun and McDonough, 1989). Abbreviations: CC, continental crust; IAB, island-arc basalt; MORB, mid-ocean—ridge basalt; OIB, ocean-island ba-
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within-plate granitoid.
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of DRI2020024), which is consistent with characteristics of
unevolved to strongly evolved granitoids. Also, these chemi-
cal features are suggested by moderate to high K/Rb ratios, as
mentioned previously.

On the plot of Nb/Ta versus Zr/Sm (Figure 49b), unit 10
granitoid rocks display relatively low Nb/Ta ratios (<17.4)
and high Zr/Sm ratios (>25.2) compared to primitive mantle,
MORB, ocean-island basalt and island-arc basalt, and are more
similar to Archean TTG and/or adakite (Foley et al., 2002). This
suggests that they may have been derived from partial melt-
ing of amphibolite (Foley et al., 2002) in a volcanic-arc envi-
ronment. However, on a plot of Sr/Y versus La/Yb (Figure 50),
most of the unit 10 granitoid samples form a group with Sr/Y
<10 and La/Yb < 20 (i.e., the field of non-TTG), and only a few
samples with 50 > Sr/Y > 10 and La/Yb > 20 are attributed to
low-pressure TTG (Moyen and Martin, 2012). Relatively low
La/Yb and Sr/Y ratios in the granitoids can be explained by pla-
gioclase fractionation, which also leads to moderately negative
Eu anomalies (Figure 48).

Since Sr is readily remobilized in granitoid rocks, the abun-
dance of HFSE is preferred as a means of discriminating rock
types and tectonic environments (e.g., Whalen et al., 1987). In
terms of geodynamic settings, Whalen and Hildebrand (2019)
proposed a set of trace-element concentrations and ratios to
discriminate granitoid rocks formed by arc magmatism (pre-
collisional), slab failure (post-accretion or post-collisional;
Hildebrand et al., 2018) and A-type (late post-collisional or
anorogenic). First, A-type granitoids contain higher Nb+Y (>60

ppm) and Ta+Yb (>6 ppm) than slab-failure— and arc-related
counterparts. Secondly, granitoids produced by slab-failure
magmatism have geochemical signatures of Sr/Y >20 (although
this is not diagnostic), Nb/Y >0.4, Ta/Yb >0.3, La/Yb >10, Gd/
Yb >2 and Sm/Yb >2.5, whereas arc-related rocks have lower
ratios than slab-failure ones. Thirdly, these ratios are applicable
to metaluminous granitoid rocks with SiO, ranging from 55 to
70 wt. %. Application of the discrimination diagrams of Wha-
len and Hildebrand (2019) indicates that most unit 10 granitoid
samples fall in the field of slab-failure granitoids and/or strad-
dle the boundary between arc-related and slab-failure—related
granitoids (Figure 51). No A-type granites, however, were iden-
tified in the unit 10 TTG suite.

Some of the unit 10 granitoid rocks are comparable to
the low-pressure TTG subtype proposed by Moyen and Martin
(2012), which may have exhibited the geochemical character-
istics of non-TTG owing to extensive differentiation (Figure 50).
In addition, these granitoids generally display calcic, magnesian
and weakly to moderately peraluminous affinities. These fea-
tures, together with constraints from trace-element geochem-
istry, suggest that unit 10 granitoids may have been generated
by partial melting of amphibolites derived from mafic proto-
liths at relatively low pressure in an arc-related to slab-failure
setting. Underplating of mafic mantle-derived magmas could
have triggered partial melting of the lower crustal amphibo-
lites to form unit 10 granitoids and, due to tectonism, some
of the mafic magmas may have ascended to emplace into the
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unit 10 granitoids along pre-existing structures to form slightly
younger gabbroic dikes.

Unit 11: Euclid Lake assemblage rocks

Major-element data for unit 11 rocks (Table 6; Tables 6_1
and 6_2 of DRI2020024) indicate that three sandstone sam-
ples plot in the dacite field, one amphibolite sample in the
basaltic andesite field and two mafic volcanic samples in the

basalt field on the TAS diagram (not shown) of Le Bas et al.
(1986). Trace-element data reveal that these samples fall in the
andesite/basalt field on the Zr/TiO, versus Nb/Y classification
diagram (not shown) of Pearce (1996) and in the volcanic-arc
granitoid field on the (Y+Nb) versus Rb diagram (not shown)
of Pearce et al. (1984). Together, these characteristics suggest
that the Euclid Lake assemblage rocks were likely derived from
local arc-related rocks.
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The three sandstone samples collected from this unit 11
have similar and consistent REE patterns, showing LREE enrich-
ment and HREE depletion without notable Eu anomalies (Fig-
ure 52a). These sandstones have pronounced Nb, Ta and Ti
negative anomalies (Figure 52b), similar to arc-related rocks.

The amphibolite samples display similar REE and trace-
element profiles to the sandstone samples, although they

appear more differentiated between LREE and HREE and dis-
play notably negative Zr and Hf anomalies (Figure 52a, b).

Two samples of mafic-volcanic rocks show slightly different
REE and trace-element patterns: one has relatively enriched
LREE and the other depleted LREE, although both the profiles
are flat; and one has notably negative Ta, Zr and Hf anomalies,
whereas the other does not.
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Figure 52: Trace-element patterns of Euclid Lake assemblage rocks from the Cat Creek—Euclid Lake area: a) chondrite-normalized rare-earth
element profiles; b) primitive-mantle—normalized extended rare-earth—element profiles. Normalizing values from Sun and McDonough (1989).
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Unit 12: Inconnu pluton

Major elements

Based on major-element compositions, unit 12 granitoid
rocks of the Inconnu pluton include a variety of rock types,
ranging from granite, granodiorite and quartz diorite to mon-
zonite on the TAS diagram, all of which belong to the subalka-
line series (Figure 53a) of Irvine and Baragar (1971). Although
these rocks are mostly calc-alkalic in terms of alkalinity (Fig-
ure 53b), a few samples fall into the fields of calcic and even
alkalic (e.g., one aplite sample), suggesting that unit 12 rocks
may represent diverse magmas, which requires further dis-
cussion. Based on the index of Fe* proposed by Frost et al.
(2001), unit 12 granitoids are dominantly magnesian, although
the aplite sample falls into the ferroan field (Figure 53c). Nota-
bly, the samples display a roughly linear relationship on the
plot of Fe* versus Si0,, consistent with a magmatic differen-
tiation trend. On the Shand index plot, unit 12 granitoid rocks
are metaluminous to weakly peraluminous (Figure 53d). Only
two samples are moderately to strongly peraluminous; one
of these, sample 111-13-170D01, was collected from a very
coarse grained to pegmatitic granite dike cutting Euclid Lake
assemblage (unit 11) greywacke on the north shore of Euclid
Lake (see below). Using an aluminum saturation index (ACNK)
of 1.1 as the boundary to differentiate I-type (<1.1) from S-type
(>1.1) granites (Chappell and White, 1974, 1997, 2001), unit 12
granitoids, except for the pegmatitic granite, are of I-type and
interpreted to be derived from partial melting of igneous
source rocks. On a CIPW normative Ab-An-Or plot (Figure 53e),
these rocks display a range of lithological types from tonalite,
trondhjemite and granodiorite to granite, similar to Archean
TTG suite rocks (Barker, 1979). This is also consistent with the
observation on the TAS diagram (Figure 53a) that they span a
wide compositional range. Again, a magmatic differentiation
trend of the calc-alkalic series is well exhibited on Figure 53f,
consistent with the characteristics shown on Figure 53b and c.

Unit 12 granitoid rocks have relatively narrow o values
ranging from 1.44 to 3.18 (Table 6_2 of DRI2020024), suggest-
ing that they are calcalkaline (Yang, 2007). This is consistent
with the classification result obtained with Figure 53b.

On the TAS diagram (Figure 53a), the pegmatitic granite
sample (11-13-170D01), as mentioned above, plots in the
granite field, which is subalkaline, and it plots on the bound-
ary between calcic and calc-alkalic series (Figure 53b). This
sample plots on the boundary between magnesian and fer-
roan granitoids (Figure 53c; defined by Frost et al.,, 2001)
and has a very high ACNK value of 1.29 (Figure 53d), which
is attributed to strongly peraluminous granite, as defined by
Clarke (2019). Thus, it is an S-type granite in origin (Yang et al.,
2019). However, this granite is rich in Na,O (5.98 wt. %) com-
pared to K,0 (0.31 wt. %), resulting in a K,0/Na,O ratio of 0.05,
and must therefore contain a very high CIPW normative albite
content (54.9%). As a result, it plots in the trondhjemite field

(Figure 53e), consistent with the differentiation trend of calcic
granitoids (Figure 53f; see Whalen and Frost, 2013). The Na
enrichment of this granite is atypical compared to K-rich S-type
granitoids from the Lachlan fold belt (Chappell and White,
1974, 1992, 2001). Remarkably, this granite sample exhibits
very high concentrations of Be (195 ppm), Nb (95.5 ppm) and
Ta (290 ppm), probably enough to constitute rare-metal ore.
Notably, it is depleted in transitional elements (e.g., Cr, Ni, Co)
and REEs (see Table 6_2 of DRI2020024).

Trace elements

Figure 54a (Pearce, 1996) is used to classify volcanic
rocks, is thought (Rollinson, 1993) to be equivalent to the
TAS diagram proposed by Le Bas et al. (1986), and is also
applied to the classification of intrusive rocks (Middlemost,
1994). Unit 12 granitoids display a roughly linear relationship
between ratios of Zr/TiO, and Nb/Y, extending from the field
of andesite through trachyandesite and trachyte to rhyolite,
except for highly evolved samples such as aplite and pegma-
titic granite. Such a trend is interpreted to be the result of mag-
matic differentiation of subalkaline magmas with Nb/Y ratios
of <0.7 (Figure 54a; Pearce, 1996). However, this interpretation
has difficulty explaining some of the samples with high Nb/Y
ratios (>0.7), which require either upper crustal contamination
or addition of magmas derived from much deeper sources.
Compositional constraints favour the former interpretation
because these granitoid rocks are poor in transition elements
(e.g., Ni, Co, Cr). In addition, Zr/TiO, ratios higher than 0.05
in the unit 12 granitoid rocks indicate that they are relatively
evolved (Figure 54a), consistent with K/Rb ratios as low as 42.
The ratios ranging from 42 to as much as 515 (Table 6_2 of
DRI12020024) likely reflect heterogeneity of the source regions.

On the Pearce et al. (1984) discrimination diagram, most
of the samples of unit 12 granitoid plot in the field of volca-
nic-arc granitoids (Figure 54b) and a few extend to the field of
syncollisional granitoids. The pegmatitic granite (sample 111-
170D01) plots in the ocean-ridge granitoid field, indicating that
it is much depleted in Rb. In contrast, the aplite sample has
a much higher Rb content and thus plots in the syncollisional
granitoid field. These two extremes strongly suggest that these
rocks may have formed by different processes: one leading to
Rb (432 ppm) enrichment in the aplite, and the other result-
ing in Rb (5 ppm) depletion in the pegmatitic granite (see also
Table 6_2 of DRI2020024). This is also indicated by the distinct
K,0/Na,O ratios of 2.21 and 0.05 of the pegmatitic granite and
aplite, respectively, suggesting that they may have followed
different fractionation paths (e.g., Scaillet et al., 2016) under
relatively low pressures (e.g., Yang, 2017).

Figure 55a and b show chondrite-normalized REE patterns
of unit 12 granitoid rocks that were grouped into subunits 12a
and 12b based on their field relationships (Table 1). Granitoid
rocks of subunit 12a (Figure 55a) display LREE-enriched pat-
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terns with slightly negative to positive Eu anomalies, and their
LREE/HREE ratios decrease with increasing degree of differen-
tiation. It is noted that the aplite sample has the lowest REE
abundance and LREE/HREE ratio, which likely resulted from
magmatic fractionation. Subunit 12b rocks (Figure 55b) are
characterized by LREE-enriched and HREE-depleted patterns
with notably negative Eu anomalies. The negative Eu anoma-
lies become pronounced with differentiation, and the patterns

in the HREE portion become concave. The pegmatitic granite
(sample 111-170D01) displays much lower REE abundance and
a slightly LREE-enriched pattern with a more pronounced Eu
negative anomaly compared with other subunit 12b samples,
suggesting these may have different origins.

Figure 55c¢ and d shows primitive-mantle—normalized,
extended trace-element profiles of unit 12 granitoid rocks,
revealing that they are enriched in incompatible elements with
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Figure 55: Chondrite-normalized rare-earth element patterns (a, b) and primitive-mantle—normalized extended trace-element plots (c, d) for
unit 12 granitoid rocks from the Cat Creek—Euclid Lake area. Normalizing values from Sun and McDonough (1989).

pronounced negative Nb, Ta and Ti anomalies, except for the
aplite sample in subunit 12a and the pegmatitic granite sam-
ple in subunit 12b. These exceptions are characterized by their
much higher Nb and Ta abundances and thus display positive
anomalies.

Figure 56a shows a scattered distribution of unit 12 granit-
oid rocks on a plot of Nb/Ta versus Zr/Sm, ranging from MORB
to TTG although most of the samples plot in the fields of TTG
and adakite. These rocks have relatively low Nb/Ta ratios
(<17.4) and high Zr/Sm ratios (>25.2) compared to primitive
mantle, MORB, ocean-island basalts and island-arc basalts,
and are more similar to Archean TTG and/or adakite (Foley
et al., 2002). This suggests that unit 12 granitoid rocks may
have been derived from partial melting of amphibolite (Foley
et al., 2002) in a volcanic-arc setting. Interestingly, the pegma-
titic granite and aplite show very low Nb/Ta ratios, likely due
to extreme fractionation aided by internal fluids in the mag-
matic system (Yang et al., 2019). On a plot of Sr/Y versus La/Yb
(Figure 56b), most of the unit 12 granitoid samples represent
medium- to low-P TTG based on their Sr/Y ratios that range
from 10 to 200 and La/Yb ratios that are >20 (Moyen and Mar-

tin, 2012). Relatively low La/Yb and Sr/Y ratios in granitoids can
be explained by plagioclase fractionation, which also leads to
moderately negative Eu anomalies (Figure 55a, b).

Units 13 and 14

Major elements

Most of the whole-rock samples from units 13 and 14 gen-
erally have high SiO, contents and plot in the granite field of
the TAS diagram (Figure 57a), but two samples from unit 13
fall in the granodiorite field and just above the boundary
between granodiorite and quartz syenite (Table 6; Table 6_2 of
DRI2020024). These rocks all belong to the subalkaline series.
On the MALI versus SiO, (wt. %) plot of Frost et al. (2001),
these subalkaline granitic rocks are mostly alkali-calcic to calc-
alkalic, although two samples are well within the calcic field
(Figure 57b).

The Rittmann Serial Index (o; Rittmann, 1973) values for
samples of units 13 and 14 granitic rocks range from 1.87
to 3.03, suggesting the calcalkaline series (Yang, 2007); only
two samples have lower ¢ values of 0.47-0.81, which places
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Figure 56: Trace-element discrimination diagram for unit 12 granitoid rocks from the Cat Creek—Euclid Lake area: a) Zr/Sm versus Nb/Tb (after
Foley et al., 2002); primitive-mantle Na/Ta and Zr/Sm ratios are 17.4 and 25.2, respectively (Sun and McDonough, 1989); b) La/Yb versus Sr/Y:
boundary between Sr/Y and La/Yb ratios used to define TTG and subtypes from Moyen and Martin (2012). Abbreviations: CC, continental crust;
IAB, island-arc basalt; MORB, mid-ocean—ridge basalt; OIB, ocean-island basalt; TTG, tonalite-trondhjemite-granodiorite.

them in the calcic series (Table 6_2 of DRI2020024). These
observations agree with the results shown in Figure 57b. On
the K O versus SiO, plot (not shown), units 13 and 14 rocks plot
within the medium- to high-K fields of the calcalkaline series
(Peccerillo and Taylor, 1976); this assignment is supported by
the fact that they are mostly enriched in KO relative to Na,O
(Table 6; Table 6_2 of DRI2020024).

Unit 13 granitoids and unit 14 granitic pegmatite and aplite
are S-type granites that are dominantly ferroan, but some sam-
ples plot in the magnesian field (Figure 57c), suggesting that
intra-intrusion magmatic differentiation may have caused such
compositional variation (Clarke, 1992). These granitoid rocks
are moderately to strongly peraluminous (Figure 57d), which
is typical for S-type granites (Chappell and White, 1974, 2001;
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Clarke, 1992, 2019; Yang et al., 2019). The unit 14 aplite sample
and a unit 13 granodiorite sample are metaluminous, further
indicating intra-intrusion differentiation.

Trace elements

Unit 13 granitoid rocks display varied abundances of large-
ion lithophile elements (e.g., Rb, Cs, Sr, Ba) and relatively low
concentrations of transition metals (e.g., Co, Ni; Table 6 and
Table 6_2 of DRI2020024). Unit 14 pegmatite and aplite are
strongly enriched in Be, Rb, Cs, Nb and Ta, similar to those
in the LCT pegmatites of Cerney and Ercit (2005), which are
genetically related to S-type granites.

Most of the samples from units 13 and 14 have low Sr
(<400 ppm) and low Yb (<2 ppm) contents (Figure 58a; Table 6_2
of DRI2020024), suggesting that their parental magmas may
have formed at medium pressures from sources with a gran-
ulite-facies residue comprising plagioclase, pyroxene tgarnet

(zhang et al., 2006). They contrast with typical TTG suite rocks
that display much higher Sr and low Yb, and formed at higher
pressures in a source region with appreciable amounts of gar-
net but no plagioclase (Martin et al., 2005; Zhang et al., 2006;
Moyen and Martin, 2012). Negative Eu anomalies and low Sr/Y
and La/Yb ratios in the S-type granites (Figure 58b) suggest
that they require the presence of plagioclase in their source
magma but the absence of garnet at relatively low to moderate
pressures (e.g., Castillo et al., 1999; Zhang et al., 2006; Moyen
and Martin, 2012). Furthermore, intrapluton and interpluton
variations in both Eu/Eu* and Gd/Yb ratios (Figure 58b) sug-
gest that units 13 and 14 granites and related pegmatite and
aplite likely originated from such heterogeneous sources.

REE patterns

Chondrite-normalized REE patterns of unit 13 granitoids
display LREE enrichment relative to HREE with variable nega-

Geoscientific Report GR2020-1

79



1000 T

I T T
| a) | _
v | : /1]
800 | _
e 1
e 600 ! .
Q :
o — ' —
D 400f-L e  EECSEGEEEEEEE P EE R EEE -
B 1 \ v _
2001 : -
OA |
ro A v ! OA
0 1 I 1 1 |
0 1 2 3 4 5 6
Yb (ppm)
4 T T T T I T T
b) ! Unit 13
o | V¥ Granodiorite
| O Granite
3L | A Grt-Ms granite | -
| Unit 14
! ® Pegmatite
Xy i O Aplite
W L : .
5 :
L |
([ Fmmmmmm - oI .
°o A
M © EV A o AN O @)
0 | | | | I | |
0 2 4 6 8
Gd/Yb

Figure 58: Discriminant diagrams of elemental abundances and ratios for units 13 and 14 granitoid rocks from the Cat Creek—Euclid Lake area:
a) Sr (ppm) versus Yb (ppm); fields -1V from Zhang et al. (2006); b) Eu/Eu* versus Gd/Yb. Field abbreviations: I, granitoids with high Sr and Yb
contents (magmas derived from high-pressure sources in equilibrium with eclogite-facies residues); Il, granitoids with low Sr and low Yb contents
(magmas derived from moderate-pressure sources in equilibrium with granulite-facies residues); Ill, granitoids with high Sr and high Yb contents
(magmas from low-pressure sources in equilibrium with amphibolite-facies residues); IV, granitoids with low Sr and high Yb contents (magmas
from very low pressure sources in equilibrium with gabbroic residues such as modern middle-ocean-ridge). Mineral abbreviations: Grt, garnet;

Ms, muscovite.

tive Eu anomalies (Eu/Eu*=0.29-0.87; Figure 59a; Table 6_2 of
DRI2020024). Unit 14 aplite shows an REE pattern similar to
unit 13, but pegmatites from unit 14 display much lower REE
abundances with LREE enrichment and slightly negative to pro-
nounced positive Eu anomalies. These geochemical character-
istics suggest that the sources of the rocks in units 13 and 14 did
not have a garnet residue and formed at shallower depths than
the I-type granitoids of the TTG suite, which were derived from

deeper magma sources containing an appreciable amount of
garnet (e.g., Martin et al., 2005; Moyen and Martin, 2012).

Extended trace-element patterns

On primitive-mantle—normalized multi-element plots (Fig-
ure 59b), unit 13 granitoid rocks show relative enrichments in
Th, LREE, Zr and Hf, with pronounced negative Nb, Ta and Ti
anomalies. Unit 14 pegmatite and aplite samples have much
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vite.

higher Nb (up to 77.7 ppm) and Ta (up to 164 ppm), and lower
values for the other HFSE (Table 6_2 of DRI2020024), with
enormously positive Nb and Ta anomalies and positive Zr and
Hf anomalies. All of this suggests that these rare metals are
strongly enriched because of high differentiation, which is also
indicated by very low Nb/Ta ratios of <1 (Figure 60a). These
Nb/Ta ratios are much lower than that of the upper continental
crust (13.3; Rudnick and Gao, 2010) and also lower than those
of less evolved S-type granites (6.0—6.0) from the Inconnu plu-
ton (Yang et al., 2019). Such low Nb/Ta ratios, and the enrich-

ment in Nb and Ta, require extreme fractional crystallization
of micas aided by internal fluid (cf., Dostal and Chatterjee,
2000; Yang et al., 2008; Stepanov et al., 2014). As pointed out
by Ballouard et al. (2016), interaction of peraluminous S-type
granites with internal subsolidus magmatic fluids would not
only differentiate Nb from Ta, but also decrease Nb/Ta ratios
to <5. Notably, unit 14 rocks also show pronounced positive
Zr and Hf anomalies with low Zr/Hf ratios (<12; Figure 60a),
which are much lower than that of the upper continental crust
(36.4; Rudnick and Gao, 2010) and lower than those of less
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Figure 60: Discriminant diagrams of elemental abundances and elemental ratios for units 13 and 14 rocks from the Cat Creek—Euclid Lake area:
a) Zr/Hf versus Nb/Ta (Na/Ta ratio of 13.3 and Zr/Hf ratio of 36.4 in the upper continental crust from Rudnick and Gao, 2010); b) (Y+Nb) versus
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volcanic-arc granitoid; WPG, within-plate granitoid.

evolved S-type granites (17.1-36.7) from the Inconnu pluton
(Yang et al., 2019). Linnen and Keppler (2002) suggested that
a decrease in Zr/Hf ratios of peraluminous granites may result
from zircon fractionation. Positive Zr and Hf anomalies in the
S-type pegmatitic granite and muscovite pegmatite suggest
that they could contain notable amounts of zircon as one of
the accumulating phases.

Unit 13 granitoids plot mostly in the field of syncollisional
granitoids defined by Pearce et al. (1984), although two sam-
ples, together with a pegmatite sample of unit 14, fall in the
field of volcanic-arc granitoids (Figure 60b), which may be the
result of K-feldspar (tbiotite) fractionation. This indicates that
unit 13 granitoid rocks are S-type, formed in a thickened-crust
setting due to terrane collision (Yang et al., 2019).
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Summary

In summary, lithogeochemical data demonstrate a typi-
cal signature of arc-related volcanic to volcaniclastic rocks and
derived sedimentary rocks that constitute the supracrustal
rock suites of units 2, 9 and 11. Intrusive rocks comprise unit 1
basement granitoids displaying arc affinities; units 3—7 Mayville
mafic—ultramafic intrusion and unit 8 gabbroic rocks that show
broad geochemical commonalities related to arc- to back-arc
settings; unit 10 TTG and rocks of the unit 12 Inconnu pluton
emplaced in a volcanic setting; unit 13 S-type granites formed
in a collisional setting; and unit 14 pegmatitic and aplitic rocks
associated with various granitoid intrusions.

Sm-Nd isotope systematics

Twenty whole-rock samples were selected for analysis of
Sm-Nd isotopic composition at the University of Alberta. These
samples are grouped into three classes in terms of their field
relationships: the Mayville intrusion (units 3—7), volcanics and
related synvolcanic gabbroic rocks (unit 2), and granitoid rocks
(unit 1 granitoid basement and unit 10 TTG rocks). Detailed
analytical procedures followed the approach described previ-
ously in Bohm et al. (2007) and Anderson (2013), which are
also summarized in DR12020024. The Sm-Nd isotopic data pro-
vided in Table 7 and Table 7 of DRI2020024 are used to identify
the source(s) of these rocks and to assess plausible petroge-

Table 7: Sm-Nd isotopic data for representative whole-rock samples, Cat Creek—Euclid Lake area, Bird River greenstone belt.

Ut™Mm 147, 143, @) 5 6 10)
Sm Nd Sm/ Nd/ Err.® T © T® Sm/ T, Q0
Sam |e ROCk type DM £ T(7) Sm/Nd (8) £ 0(9) 2-0M
. Easting®  Northing® Y€ (ppm) (ppm) Nd®  WNd®  (20)  (Ga) (Ma) M Nd T o (Ga)
Mayville mafic-ultramafic intrusion (units 3 to 7)
111-12-604A01 315405 5612665 Gabbro 1.95 5.98 0.1970 0.51272 0.00001 n/a 2743 1.6 0.33 0.001 1.7
111-12-621A01 313613 5613265 Magnetic 6.80 20.0 0.2053 0.51286 0.00001 n/a 2743 14 0.34 0.044 4.4
gabbro,
111-12-461A01 314150 5612506 Leucogabbro 0.67 2.08 0.1932 0.51267 0.00001 n/a 2743 1.8 0.32 -0.018 0.6
111-12-547A01 319578 5611716 Golf-ball 0.41 1.33 0.1844 0.51266 0.00001 n/a 2743 4.8 0.30 -0.063 0.4
anorthosite
111-12-669A01 312453 5612101 Pyroxenite 0.47 1.22 0.2319 0.51337 0.00001 n/a 2743 1.8 0.38 0.179 14.2
111-13-226A01 329665 5607285 Pyroxenite 1.43 6.22 0.1388 0.51166 0.00000 3.04 2743 14 0.23 -0.294 -19.1
111-12-594A01 315139 5612633 Melagabbro 4.05 21.6 0.1137 0.51112 0.00001 3.09 2743 -0.3 0.19 -0.422 -29.6
111-13-171A01 332361 5605049 Leucogabbro 0.714 2.36 0.1830 0.51249 0.00001 n/a 2743 1.9 0.30 -0.070 -2.9
Mafic-ultramafic rocks (unit 2)
111-12-485A01 313872 5611665 Basalt 2.21 6.73 0.1987 0.51273 0.00001 n/a 2743 11 0.33 0.010 1.8
111-12-490A01 313809 5610578 Basalt 1.50 4.44 0.2039 0.51283 0.00001 n/a 2743 1.2 0.34 0.037 3.7
111-13-056B01 325837 5609534 Basalt 3.26 10.1 0.1947 0.51265 0.00001 n/a 2743 0.9 0.32 -0.010 0.2
111-13-108A01 324595 5608749 Gabbro 1.93 5.91 0.1971 0.51272 0.00001 n/a 2743 15 0.33 0.002 1.6
111-13-170B01 332033 5605618 Gabbro 6.01 34.34  0.1057 0.51102 0.00001 3.01 2743 0.5 0.17 -0.462 -31.7
(amphibolite)
111-13-244A01 328803 5607798 Gabbro 1.01 3.03 0.2022 0.51282 0.00001 n/a 2743 1.7 0.33 0.028 3.6
Granitoids
Unit 10 TTG
111-13-041A01 323868 5609811 Tonalite 4.73 29.3 0.0975 0.51081 0.00001 3.07 2725 -0.9 0.16 -0.504 -35.7 2.97
111-13-142B01 326107 5609209 Feldspar 5.15 29.7 0.1047 0.51099 0.00001 3.02 2725 0.0 0.17 -0.468 -32.2 2.89
porphyry
111-13-167A01 332944 5605444 Granite 6.44 36.4 0.1071 0.51105 0.00001 3.00 2725 0.5 0.18 -0.455 -30.9 2.85
Unit 1 basement granitoids
111-13-149A01 327619 5606634 Granodiorite 2.88 23.7 0.0735 0.51042 0.00001 2.97 2832 1.6 0.12 -0.626 -43.4 291
111-13-051A01 323968 5608315 Granite 5.31 59.31 0.0542 0.51005 0.00001 2.96 2832 15 0.09 -0.725 -50.5 2.86
111-13-211A01 328790 5606444 Tonalite 3.67 21.89 0.1013 0.51091 0.00001 3.03 2832 11 0.17 -0.485 -33.7 2.89
Abbreviation: n/a, not applicable.
) UTM co-ordinates (Zone 15, NAD83)
@ Estimated error is better than 0.5%
© Normalized to “*Nd/***Nd = 0.7219; external precision based on repeat La Jolla Nd standard runs
@ Analytical uncertainty
©) Depleted mantle Nd model ages calculated according to the model of DePaolo (1981); T, not calculated for samples with *’Sm/**Nd > 0.14
© Known or inferred age
g, values at the known or inferred age (T) calculated using present-day chondritic ratios of **Nd/***Nd = 0.512638 and **’Sm/**Nd = 0.1967
@ Fractionation factor (Rollinson, 1993)
© g, values at present calculated using present-day chondritic ratios of *Nd/**Nd = 0.512638 and *’Sm/***Nd = 0.1967
(19 Two-stage depleted mantle Nd model ages calculated according to the model of Liew and Hofmann (1988)
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netic processes (e.g., crustal contamination; O’Nions et al.,
1979; DePaolo, 1981, 1988; Rollinson, 1993).

Results

Whole-rock samples of the Mayville intrusion yielded
147Sm/**4Nd isotope ratios of 0.1137-0.2319 and **Nd/***Nd
isotope ratios of 0.511120-0.513365 (Table 7). Plotting the
samples (n=8) on a bivariate diagram results in a collinear data
array (not shown), which returns an errorchron corresponding
to an age of 2776 +110/-240 Ma with an initial *3Nd/***Nd
ratio of 0.50912 +0.00024 (or with an sﬁjg“h“’"'t value of +1.6),
based on a robust regression calculation using the Isoplot 3.70
program (Ludwig, 2008). Within its large uncertainty, this
errorchron age is roughly consistent with the U-Pb zircon age
of 2742.8 +0.8 Ma for the Mayville intrusion (Houlé et al.,
2013). The Mayville intrusion samples have a relatively small
range of €}, values (+1.4to+1.9), except for two samples (-0.3
for melagabbro sample 111-12-594A01 and +4.8 for ‘golf-ball’
anorthosite sample 111-12-547A01; Table 7). This strongly
indicates that the Mayuville intrusion’s parental magma(s) was
derived from a depleted-mantle source, although some minor
degree of crustal contamination or mantle heterogeneity can-
not be ruled out (Sotiriou et al., 2019, 2020). Two depleted-
mantle model ages (T,,) for Mayville intrusion samples with
measured *’Sm/***Nd ratios smaller than 0.14 (Table 7) yielded
~ 3.1-3.0 Ga, suggesting that the magma(s) may have been

separated from the mantle source around that time (DePaolo,
1981, 1988; Figure 61). Interestingly, the Mayville intrusion
samples display a large range of the fractionation factor f S™/N¢
(Rollinson, 1993), from —0.48 to +0.18, indicating that these
samples may have evolved along two different paths: one
group to positive a,t\,fio values (+0.4 to +14.2) and the other to
negative values (—29.6 to —2.9). Such Sm-Nd isotopic systemat-
ics require further discussion (see ‘Discussion’ section).

Six samples collected from unit 2 volcanic rocks and
related synvolcanic gabbroic rocks display a narrow range of
slt\,d values between +0.4 and +1.7, suggesting that these rocks,
similar to those from the Mayville intrusion, may have been
derived from a depleted-mantle source. One sample yielded a
depleted-mantle model age of ca. 3.0 Ga. Positive fractionation
factor (fS™N4; Rollinson, 1993) values of 0.002—0.04 indicate that
most of the samples evolved to positive £ values, consistent
with their LREE-depleted patterns, akin to modern MORB.
Gabbro (amphibolite) sample 111-13-170B01 has a negative
fS™/Ndyalue of —0.46, indicating that it evolved to a highly nega-
tive value of ef\,fio (=-31.7). An errorchon for the unit 2 samples
using robust regression yielded a poorly defined age of 2830
+300/-1800 Ma with an initial ***Nd/***Nd ratio of 0.50904
+0.00080 (or with €59 °™* value of +1.6).

Six granitoid samples, three from unit 1 basement rocks
and three from unit 10 TTG rocks, yielded positive €%, values
ranging from +0.09 to +1.8 (Table 7), indicating that they may
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Figure 61: Time (t) versus &, , evolution diagram for whole-rock samples from the Cat Creek—Euclid Lake area. f*™"¢ denotes fractionation factor
(Rollinson, 1993). Note that ‘golf-ball’ anorthosite sample 111-12-547A01 plots above the depleted-mantle evolution line defined by Goldstein et
al. (1984), likely related to heterogeneity of the depleted-mantle source. Grey box on the y-axis denotes values of 85@0 at present.
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have been derived from a protolith akin to a depleted-mantle
source (or juvenile crustal material) that was separated from
the mantle at ca. 3.1-3.0 Ga, as indicated by their depleted-
mantle model ages (Table 7). However, these samples display
consistently highly negative f5™N values ranging from —0.46 to
—0.72, corresponding to highly negative ef\,fio values of —30.9
to —50.5 at present (Figure 61), which is consistent with their
LREE-enriched patterns. Linear regression of these six samples
returned an errorchron age of 2880 +880/-230 Ma with an
initial *Nd/“*Nd ratio of 0.50902 +0.00046 (or with g™ "
value of +2.6).

Figure 62 presents a plot of Th/Yb ratios against €44, in
which the Th/Yb ratios are used as an index for crustal con-
tamination (e.g., Parks et al., 2014). The sample data points are
clearly scattered, although the mafic samples, including those
from the Mayville intrusion, have low to very low Th/Yb ratios
(mostly <1.0). One gabbroic sample (111-170B01) has a Th/
Yb ratio of 6.6, which is interpreted to be the result of crustal
contamination. The granitoid samples have much higher Th/
Yb ratios, all >2 (up to 50), suggesting that they were derived
from a source region dominated by crustal material. More
significantly, there is no correlation between the Th/Yb ratios
and s,t\,d for the Mayville intrusion samples, indicating that their
parental basaltic magmas are of arc-like origin, likely related
to oceanic-plate subduction. Most of the Mayville intrusion
samples, together with the unit 2 volcanic and synvolcanic
gabbroic rocks, appear to have Th/Yb ratios that decrease with

100

increasing €54 values (Figure 62), pointing to a crustal contam-
ination trend, possibly with the basement granitoids of unit 1
as the contaminant. This is also supported by the field obser-
vations and trace-element compositions previously described.

It needs to pointed out that the golf-ball anorthosite
sample 111-12-547A01 has a very low Th/Yb ratio of 0.07 and
a very high €%, value of +4.8 (Table 7; Figure 62), above the
depleted-mantle evolution line (Figure 61). The consistent
relationship recorded by this sample between the Th/Yb and
gl,4 values provides evidence for the presence of a more de-
pleted mantle and no crustal contamination. Thus, the de-
pleted-mantle source must have been heterogeneous, sub-arc
lithospheric mantle.

Furthermore, the Sm/Nd ratio is another index for mea-
suring LREE fractionation of magmatic rocks. The Sm/Nd ratios
for samples of the Mayville intrusion are 0.19-0.38 (average
0.30), for unit 2 volcanic and associated synvolcanic gabbroic
rocks they are 0.17-0.34 (average 0.30), for unit 10 TTG they
are 0.16—-0.18 (average 0.17) and for unit 1 basement gran-
itoids they are 0.09-0.17 (average 0.13). The Sm/Nd ratios
are positively correlated with f5™Nd (Table 7). Most samples
from the Mayville intrusion and unit 2 mafic rocks have Sm/
Nd ratios higher than that of upper continental crust (0.19;
Goldstein et al., 1984) and average continental crust (0.195;
Rudnick and Gao, 2010) but lower than the primitive mantle
(0.33) and N-type MORB (0.36; Sun and McDonough, 1989).
All granitoid samples have Sm/Nd ratios lower than average
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Figure 62: Plot of Th/Yb ratios versus s,t\,d for whole-rock samples from the Cat Creek—Euclid Lake area.
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continental crust. Consequently, those mafic samples with Sm/
Nd ratios <0.20 (Table 7) were likely contaminated by the unit 1
basement granitoids.

Discussion

In summary, the Sm-Nd isotopic data reveal that the paren-
tal magmas of the Mayville intrusion (units 3—7) and mafic vol-
canic and synvolcanic gabbroic rocks (unit 2) may have been
derived from a depleted-mantle source, and that the mag-
mas extracted from the mantle at ca. 3.1-3.0 Ga were likely
arc related and contaminated to some extent by the granitoid
basement (unit 1). Consequently, a juvenile crust formed via
crust-mantle differentiation (Hawkesworth and Kemp, 2006;
Frisch et al., 2011; Lee et al,, 2011). Furthermore, it is note-
worthy that unit 10 TTG and unit 1 basement granitoids may
have been derived from a juvenile crustal source that had also
separated from a depleted mantle, likely oceanic lithosphere
(e.g., Babuska and Plomerovd, 2020), at ca. 3.1-3.0 Ga. This
is further constrained by the high T-P phase equilibrium rela-
tionship that has the granitic melts in impossible direct chemi-
cal equilibrium with the depleted mantle (e.g., Clarke, 1992;
Scaillet et al., 2016; Yang, 2017; Clemens, 2018; Hildebrand et
al.,, 2018; Clemens et al., 2020; Yang et al., 2020). Thus, the
granitoids with positive €&, values must have been derived
from partial melting of juvenile crustal material, likely of an
amphibolite source as constrained by lithogeochemical charac-
teristics described above. However, calculation of single-stage
depleted-mantle Nd model ages (Table 7) could not discern the
difference in source regions between the mafic rocks (i.e., the
Mayville intrusion of units 3—7, and unit 2 basalt and associ-
ated synvolcanic gabbro) and granitoid rocks (i.e., unit 1 granit-
oid basement and unit 10 TTG suite).

Therefore, it is necessary to use either a two-stage
depleted-mantle Nd model (see Liew and Hofmann, 1988;
Janousek, 1999) to constrain the evolution of juvenile crustal
source(s) or short-lived crustal material derived from the
mantle (Hanson, 1978). The calculation indicates that the two-
stage Nd model ages for unit 10 TTG rocks range from 2.97
to 2.85 Ga, whereas unit 1 basement granitoids range from
2.91 to 2.86 Ga (Table 7). This suggests that the unit 10 TTG
may have been derived from a slightly older, juvenile crustal
source than that of unit 1 basement granitoids. The source
rock(s) of unit 10 TTG may have slightly longer duration of

cumulative time (~130 m.y.) after differentiating (or separat-
ing) from the depleted mantle at ca. 3.1-3.0 Ga, as constrained
by the depleted Nd model ages (or single-stage Nd model ages;
Table 7; DePaolo, 1981, 1988), than that of unit 1 granitoids
(~*100 m.y.). This explanation is also consistent with the require-
ments of the high P-T experiments mentioned above, clarifying
the limit of using single-stage Nd model ages to investigate the
difference in source rocks between the Archean mafic rocks
and the granitoid rocks.

U-Pb zircon geochronology

A whole-rock sample, each weighing ~10 kg, was selected
from each of units 9, 11 and 13 for U-Pb zircon age determina-
tion to constrain absolute ages and critical age relationships
of the lithostratigraphic units in the map area. Zircon mineral
separation and isotopic analysis were conducted at the Univer-
sity of Alberta using isotope dilution thermal ionization—mass
spectrometry (ID-TIMS) and laser-ablation, multicollector,
inductively coupled plasma—mass spectrometry (LA-MC-ICP-
MS) techniques. Detailed analytical procedures were reported
previously by Anderson (2013) and Martins et al. (2019), and
are also described in DRI2020024.

Results

The U-Pb zircon age results are summarized in Table 8.
Detailed isotopic analyses are tabulated in Tables8 1,8 2,8 3
and 8_4 of DRI2020024. These ages, together with the ages of
the mafic—ultramafic intrusions acquired by the TGI-4 project
in collaboration with the Geological Survey of Canada (Houlé
etal., 2013, 2015), help to establish the temporal relationships
of the map units and provide further insight into the tectonic
evolution of the northern arm of the BRGB.

Figure 63 shows frequency histograms of concordant
207pp /206ph ages (Ma) for zircon grains analyzed by LA-MC-ICP-
MS from two samples: a) a volcaniclastic sandstone sample
(111-12-707A01) collected from the Cat Creek assemblage
of unit 9; and b) a garnet-muscovite granite sample (111-15-
4A01) taken from a unit 13 granite intrusion. The probability-
density distribution of the ages is also shown by the red curves
for these two samples. A large number of zircon grains was
retrieved from sample 111-12-707A01. These grains display
various shapes, typically with eroded corners, although euhe-
dral to subhedral crystals are also evident (see inset photos in

Table 8: Results of U-Pb zircon age determinations for selected map units in the Cat Creek—Euclid Lake area, Bird River greenstone belt.

Map UTM (Zone 15N, NADS3)

. Sample Rock type Age (Ma) Method Interpretation
unit Easting Northing
9 111-12-707A01 315346 5613416 Volcaniclastic sandstone 2736 +4 LA-MC-ICP-MS Deposition of volcanic sediments
13 111-15-4A01 314872 5613733 Garnet-muscovite granite 2733 £10 LA-MC-ICP-MS Maximum emplacement/crystallization
11 111-15-1A01 332044 5605608 Arenite 2657.17.4 ID-TIMS Maximum age of deposition
Abbreviations: ID-TIMS, isotope dilution—thermal ionization mass spectrometry; LA-MC-ICP-MS, laser-ablation, multicollector, inductively coupled plasma—mass
spectrometry.
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Figure 63: Frequency histograms of ?’Pb/?°Pb ages (Ma) for zircon grains analyzed by LA-MC-ICP-MS for: a) volcaniclastic sandstone (sample
111-12-707A01), collected from the Cat Creek assemblage of unit 9 (inset photo of zircon grains); and b) garnet-muscovite granite (sample
111-15-4A01), taken from unit 13 granite intrusion (inset concordia diagram of 17 zircon grains with <20% discordance). Red curves indicate
probability-density distribution of the ages. Abbreviation: MSWD, mean square of weighted deviates.

Figure 63a). In total, 105 zircon grains were analyzed by LA-
MC-ICP-MS (Table 8_2 of DRI2020024), yielding a weighted
mean 27Pb/%*®Pb age of ~2736 +4 Ma (Figure 63a).

The garnet-muscovite granite sample (111-15-4A01) was
collected from a unit 13 granite intrusion to determine its
emplacement or crystallization age. However, the results of

LA-MC-ICP-MS analyses (Table 8_3 of DRI2020024) returned
a complex spectrum of 27Pb/%®Ph age data that exhibits mul-
tiple peaks or modes, as indicated by the probability-density
distribution of the ages (Figure 63b). The presence of inher-
ited zircons is evident, including Mesoarchean 27Pb/?°°Pb ages
ranging from 2873 +6 to 2803 +9 Ma, much older than the sur-
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rounding rocks based on field relations. Four least-discordant
analyses (<5%) have 2’Pb/%*®Pb ages ranging from 2752 16 to
2731 +10 Ma, with a weighted mean 2’Pb/?®Pb age of 2746
+16 Ma (MSWD of 6.0). In comparison, 17 zircon analyses that
were <20% discordant yielded a weighted mean 2°’Pb/?°Pb age
of 2733 +10 Ma (see inset concordia diagram in Figure 63b).
Eight zircon grains with younger 2°’Pb/?Pb ages ranging from
2133 +31 to 2558 +11 Ma and high discordance (255%; see
Table 8_3 of DRI2020024) may be attributed to new zircon
growth or, more likely, to significant loss of radiogenic Pb due
to one or more, unknown, late thermal events (e.g., Anderson,
2013).

The arenite sample (111-15-1A01) was collected from
the unit 11 Euclid Lake assemblage on the northern shore of
Euclid Lake, where this unit is cut by a Ta-Nb—enriched peg-
matitic granite dike (subunit 12b; for geochemical composi-
tion, see the granite sample 111-13-170D01 in Table 6_2 of
DRI2020024). Although this bulk sample weighted ~10 kg, only
a few zircon grains were retrieved. Isotope dilution—thermal
ionization mass spectrometry analyses of the few detrital zir-
cons are listed in Table 8_4 of DRI2020024. The zircon grains,
which have Th/U ratios of 0.02-0.59, were likely derived
from eroded felsic igneous rocks (e.g., Kirkland et al., 2015).
Although the number of analyses was limited, a large range of
207pp /296ph ages was obtained for these detrital zircons: 2847.1
$0.6 to 2657.1 £7.4 Ma (Table 8_4 of DRI2020024).

Interpretation

The Cat Creek assemblage (unit 9) is interpreted to have
been deposited at a maximum age of ca. 2736 Ma, which is
slightly younger than the ca. 2743 Ma Mayville intrusion (Houlé
et al., 2013). This volcano-sedimentary package could be tem-
porally comparable to the ca. 2734 Ma Peterson Creek forma-
tion (Gilbert et al., 2008) in the southern arm of the BRGB,
although the Cat Creek lacks the extensive dacitic to rhyolitic
flows present in the Peterson Creek. The Cat Creek assemblage
occurs at the terrane boundary between the BRGB to the south
and the English River basin to the north (Figure 2), so the felsic
flows could have been removed by tectonic erosion if a cor-
relation with the Peterson Creek formation is considered. The
terrane boundary is defined by the Cat Lake—Euclid Lake fault
zone (Duguet et al., 2009; Yang et al., 2013). If this interpreta-
tion is correct, then it is reasonable to assign the Cat Creek
assemblage to a supracrustal assemblage of the BRGB.

The concordant 2’Pb/?*°Pb age of ca. 2733 Ma obtained
from sample 111-15-4A01 is interpreted as the maximum
emplacement or crystallization age of the unit 13 garnet-mus-
covite—bearing granite intrusion (unit 13). This granite is S-type
in origin, meaning that it was likely formed by partial melting of
thickened crust in a terrane collision zone (Yang, 2014b; Yang
et al., 2019). In the western Superior province, S-type granites
were emplaced mainly during the period between 2720 and

2664 Ma (Anderson, 2013; Yang et al., 2019). However, the
presence of the Mesoarchean inherited zircons suggests that
the source region of S-type granites may have had notable het-
erogeneities, likely due to interaction of tectonically distinct
blocks at the collision zone.

The youngest concordant *’Pb/?°Pb age of ca. 2657 Ma
is thought to represent the maximum sedimentation age of
the Euclid Lake assemblage sedimentary rocks, which also is
significantly younger than the ca. 2697 Ma Flanders Lake for-
mation arenite and the ca. 2712 Ma Booster Lake formation
turbidite (see Gilbert et al., 2008) in the southern limb of the
BRGB. This suggests that, based on the above geochronological
constraints, the Euclid Lake assemblage (unit 11) likely cannot
be correlated with the Flanders Lake and Booster Lake forma-
tions in the southern limb of the BRGB as previously thought
(e.g., Cerny et al., 1981). Therefore, this assemblage is likely a
distinct stratigraphic entity, possibly attributed to the English
River basin (Stott et al., 2010). Alternatively, if it is assigned as
a part of the BRGB, it must have been deposited after or over
the Flanders Lake and Booster Lake formations. The authors
prefer the latter scenario because of the occurrences of inter-
calated arc-like mafic rocks in the Euclid Lake assemblage. Basi-
cally, such mafic rocks are uncommon or absent in the English
River basin (Stott et al., 2010) sedimentary rocks that have a
minimum depositional age of ca. 2698 Ma, as indicated by cut-
ting granite intrusions (Corfu et al., 1995; Percival et al., 20063,
2012).

More importantly, some very coarse grained to pegmatitic
granites (to pegmatites) cutting the Euclid Lake assemblage
sedimentary rocks display significant Nb and Ta (and likely Li;
Table 6_2 of DRI2020024) mineralization, implying that rare-
metal, fertile, S-type granites and related pegmatites may
be younger than 2657 Ma in the Cat Creek—Euclid Lake area.
Thus, such geological constraints from detailed bedrock map-
ping, aided by the lithogeochemical and geochronological data
presented in this report, demonstrate that exploration target-
ing for rare metals can be considerably focused in the region.
This approach could also be extended to other regions for tar-
geting of rare metals associated with granitic pegmatites. The
Tanco rare-metal pegmatites in the southern limb of the BRGB
were dated at ca. 2660-2640 +7 Ma (Baadsgaard and Cerny,
1993; Gilbert et al., 2008; Camacho et al., 2012; Brown et al.,
2017), thus making pegmatites up to 2660 Ma in age favour-
able exploration targets for rare metals in the BRGB.

Structural geology

The Cat Creek—Euclid Lake map area, situated in the
northern arm of the BRGB, is in fault (tectonic) contact with
the southern boundary of the English River basin to the north
(Figures 2, 3). The west-northwest-trending Cat Lake—Euclid
Lake fault zone (CLELFZ), thought to be coincident with this
tectonic zone, cuts through and/or is manifested by high-strain
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zone(s) within gneissic, peraluminous and strongly foliated and
mylonitic granitoid rocks (e.g., subunit 12b and unit 13; Yang et
al., 2013). The northwest-trending penetrative foliation in this
area dips steeply to the south. Deformation fabrics suggest a
north-side-up sense of dextral-normal, oblique-slip shear, con-
sistent with the observations by Gilbert et al. (2008), Duguet et
al. (2009) and Yang et al. (2013).

Two major types of contacts have been identified at the
southern margin of the northern limb of the BRGB: 1) intru-
sive contacts indicated by unit 2 MORB-type basalt cutting and
brecciating the basement granitoids (Maskwa Lake batholith 1)
of unit 1, as well as the unit 2 basalt and related synvolcanic
gabbro (subunit 2a) cut by the unit 10 TTG suite; and 2) struc-
tural (or fault-bounded) contacts manifested by the southern
wall of the CLELFZ cutting through units 1 and 10 granitoid
rocks, particularly on the southeastern shore or side of Cat
Lake and Euclid Lake (Figures 2, 3).

At least three generations of deformation structures (D,—
D,) are evident in the Cat Creek—Euclid Lake area (Yang et al.,
2012, 2013) on the basis of overprinting and cutting relation-
ships between different generations of mesoscopic deforma-
tion fabrics. Similarly, three phases of deformation events
were also recorded in various fault-bounded domains of
supracrustal rocks in the southern limb of the BRGB (Trueman,
1980; Gilbert et al., 2008; Duguet et al., 2009). This leads to a
plausible structural correlation of the northern and southern
limbs of the BRGB in terms of the structural characteristics,
styles and relationships. Also, it suggests that they may have
been influenced by similar tectonic regimes: 1) north-south
compression associated with terrane juxtaposition, 2) east-
trending transpression and shearing coeval with diapiric
emplacement (or doming) of granitoid plutons, represented
mainly by the Maskwa Lake batholith Il (unit 10); and 3) north-
west- and northeast-oriented transcurrent shearing to trans-
tension, likely related to relaxation of collided tectonic blocks
(e.g., the pop-up structures suggested by Gilbert et al., 2008
and Duguet et al., 2009; angular breccias at contact zones) and
emplacement of unit 13 granite intrusions.

D, structures

Primary structures (S ) are manifested by 1) primary bed-
ding of the sedimentary rocks (i.e., units 9 and 11; Table 1)
north of Cat Creek and on the northern shore of Euclid Lake;
2) primary igneous layering, particularly in units 5 and 6 rocks
of the Mayville intrusion; and 3) lava-flow contacts revealed in
unit 2 MORB-type basalt. These primary structures are mostly
overprinted and transposed, mainly by D, fabrics (e.g., S, folia-
tion), which may have changed their original orientation as
shown in a stereographic projection (Figure 64).

A limited number of observations (n=28) on the primary
bedding (S ) of the sedimentary rocks in units 9 and 11 display
varied strikes of 047-186° and dip angles of 40-87°, with an

average of 65° (Figure 64a, b). The rose diagram indicates that
18.5% of the observed bedding strikes between 131 and 140°,
although it was folded by regional open folds that are likely
attributed to D, deformation (Figure 643, b). Bedding dips are
consistently to the south and relatively shallow (see below).

Primary igneous layering was discernible and recorded in
the gabbroic anorthosite to anorthosite (unit 5) and leucogab-
bro to gabbroic anorthosite (unit 6) of the Mayville intrusion.
Although it has been overprinted by younger structures, the
primary layering displays flow banding, as shown by varied
grain sizes and compositional variation in mineralogy. The
igneous layering ranges in strike mainly from 052 to 095°,
except for one measurement of 158° (Figure 64b, c), with dips
of 46-90° to the south. The rose diagram shows that 31.6%
of the primary igneous layering strikes 051-060° (Figure 64b),
and dip angles average 76°, steeper than the sedimentary bed-
ding north of the Mayville intrusion when comparing the pro-
jections of poles to the primary structures (Figure 64b, c).

On the basis of pillow tops, unit 2 MORB-type basalt gen-
erally youngs to the north; the lava-flow contacts strike domi-
nantly 091-100° although varying in a large range of 010-275°,
and dipping 45-90° (average 83°) to the south (Figure 64e).
Therefore, the unit 2 basalt is structurally overturned, making
the flow contacts mostly subvertical to vertical and steeper
than the primary igneous layering in the Mayville intrusion
rocks. This igneous layering, in turn, is steeper than the sedi-
mentary bedding in units 9 and 11, suggesting apparent (rhe-
ological) differences in response to tectonic stress by these
lithostratigraphic units.

However, only a few outcrops show that the primary
structures mentioned previously are folded by D, upright folds,
where S, foliation is subparallel to the axial planes (Figure 65a).
Some of the S bedding in unit 9 volcaniclastic rocks is folded
by D, folds (i.e., F, folds), resulting in S_ foliations (Figure 65b).
The S, foliation was overprinted by F, folds, forming axial S,
foliation in unit 1 basement granitoids (south of the New Mani-
toba mine; Figure 65c). On the stereographic-net projection,
these S, foliation planes strike 040°-060° in the Cat Creek area,
whereas one measurement of S strikes 155° and dips 85° to
the southwest in the Euclid Lake area (Figure 66a).

In the northern portion of the Cat Creek area, part of the
unit 9 sedimentary rocks are gneissic in texture and contain
abundant garnet, biotite and amphibole, typically exhibiting a
gneissosity (S, ,) that overprints and transposes the bedding
(S,)- This contrasts with the unit 11 sedimentary rocks on the
northern shore of Euclid Lake, where graded bedding is well
preserved but gneissosity, garnet and biotite are absent, sug-
gesting differences in metamorphic grade and strain. The Cat
Creek area is of amphibolite facies, while the Euclid Lake area
is of upper-greenschist facies. This suggests that a relatively
deeper portion of the greenstone belt may have been exposed
in the Cat Creek area than in the Euclid Lake area.
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Figure 64: Lower-hemisphere, equal-area stereographic projections (and rose diagrams) of primary structures (S, ), as well as poles to the primary

structures, in the Cat Creek—Euclid Lake area: a) and b) sedimentary bedding; c) and d) primary igneous layering;

Kamb contours in standard deviations; n, number of measurements (or data points).

e) lava-flow contacts. Note:
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Figure 65: Field photographs showing characteristics of D,—D, structures in the Cat Creek—Euclid Lake area: a) unit 11 greywacke sedimentary
bedding (S,) folded by F, fold, and late granite veins present along S, plane, north shore of Euclid lake; b) S, folded by F, folds, leading to north-
west-striking axial S, foliation observed in unit 9 volcaniclastic rocks, north of Cat Creek; c) S, overprinted by F, fold, forming axial S, foliation in
unit 1 granitoid, south of the New Manitoba mine; d) sheared quartz veins (dextral movement) and boundins related to D, deformation event,
northeast of Cat Lake; e) sheared unit 1 granitoids at the Cat Lake—Euclid Lake fault zone, with shear bands and ‘S-C’ fabrics suggestive of dextral
movement, small island in the central part of Euclid Lake; f) stretching lineation L,, indicative of north-side-up movement, south of Cat Creek.
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Figure 65 (continued): Field photographs showing characteristics of D,—D, structures in the Cat Creek—Euclid Lake area: g) dextral brittle-ductile
shear zone (D, ; central part of the photo) cutting unit 14 pegmatite, which was overprinted by a sinistral shearing (D, ) during late exhumation
(upper and lower portions of the photo) at the Irgon mine, north of Cat Lake; h) bedding transposed by S, foliation along which asymmetric
sigmoidal boudinaged quartz is indicative of dextral movement, north of Cat Creek; i) ‘S’-folds formed by D,, resulting in northeast-trending S,
foliation in unit 9 volcaniclastic rocks, northwest of Cat Creek; j) unit 2 pillow basalt intruded by unit 10 tonalite veins/dikes, which were folded to
form northeast-trending S, /3 foliation, north of Cat Creek; k) isoclinal folds (F,) refolded into open folds by F,, south of the New Manitoba mine;
1) right-lateral en échelon quartz veins within a unit 10 granitoid dike that cuts unit 4 heterolithic breccia at the M2 deposit (magnetic pen ~15 cm
long and pointing north). Abbreviations: GR, granitoid; HBX, heterolithic breccia; Q, quartz vein.
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Figure 66: Lower-hemisphere, equal-area stereographic projections of the poles to foliations of D,—D, structures in the Cat Creek—Euclid Lake
area: a) S, (open circle; n=4) and S, (solid circle; n=252); b) main foliation S (n=174) not assigned to generation of deformation but most likely
attributed to S,; ¢) S, foliation (n=26). Note: Kamb contours are in standard deviations; n, number of measurements (or data points).
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Dz structures

The D, deformation structures display a complex pattern,
with north-side-up shearing associated with some back-thrust-
ing (south-side-up offset), similar to the D, structures found
in the southern limb of the BRGB (Gilbert et al., 2008; Duguet
et al., 2009). Kinematic indicators suggest that the orientation
of the shear zones varies from sinistral for those that trend
northeast to dextral for those that trend southeast. These
two anastomosed sets of shear zones accommodated relative
movements and rotation among the fault-bounded rock units
(e.g., south of Cat Creek and on the southern shores of Cat
and Euclid lakes; see Figure 65d—f), suggestive of transpres-
sive tectonics. In places, such features as stretching lineation
(L,), penetrative foliation (S,) and kinematic indicators suggest
that a vertical component of movement was present along the
major shearing plane(s).

A dextral brittle-ductile shear zone (D,) cutting unit 14
pegmatite (Figure 65g) at the Irgon mine north of Cat Lake was
overprinted by a late sinistral shearing (D,), suggesting that
such structural overprinting may have taken place synchro-
nously with or during terrane exhumation. North of Cat Creek,
primary bedding (S)) was completely transposed by S, folia-
tion, along which asymmetric sigmoidal boudinaged quartz is
indicative of dextral movement (Figure 65h). The data points of
poles to penetrative foliation (S,) assigned to D, deformation,
presented in Figure 66a, indicate that most of the foliations
strike east-southeast and dip subvertically to the south. How-
ever, some S, planes dip steeply to the north. Such variation
in dip direction of the S, foliations is consistent with a general
anticlinal fold structure that is also reflected by the slight con-
vergence between the opposite dips of the foliation planes
in the two limbs of an anticlinal fold. Although 174 measure-
ments of penetrative foliation were not assigned to a particular
deformation generation in the field, plotting these foliations
on the stereonet (Figure 66b) shows very similar patterns to
that of S, foliations (Figure 66a).

Minor folds with ‘2’ asymmetry in the Euclid Lake area dis-
play varying degrees of closure (or openness of the folds) and
become tighter in the axial area, which is likely due to dextral
shearing of the CLELFZ.

D3 structures

The structures of D, deformation are related to northwest-
and northeast-oriented transcurrent shearing to transtension,
likely caused by relaxation of collided tectonic blocks and
emplacement of unit 13 granite intrusions and associated gra-
nitic pegmatites. The D, structures are characterized by mod-
erately open folds (Figure 65i—k) and associated transcurrent
shears (e.g., locally indicated by the occurrence of en échelon
quartz veins; Figure 65l). Resultant S, foliations show varia-
tions in strike and dip on the plot of poles to foliation planes
(Figure 66c), likely influenced by emplacement of granite intru-

sions and terrane exhumation. Based on their orientations and
overprinting relationships, northwest- and northeast-trending
faults (Figure 3) are interpreted to be associated with D, defor-
mation. The northwest-trending faults, striking from 300° to
330°, cut and offset the primary igneous layering (Figure 64b)
in rocks of the Mayville intrusion at a high angle.

The northeast-trending faults, with strikes ranging from
25° to 40°, are relatively rare in the Cat Creek area. These faults
are parallel to the S, foliations in nearby outcrops. One major
northeast-trending fault lies east of the M, deposit (Figure 3;
Yang, 2014a). However, the northeast-trending faults are more
common in the Euclid Lake area than the Cat Creek area (Yang,
2013). The map pattern indicates a north-northeast-oriented,
open regional fold attributed to the D, event that is also mani-
fested by subparallel axial S, foliation.

Tectonic evolution

The structural features in the Cat Creek—Euclid Lake area
are similar to those in the southern arm of the BRGB in that
they are characterized by steep to subvertical structures, anas-
tomosing shear zones displaying down-dip lineations, and sub-
vertical movements (Gilbert et al., 2008; Duguet et al., 2009).
Such structural kinematic movements are remarkably common
in most greenstone belts (e.g., Polat and Kerrich, 2001, 2002;
Lin, 2005). Figure 67 illustrates the current tectonic configura-
tion of the lithostratigraphic units described in this report. The
following is a summary of the tectonic evolution recorded in
the rock units and related to the three generations of struc-
tures (D,-D,) in the Cat Creek—Euclid Lake area on the northern
arm of the BRGB.

e  Formation of the Mesoarchean Maskwa Lake batholith |
(unit 1), which becomes the basement to the BRGB; the
D,-D, structures are present (although the absolute ages
are unknown, the D./D, event(s) is thought to predate
unit 11 but postdate unit 9, occurring between ca. 2736
and 2657 Ma; D, might be coeval with unit 13 granites and
unit 14 pegmatites, ca. 2650 Ma)

¢ Production of MORB-type basalt and synvolcanic intrusive
gabbroic rocks (unit 2) in a magmatic-arc to back-arc set-
ting; the D,—D, structures are present

¢ Continuation of extension in the arc to back-arc regime to
generate the ca. 2743 Ma Mayville intrusion (units 3-7)
and related gabbroic intrusions (unit 8; e.g., New Mani-
toba Mine intrusion); subsequently, formation of the
2736 Ma Cat Creek assemblage (unit 9); the D —D, struc-
tures are present

e Extensive arc plutonism and emplacement of the Neo-
archean Maskwa Lake batholith Il, consisting of TTG
(unit 10); deposition of the ca. 2660 Ma Euclid Lake assem-
blage (unit 11) via volcano-sedimentary processes; the D,
and D, structures are present

e Arc- to continent collision between the Winnipeg River
and North Caribou terranes to generate units 12 and 13
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Figure 67: Schematic diagram of the tectonic configuration recorded by the major map units in the Cat Creek—Euclid Lake area on the northern
limb of the Bird River greenstone belt. Black dot in circle indicates upward vertical movement. Dotted curve is indicative of thickened crust (in the
terrane boundary zone) that had been eroded. Basal portion of the thickened lithospheric root could have delaminated and sunk into the mantle.
Note that the strata dip subvertically to the south due to doming of the Maskwa Lake batholith Il into the belt, which may have caused overturn-
ing of dip directions from south to north to the current state. Abbreviations: CCA, Cat Creek assemblage; CLELFZ, Cat Lake—Euclid Lake fault zone;
ELA, Euclid Lake assemblage; ERB, English River basin; MB, MORB-type basalt and associated gabbroic intrusions; MI, Mayville intrusion; MLB (I

and 1), Maskwa Lake batholith (I and Il); MORB, mid-ocean—ridge basalt.

granitoid intrusions and associated unit 14 granites and
pegmatites; subducting slab roll-back and break-off, trig-
gering the upwelling of asthenospheric mantle and forma-
tion of sanukitoids as dikes or small stocks (e.g., Gilbert et
al., 2008; Yang and Gilbert, 2014a; Yang et al., 2019); the
D, and D, structures are present

Comparison of the lithostratigraphic units, chromite chem-
istry, structural characteristics and patterns, lithogeochemistry
and U-Pb zircon geochronological data supports a correlation
between the northern and southern (main) limbs of the BRGB.
Table 9 shows a simplified lithostratigraphic correlation, sug-
gesting that the supracrustal packages in the Cat Creek—Euclid
Lake area constitute an overturned northern limb, whereas the
Bird River area (Trueman, 1980; Gilbert et al., 2008; Duguet
et al., 2009) forms the southern limb, including a secondary
synclinorial structure (Cerny et al., 1981; Gilbert et al., 2008),
as part of a regional anticlinorium.

Economic considerations

Manitoba Geological Survey mapping in the Cat Creek—
Euclid Lake area, carried out in collaboration with phases 4
and 5 of the Geological Survey of Canada’s Targeted Geosci-
ence Initiative (TGI) program, has reassessed known magmatic
base-metal mineralization in several mafic—ultramafic intru-
sions (e.g., Mayville, New Manitoba Mine and Euclid Lake
intrusions) and identified potential for porphyry Cu (Au) and
skarn-type mineralization (Yang et al., 2013), hitherto not
considered for the BRGB. Notably, the Cat Creek assemblage
volcano-sedimentary rocks, which display arc-like geochemical
signatures, must be further assessed in terms of their potential
for volcanogenic massive sulphide (VMS) mineralization (e.g.,
Syme, 1998; Syme et al., 1999; Percival et al., 2012).

The Cat Creek—Euclid Lake area contains several Neo-
archean layered mafic—ultramafic intrusions (dated at ca.
2743 Ma), geochemically similar to those that host signifi-
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Table 9: Lithostratigraphic correlation of the northern and southern arms of the Bird River greenstone belt, southeastern Manitoba.

BIRD RIVER BELT, SOUTHERN ARM

BIRD RIVER BELT, NORTHERN ARM

Late intrusive rocks

Granodiorite, granite, pegmatitic granite, pegmatite/aplite

TANCO pegmatite (2640 7 Ma')

Marijane Lake pluton (2645.6 1.3 Ma'?); Lac du Bonnet batholith (2660 +3 Ma®)

Diabase, gabbro and andesitic to dacitic intrusive rocks

Late intrusive rocks

Pegmatitic granite, pegmatite and minor aplite (unit 14)

Muscovite- and/or garnet-bearing S-type granite (<~2733 Ma +10 Ma'; unit 13)
Inconnu pluton I (unit 12b): gneisic to stongly foliated granitoid rocks

Inconnu pluton | (unit 12a): I-type granodiorite, and granite

Sedimentary rocks

FLANDERS LAKE FORMATION (2697 +18 Ma®¥)
Lithic arenite, polymictic conglomerate

Fault, inferred
BOOSTER LAKE FORMATION (2712 +17 Ma')

Greywacke-siltstone turbidite, conglomerate

Sedimentary rocks
EUCLID LAKE ASSEMBLAGE (~2657 Ma®; unit 11)

Greywacke, siltstone, polymictic conglomerate intercalated with mafic rocks

Fault, inferred

Fault, inferred

Intrusive rocks
SYNVOLCANIC INTRUSIONS

Gabbro, diorite, quartz-feldspar porphyry; granodiorite

(Birse Lake pluton, 2723.2 0.7 Ma®?; Maskwa Lake batholith Il, 2725 +6 Ma®; Pointe
du Bois batholith, 2729 8.7 Ma®)

TANCO gabbro (2723.1 +0.8 Ma®)

Intrusive rocks
TTG SUITE (unit 10)

Tonalite-trondhjemite-granodiorite suite; quartz diorite, quartz-feldspar porphyry,
granodiorite

Maskwa Lake batholith Il (2725 +6 Ma®)

Metavolcanic and metasedimentary rocks
BIRD RIVER BELT NORTH PANEL
DIVERSE ARC ASSEMBLAGE (2706 +23 Ma®)

Basalt, andesite, rhyolite, heterolithic volcanic fragmental rocks; greywacke-siltstone
turbidite, chert, iron formation; polymictic conglomerate (with clasts from the Bird
River Sill)

PETERSON CREEK FORMATION (2731.1 +1 Ma®?; 2734.6 +3.1 Ma'®)

Dacite, rhyolite; felsic tuff and heterolithic felsic volcanic breccia

BIRD RIVER BELT SOUTH PANEL
BERNIC LAKE FORMATION (2724.6 +1.1 Ma®?)

Basalt, andesite, dacite and rhyolite; heterolithic volcanic breccia

Volcaniclastic rocks and sedimentary rocks

CAT CREEK ASSEMBLAGE (2735.7 +3.8 Ma'®; unit 9)

Lithic greywacke, siltstone, conglomerate with felsic volcanic and granitoid clasts,
and garnet-bearing gneiss; minor volcaniclastic sandstone, lapillistone

Unconformity/Fault

Unconformity/Fault

Intrusive rocks

BIRD RIVER SILL (2744.7 5.2 Ma®); 2743.0 +0.51")

Dunite, peridotite, picrite, anorthosite and gabbro

Intrusive rocks

MAFIC-ULTRAMAFIC INTRUSIVE ROCKS (unit 8): Gabbroic and minor ultramafic
rocks

MAYVILLE MAFIC-ULTRAMAFIC INTRUSION (2742.8 +0.8 Ma‘®; units 3 to 7)

Gabbro, leucogabbro, anorthosite, intrusion breccia and pyroxenite

Metavolcanic and metasedimentary rocks
MORB-type VOLCANIC ROCKS

Basalt, aphyric to plagioclase-phyric, locally megacrystic; oxide-facies iron formation

Metavolcanic and metasedimentary rocks
MORB-type VOLCANIC ROCKS (Mayville assemblage, Bailes et al., 2003; unit 2)

Basalt, aphyric to plagioclase-phyric, locally megacrystic; synvolcanic gabbroic rocks

Fault, inferred

Nonconformity/Fault, inferred

EAGLENEST LAKE FORMATION

Greywacke-siltstone turbidite

Older granitoid rocks (basement; unit 1)

Granodiorite, tonalite, diorite and orthogneiss (Maskwa Lake batholith I, 2782 +11 Ma®, 2832.3 +0.9 Ma®, 2852.8 +1.1 Ma®, 2844 +12 Ma®)

(I Unit numbers in the northern arm of the Bird River greenstone belt correspond to those in Table 1.

References for geochronological data: () Baadsgaard and Cerny, 1993; @ Gilbert et al., 2008; ® Wang, 1993; “ Gilbert, 2006; © Gilbert, 2008a; © H.P. Gilbert, unpublished

data, 2007; " Scoates and Scoates, 2013; ® Houlé et al., 2013; ©® This study.
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cant Ni-Cu-PGE-Cr mineralization worldwide (e.g., Hoatson,
1998; Naldrett, 2004; Lightfoot, 2016). Recent mapping and
lithogeochemical and Nd isotopic studies summarized in this
report suggest that the Mayville intrusion formed from mul-
tiple injections of alumina-rich, hydrous tholeiitic magma
derived from high-degree partial melting of a sub-arc, litho-
spheric, depleted-mantle source; during the emplacement of
each magma batch, assimilation and fractional crystallization
may have played important roles in petrogenesis, and may
have triggered sulphide saturation in the magma(s) and sub-
sequent liquidation and mineralization. Cooling of the intru-
sion appears to have occurred from north to south, regardless
of replenishment by subsequent batches of mafic—ultramafic
magma(s) into the intrusive system, within an arc- to back-arc
setting. The continuity of the heterolithic breccia zone (HBX) in
the Mayville intrusion suggests a dynamic system favourable
for the formation of magmatic Ni-Cu-PGE-Cr—sulphide mineral-
ization. It is noted that arc-related Ni-Cu-PGE—sulphide depos-
its are commonly high grade but small tonnage (e.g., Yildirim
et al., 2020). Thus, it appears that the potential for high-grade
mineralization in the northern arm of the BRGB needs be fur-
ther explored.

The Mayville intrusion, the largest mafic—ultramafic
intrusion in the area, hosts a significant amount of Ni-Cu-
PGE mineralization in the M2 deposit, recognized as contact-
style magmatic-sulphide mineralization (Yang et al., 2012). At
the M2 deposit, the sulphide-rich mineralization is typically
located near the base of the HBX and basal contact of the
intrusion, whereas disseminated sulphide minerals are wide-
spread throughout the HBX and basal mafic—ultramafic rocks
(e.g., Copper contact and Hititrite occurrences, M2W zone;
Map GR2020-1-1). Furthermore, other styles of mineraliza-
tion, such as reef, stratiform PGE and stratiform chromitite,
also occur in the Mayville intrusion (e.g., PGE zone). The tran-
sitional and/or contact zones between major rock units may
be particularly enriched in PGEs (e.g., PGE zone). In addition
to Ni-Cu-PGE-sulphide mineralization, the Mayville intrusion
may host significant chromite mineralization, as suggested by
the presence of massive chromitite bands and disrupted chro-
mitite-pyroxenite layers within the HBX. Copper-nickel miner-
alization also occurs in unit 8 gabbroic intrusions (e.g., New
Manitoba mine, Acme occurrence).

This report emphasizes that mineralization and the forma-
tion of various mineral deposits and/or occurrences resulted
from distinct stages (events) of a protracted geological and
geodynamic evolution. First, in the northern arm of the Neo-
archean BRGB, magmatic Ni-Cu-PGE-Cr mineralization (e.g.,
Mayville, Euclid Lake chromite deposits, New Manitoba mine)
probably formed in an extensional regime within an arc- to
back-arc setting at a continental margin. Second, porphyry Cu
(Au) and skarn Cu-Au-Ag mineralization (e.g., Cat Lake Au-Ag
mine), associated with some granitoid rocks of the TTG suite, is
likely related to arc magmatism due to plate subduction. Gran-

ite-hosted Au deposits (e.g., Little Bear Lake Au deposit hosted
in the Maskwa Lake batholith; Kretschmar and McBride, 2015)
require further evaluation in the BRGB. Ore fluids responsible
for such mineralization can be assessed by studies (e.g., Banks
etal., 1994; Yang et al., 2004; Yang and Lentz, 2005; Yang, 2019)
of REE-partitioning behaviour (between granite magmas and
associated hydrothermal fluids), mineral chemistry, fluid inclu-
sions and stable isotopes (O, H). Finally, rare-metal-bearing
pegmatites (e.g., Irgon mine at Cat Lake), related to younger,
S-type peraluminous granitoid rocks, may have been emplaced
in a continental-collision environment. Establishing the spatial
and temporal relationships between the host geological units
through detailed bedrock mapping and geological analysis is
thus a key approach in resolving the fundamental questions
of the geology, geodynamic evolution and metallogeny of the
associated mineral deposits (and/or occurrences) in the study
area.

It is necessary to point out that a large portion of the
Maskwa Lake batholith between the northern and southern
limbs of the BRGB has not been mapped so far, although this
report has generally divided it into two units (unit 1 basement
and unit 10 TTG suite) in the northern limb of the belt. More
complexity of this batholith was noticed in terms of the field
relationships. For example, unit 8 gabbro intrusions (e.g., the
ca. 2743 Ga New Manitoba Mine intrusion; Houlé et al., 2013,
2015, 2020; Yang et al., 2013) have been emplaced into the
TTG suite, suggesting that this part of the TTG (despite the
lack U-Pb age data) must have been older than the unit 8 gab-
bro. The problem is that unit 8 gabbroic rocks are similar in
geochemical composition to those gabbro dikes cutting the
younger phases of the Maskwa Lake batholith I, thus requiring
further investigation of their trace Nd-isotope compositions to
probe the nature of their magma sources.

The occurrence of diopside-garnet (tepidotetscapolite
tvesuvianitetmagnetitetquartztcalcitetsulphide minerals
tscheelite) skarn, normally formed by contact metasomatism
between carbonate and granitoid rocks at Cat Lake (Yang et
al., 2013), indicates the possible presence of carbonate rocks
beneath unit 2 basalts that have been intruded by granitoid
intrusions of the unit 10 TTG suite. However, surface exposures
of carbonate rocks were not encountered during the course of
mapping. It was noted that minor interlayers of chert, carbon-
ate and argillite are present in the Rice Lake belt (RLB; Ander-
son, 2013). A regional comparison between the BRGB and the
RLB appears to be needed in the form of a future mapping and/
or compilation project covering all of southeastern Manitoba.

Multiple lines of evidence from the mapping and detailed
schematic investigations (e.g., Percival et al., 2006a, b, 2012;
Percival, 2007; Sotiriou et al., 2019, 2020; Yang et al., 2019;
Polat et al., 2020) suggest that a modern style of plate tecton-
ics may have started at least in the Neoarchean in the western
Superior province, consistent with the conclusion of Brown
and Johnson (2018) based on thermal gradients defined by
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temperature/pressure ratios documented at peak metamor-
phism from metamorphic rocks worldwide. A more detailed
discussion on this fundamental question of geoscience is
included in a recent review by Palin et al. (2020). Thus, Cu-(Au)
mineralization related to magmatic-arc granitoid intrusions in
subduction zones could be a potential exploration target in the
BRGB, although erosion level of the granitoids (i.e., arc-related
granitoid intrusions) and hydrothermal alteration styles must
be further evaluated through estimation of their emplacement
depth (e.g., Yang, 2017; Yang et al., 2020). The significance of
such Au-Cu—type deposits is considerable in the Abitibi green-
stone belt of Ontario and Quebec (e.g., Robert, 2001; Mathieu
and Racicot, 2019).

Aluminum chemicals are used as industrial coatings, fill-
ers, absorbent materials and cement additives. Archean anor-
thosite complexes, including the Mayville and Euclid Lake
intrusions, and the Bird River sill in the southern limb, have
potential for industrial-mineral production of Al chemicals via
acid-separation processes (Veldhuyzen, 1995).
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