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ABSTRACT

The mineral chemistry of magnetite from eleven Archean mafic, mafic-ultramafic, and ultramafic intrusions
within the Superior Province was determined to be used as a petrogenetic indicator and to identify the most
prospective areas for exploration of Fe-Ti-V and Fe-Ti-P mineralization.

The composition of magnetite is influenced by the presence of exsolutions and inclusions (e.g. ilmenite,
Al-spinel), the type of parental melt (e.g. komatiitic, basaltic) and its Ti contents (e.g. high-Ti or low-Ti
parental magmas), and the element partitioning with co-crystallized minerals (e.g. clinopyroxene) or previ-
ously crystallized minerals (e.g. chromite). The overall composition of magnetite, however, appears to be
mainly independent of the host-rock type. The composition of magnetite in compatible (e.g. Mg, Co, V, Ni,
and Cr) and incompatible (e.g. Al, Ga, Mn, Ti, Zn) elements during fractionation processes also provides
useful information about the degree of differentiation of the host intrusions. Among the studied intrusions
with a mafic-dominated composition, the Riviére Bell and Lac Doré complexes appear to be the most
evolved, whereas the Croal Lake, Big Mac, Butler, and Wabassi Main intrusions and the Highbank-Fishtrap
intrusive complex are the most primitive. Furthermore, the variation of the minor and trace element contents
of the magnetite could be used to determine the internal stratigraphy within the mafic to ultramafic intru-
sions. For example, in the mafic-dominated Big Mac intrusion and in the ultramafic-dominated Baie Chapus
Pyroxenite, the more vent-proximal facies appear to be located to the north and to the east, respectively. In
addition, the V and Ni+Cr contents of magnetite from the Big Mac intrusion suggest that the northern part
of this intrusion is a prospective area for Fe-Ti-V mineralization, whereas the southern part has more poten-
tial for Fe-Ti-P mineralization. In the Baie Chapus Pyroxenite, the concentrations in V and Ni+Cr in mag-
netite support the prospectivity of this intrusion for Fe-Ti-V mineralization.

Magnetite from the oxide-bearing mafic to ultramafic rocks and the semi-massive to massive Fe-Ti
oxide layers have lower Ti+V values than expected, with magnetite compositions plotting within the fields
for hydrothermal deposits in Ni/(Cr+Mn) versus Ti+V, Ca+Al+Mn versus Ti+V, and Ni+Cr versus Ti+V dis-
crimination diagrams. Considering that the Fe-Ti-V deposit fields in these diagrams were mostly defined
based on Fe-oxides hosted within Proterozoic and Phanerozoic Fe-Ti deposits, the preliminary results pre-
sented here suggest there may be a specific signature for magnetite from Archean Fe-Ti-V-oxide-bearing

intrusions. However, further work is required to confirm this distinct signature to the Archean.

INTRODUCTION

The concentration of minor and trace elements in Fe-
oxides is controlled by their environment of formation,
which makes magnetite a useful petrogenetic tracer and
a suitable indicator mineral for mineral exploration
(e.g. Dare et al., 2012, 2014). Ultramafic and mafic
intrusions/flows are generally prospective units to host
orthomagmatic ore deposits and are ubiquitous
throughout the Superior Province, although their abun-
dance is variable across the Province and only a limited
number of these units host economic Ni-Cu-(PGE) or
Fe-Ti-V-P deposits.

In this contribution, we report magnetite composi-
tion from 11 Mesoarchean to Neoarchean, mafic to
ultramafic intrusions (i.e. Mayville, Croal Lake, Big

Mac, Eagle’s Nest, Butler, Highbank-Fishtrap, Oxtoby
Lake, Wabassi Main, Baie Chapus, Riviére Bell, and
Lac Dor¢é) across the Bird River—Uchi—Oxford-Stull-
La Grande Riviére—Eastmain (BUOGE “superdo-
main”) domains and the Wawa-Abitibi terrane within
the Superior Province (Fig. 1). The characterization of
the minor and trace element contents of magnetite from
each intrusion provided information about the factors
that controlled the composition of this mineral, the
degree of fractionation, and the internal stratigraphy of
each intrusion, as well as information about the poten-
tial use of magnetite as a prospectivity indicator for Fe-
Ti-V-P mineralization and the validity of magnetite dis-
crimination diagrams to determine the mineral deposit
environment in which these Fe-oxide grains formed
(e.g. Dupuis and Beaudoin, 2011).
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Figure 1. Geological map showing the locations of the mafic to ultramafic intrusions that were studied across the Bird River—
Uchi—Oxford-Stull-La Grande Riviére-Eastmain (BUOGE) domains and the Wawa-Abitibi terrane (after Houlé et al., 2020).
Terrane and domain boundaries are modified from Stott et al. (2010), Percival et al. (2012), and SIGEOM (2020). Names of the
host intrusions of the deposits/occurrences: 1 = Mayville intrusion, 2 = Croal Lake intrusion, 3 = Big Mac intrusion, 4 = Eagle’s
Nest dyke, 5 = Butler West and East intrusions, 6 = Highbank-Fishtrap intrusive complex, 7 = Oxtoby Lake and Wabassi Main
intrusions, 8 = Baie Chapus Pyroxenite, 9 = Riviére Bell complex, 10 = Lac Doré complex.

SAMPLING AND METHODOLOGY

Sampling

A total of 83 representative drill core or grab samples
were collected from 11 mafic to ultramafic intrusions
across the Superior Province: the Mayville intrusion
(n=2) of the Bird River intrusive suite within the Bird
River domain in the North Caribou terrane (Manitoba);
the Croal Lake (n=10), Big Mac (n=17), Eagle’s Nest
(n=1), and Butler (n=3) intrusions from the Ring of
Fire intrusive suite and the Highbank-Fishtrap intrusive
complex (n=19) within the Oxford-Stull domain in the
North Caribou terrane (Ontario); the Oxtoby Lake
(n=3) and Wabassi Main (n=11) intrusions within the
Uchi domain in the North Caribou terrane (Ontario);
the Baie Chapus Pyroxenite (n=11) within the La
Grande Riviére domain in the North Caribou terrane
(Quebec); and the Riviére Bell (n=5) and Lac Dor¢é¢
(n=1) complexes within the Abitibi greenstone belt in

the Wawa-Abitibi terrane (Quebec) (Fig. 1, Table 1, 2).
A total of 727 magnetite grains from 83 samples were
analyzed by electron probe micro-analyzer (EPMA)
and 240 magnetite grains from 36 samples were ana-

lyzed using laser ablation-inductively coupled plasma
mass spectrometry (LA-ICP-MS) (Table 2).

Methodology

Minor and trace element contents of magnetite (Mg, V,
Ni, Cr, Al, Mn, Ti, Zn, and Ca) were determined by
EPMA at the Université Laval (Québec, Canada), using
a method modified from Boutroy et al. (2014). Mg, Co,
V, Ni, Cr, Al, Ga, Mn, Ti, Zn, and Ca were also deter-
mined by LA-ICP-MS spot analysis at the Geological
Survey of Canada (Ottawa, Canada). The LA-ICP-MS
analyses of magnetite included the ilmenite exsolutions
formed during subsolidus exsolution-oxidation
processes. However, the EPMA analyses of the mag-
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The composition of magnetite in Archean mafic-ultramafic intrusions within the Superior Province

netite excluded as much as possible any inclusions or
exsolutions in order to analyze a single mineral species.

The EPMA analyses were undertaken with a
CAMECA SX-100 five-spectrometer electron micro-
probe using 15 kV accelerating voltage, a 20 nA beam
current forming a 5 pm diameter beam, and counting
times of 20 s on peak and 10 s on background to deter-
mine the major and minor element contents of the mag-
netite grains. For the minor and trace element contents,
an accelerating voltage of 15 kV, a 100 nA beam cur-
rent forming a 10 pm diameter beam, counting times of
40 to 80 s on peak, and a background measured on both
sides for 15 to 20 s at positions free of interferences
were used. Simple oxides (GEO Standard Block, from
P&H Developments) and minerals (Mineral Standard
Mount MINM25-53, from Astimex Scientific Limited;
reference samples from Jarosewich et al., 1980) were
used as calibration standards.

The LA-ICP-MS system consisted of a Photon
Machine Analyte 193 nm excimer laser ablation system
coupled to an Agilent Technologies 7700x ICP-MS,
which was operated using a laser frequency of 10 Hz
and a spot size of 40 to 69 um. Fe was used as the inter-
nal standard (concentrations determined by EPMA in
Fe-oxides or a stoichiometric value was assumed when
EPMA data were not available). Certified reference
materials (GSE-1G, GSD-1G, Po0726) and in-house
standards of natural magnetite (BC28) were used for
calibration and quality control.

In this study, only the minor and trace element con-
centrations at levels above EPMA and LA-ICP-MS
detection limits were used. A selection of data obtained
using both methods is provided in Table 2.

RESULTS

Magnetite Composition from Mafic to
Ultramafic Intrusions

Magnetite grains in this study are hosted by different
types of rocks, such as oxide-bearing mafic to ultra-
mafic rocks, semi-massive to massive Fe-Ti oxide lay-
ers, and massive sulphides belonging to a wide range of
mafic, mafic-ultramafic, and ultramafic intrusions
(Table 2). These intrusions occur in a number of ter-
ranes/domains in the Superior Province (Bird River,
Oxford-Stull, Uchi, La Grande Riviére, and Wawa-
Abitibi) and have varying ages (Mesoarchean versus
Neoarchean) and compositions (mafic-dominated ver-
sus ultramafic-dominated) (Table 1).

Magnetite in oxide-bearing mafic to ultramafic
rocks
The oxide-bearing mafic to ultramafic rock samples

(<40% Fe-Ti oxides) were collected from the mafic-
dominated Croal Lake, Big Mac, Butler (East and

West), Highbank-Fishtrap, Oxtoby Lake, Wabassi
Main, and Lac Doré intrusions and the Baie Chapus
Pyroxenite, an ultramafic-dominated intrusion (Table
2). These intrusions are all Neoarchean, except for the
Highbank-Fishtrap intrusive complex, which is
Mesoarchean (Table 1).

The results obtained for V and Cr contents in the
magnetite determined using EPMA and LA-ICP-MS
are similar (Fig. 2, Table 2). However, Mg, Al, Mn, and
Ti contents determined by electron microprobe are gen-
erally lower than those determined by LA-ICP-MS,
whereas Ni and Zn contents are mostly higher (Fig. 2,
Table 2). During fractionation, Mg, Co, V, Ni, and Cr
are compatible elements in mafic magmas and Al, Mn,
Ti, and Zn are incompatible (e.g. Dare et al., 2014). In
the oxide-bearing mafic to ultramafic rocks, the con-
centration of compatible and incompatible elements in
magnetite varies from intrusion to intrusion (Fig. 2).
Magnetite from the Croal Lake, Big Mac, Butler, and
Highbank-Fishtrap intrusions shows high Cr and
locally high V contents. Magnetite from the Oxtoby
Lake intrusion has low Mg contents, relatively low Cr,
Al, and Mn contents, and the lowest Ti contents of the
intrusions studied. Magnetite from the Wabassi Main
intrusion has the highest Mg and Co contents and high
V, Ni, Cr, Al, Mn, and Ti contents. Magnetite from the
Lac Doré complex has low V contents, relatively low
Mg and Cr contents, and the lowest Ni contents, but
high Mn, Ti, and Zn contents. Pyroxenite from the Baie
Chapus intrusion contains magnetite with the highest
Ni contents, relatively high Mg contents, and low V, Cr,
and Al contents.

Magnetite in semi-massive to massive Fe-Ti
oxides

The semi-massive and massive Fe-Ti oxide samples
(40-80% and >80% Fe-Ti oxides, respectively) are
from the Neoarchean mafic-dominated Croal Lake, Big
Mac, and Riviére Bell intrusions, the Mesoarchean
mafic-dominated Highbank-Fishtrap intrusion, and the
Neoarchean ultramafic-dominated Baie Chapus
Pyroxenite (Table 1, 2).

EPMA and LA-ICP-MS data for magnetite show
similar concentration ranges, except for elements Mn,
Ti, and, locally, Mg, Cr, and Zn (Fig. 3, Table 2). The
chemical signature of the magnetite from the semi-
massive to massive magnetite-ilmenite layers also
varies by intrusions (Fig. 3). Magnetite from the Croal
Lake and Big Mac intrusions have relatively high Mg
and Cr contents, whereas magnetite from the
Highbank-Fishtrap intrusive complex has relatively
low Mg contents but high Cr contents. In the Riviére
Bell complex, the magnetite has been affected by
regional and local metamorphism and most of its pri-
mary composition, with the exception of V and Cr con-
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tents, has been modified (Polivchuk, 2017). The Fe-
oxides from this complex have relatively low V and Cr
contents. Semi-massive to massive Fe-Ti oxides from
the Baie Chapus Pyroxenite host magnetite with inter-
mediate Ni contents, relatively high Mn contents,
locally low Mg and Zn contents, and the lowest con-
tents of Co, Cr, Al, and Ga (an incompatible element
during fractionation that is enriched in the residual lig-
uid).

Magnetite in massive sulphides

The massive sulphide samples belong to the
Neoarchean mafic-dominated Mayville and ultramafic-
dominated Eagle’s Nest Ni-Cu-(PGE)-bearing intru-
sions (Table 1, 2).

Analytical results for magnetite are similar and of
the same order of magnitude, whether analyses were by
EPMA or LA-ICP-MS, with the exception of results
for Mn, Ti, and Zn (Fig. 4, Table 2). In general, mag-

netite in the Mayville intrusion contains very low con-
centrations of compatible elements (Mg, Co, V, and Cr;
Fig. 4). In contrast, magnetite from the Eagle’s Nest
intrusion has higher Mg, Co, V, Ni, Cr, and Mn con-
tents and lower Al, Ga, and Ti contents than the
Mayville magnetite (Fig. 4).

Case Study: Magnetite Composition in the
Big Mac Intrusion

The Big Mac mafic intrusion (ca. 2734 Ma: Houlé et
al., 2015a) is part of the Ring of Fire intrusive suite
within the Oxford-Stull domain (Ontario), in the
central part of the Superior Province (Fig. 1). Based
on geophysical data (OGS—GSC, 2011), the intrusion
forms, at surface, an approximately 60 km long and 1
to 4 km wide elongate body oriented northwest-south-
east (Fig. 5). It is a subconcordant sill that is broadly
layered, as indicated by field observations. The Big
Mac intrusion is composed of gabbro (sensu lato),
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minor anorthosite, and rare pyroxenite. It also contains
a few decimetre- to metre-thick, semi-massive to mas-
sive, magnetite-ilmenite layers, which are restricted to
the northern part of the intrusion.

In the Big Mac intrusion, the chemical composition
of Fe-oxides varies with location. Magnetite in the
northern part of the intrusion is rich in elements that are
compatible in mafic magmas (i.e. Mg, V, Ni, Cr),
whereas to the south, the concentration of these ele-
ments is low and it is locally rich in elements that are
incompatible during fractionation process (i.e. Mn, Ti,
Zn; Fig. 6). In addition, the mafic to ultramafic rocks in
the northernmost part of the Big Mac intrusion have the
most primitive geochemical signatures (Mg# <50, Cr =
2095-23 ppm, V = 1255-33 ppm, P05 = 0.14-0.03
wt%), have high magnetite/ilmenite ratios, contain pla-
gioclase with the most primitive composition (up to
Angs), and contain rare traces of apatite. In contrast,
the southernmost part of this intrusion is characterized
by mafic rocks with more evolved geochemical signa-
tures (Mg# <35, Cr = 134—15 ppm, V = 453—16 ppm,

P205 = 2.81-0.12 wt%), lower magnetite/ilmenite
ratios, plagioclase with an evolved composition (as low
as Anps), and up to 9 modal% apatite.

Case Study: Magnetite Composition in the
Baie Chapus Pyroxenite

The Baie Chapus Pyroxenite (emplaced after 2802 Ma:
Houlé et al., 2015b), is located within the La Grande
Riviére domain (Quebec), in the eastern part of the
Superior Province (Fig. 1). This intrusion is approxi-
mately 3 km long by 1 km wide at surface and is
crudely layered, as indicated by field observations (Fig.
7). It is composed of clinopyroxenite, plagioclase
clinopyroxenite, olivine clinopyroxenite, gabbro
(sensu lato), and rare wehrlite and dunite. Significant
accumulations of semi-massive to massive magnetite,
which extend over at least 70 m with a thickness esti-
mated to be a few metres, were found near the western
part of the intrusion.

In the Baie Chapus Pyroxenite, the chemical compo-
sition of the magnetite also varies with location. Fe-
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oxides in the eastern part of this intrusion are rich in
elements that are compatible in mafic magmas, such as
Mg and Cr, but to the west, the magnetite is poor in
these elements and locally rich in incompatible ele-
ments (e.g. Ti, Zn) (Fig. 8a,b). Furthermore, the eastern
part of the Baie Chapus Pyroxenite hosts mafic to ultra-
mafic rocks with a relatively primitive geochemical
composition (Mg# = 78-53, Cr = 703—245 ppm, V =
282—-159 ppm, P205 = 0.05-0.02 wt%), clinopyroxene
with a primitive composition (Mg# = 89-80), and is
devoid of apatite. In contrast, the western part of this
intrusion contains mafic to ultramafic rocks with a
more evolved geochemical signature (Mg# = 7641,
Cr=266-39 ppm, V =427-41 ppm, P05 =0.25-0.01
wt%), and up to 1 modal% apatite. Clinopyroxene in
the westernmost part of this intrusion also has the most
evolved composition (Mg# = 84-73).

@ Mafic volcanic

I Dunite, peridotite
rocks

I Pyroxenite, gabbro

mm Gabbro and £ Outcrop
pyroxenite dyke % Station
I Proterozoic dyke  wmm Trail

[ Tonalite 244 Shear zone

Figure 7. Simplified geological map of the Baie Chapus
Pyroxenite (modified from Houlé and Goutier, unpubl. map).
The inset indicates the different areas of this intrusion. The
centre of the intrusion is approximately located at UTM
(NAD83) Zone 18, 352746mE, 5928161mN.

Discrimination Diagrams of Magnetite
Composition from Fe-Ti-V Deposits

Several diagrams have been proposed to classify mag-
netite grains based on their composition, such as the Ti
versus Ni/Cr discrimination diagram for differentiating
magnetite of magmatic and hydrothermal origin (Dare
et al., 2014). This diagram also appears useful for iden-
tifying Ti-poor magnetite from magmatic settings
(Duparc et al., 2016). The vast majority of the mag-
netite grains hosted by oxide-bearing mafic to ultra-
mafic rocks and semi-massive to massive Fe-Ti oxide
layers in this study have low Ni/Cr ratios, regardless of
analytical method, and plot within the magmatic field
of the diagram (Fig. 9). However, the magnetite from
the Baie Chapus Pyroxenite, which has the highest
Ni/Cr ratios, has EPMA data that plot almost entirely
within the hydrothermal field (Fig. 9a). Furthermore,
based on EPMA data (Fig. 9a), most of samples contain
magnetite with Ti contents that are less or equal to 1
wt%. However, the LA-ICP-MS data (Fig. 9b) indicate
that the Croal Lake, Big Mac, Butler, Highbank-
Fishtrap, Wabassi Main, Baie Chapus, Rivi¢re Bell,
and Lac Dor¢ intrusions host some Ti-rich magnetite
(>1 wt% Ti), whereas the Oxtoby Lake intrusion only
hosts Ti-poor magnetite (mostly <0.1 wt% Ti).

Dupuis and Beaudoin (2011) defined two discrimi-
nation diagrams (Ni/(Cr+Mn) versus Ti+V and
Cat+Al+Mn versus TitV) to distinguish magnetite
associated with hydrothermal deposits (e.g. iron oxide
copper-gold (I0OCG) and porphyry deposits) from those
associated with Fe-Ti-V deposits. In both diagrams, the
field for Fe-Ti-V deposits was primarily defined based
on the Fe-oxide compositions (individual grains and
average compositions) determined by electron micro-
probe analyzer from a range of Proterozoic (General
Electric mine, La Blache, and Girardville associated
with Grenvillian anorthositic massif, Canada) and
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Phanerozoic (Routivare malmfélt, Sweden) Fe-Ti
deposits and from the Archean Lac Doré Fe-Ti-V
deposit. Méric (2011) proposed an additional Ni+Cr
versus Ti+V discrimination diagram to differentiate
magnetite associated with hydrothermal deposits, Fe-
Ti-V deposits, and Fe-Ti-P deposits using the general
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Figure 9. Ti versus Ni/Cr discrimination diagram for differen-
tiated magmatic and hydrothermal magnetite of Dare et al.
(2014) plotting magnetite from the oxide-bearing mafic to
ultramafic rocks and the semi-massive to massive Fe-Ti
oxide layers of the studied intrusions. a) Magnetite composi-
tion as determined by EPMA. b) Magnetite composition as
determined by LA-ICP-MS. Each data point represents an
individual magnetite grain.

Fe-Ti-V deposit field defined by Dupuis and Beaudoin
(2011) for the Ni/(Cr+Mn) versus Ti+V diagram. In all
these diagrams, the EPMA data for the magnetite from
the oxide-bearing intrusive rocks and the semi-massive
to massive Fe-Ti oxide layers of the studied Archean
intrusions have significantly lower Ti+V contents than
expected and plot predominantly within the field for
hydrothermal deposits rather than within the field for
Fe-Ti-V and Fe-Ti-P deposits (Fig. 10a,c,e). An excep-
tion is the Riviére Bell magnetite, which plots predom-
inantly within the Fe-Ti-V deposit field (Fig. 10a,c,e).
Interestingly, the LA-ICP-MS data for the magnetite
grains generally plot within the Fe-Ti-V and Fe-Ti-P
deposit fields in the three discrimination diagrams (Fig.
10b,d,f). However, significant LA-ICP-MS analyses
from many of the intrusions of this study still plot
within the hydrothermal field, in particular those for
magnetite from the Oxtoby Lake intrusion (Fig.
10b,d,f), which also shows similar results when deter-
mined by EPMA (Fig. 10a,c,e).
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units are locally related to the type of lithology, such as
in the Baie Chapus Pyroxenite (EPMA data: Fig. 9a,
10a,c,e, Table 2) and the Big Mac intrusion (EPMA and
LA-ICP-MS data: Fig. 9, 10, Table 2).
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DISCUSSION
Influence of the Exsolutions and/or Inclusions

Magnetite commonly contains ilmenite exsolutions
that form during the subsolidus exsolution-oxidation
processes (e.g. Dare et al., 2012, 2014). Unlike the
electron microprobe (~5-10 um beam size), the LA-
ICP-MS uses larger beam sizes (>40 pm) that could
incorporate some of these exsolutions during analyses,
thus yielding a mixed analysis combining magnetite
and ilmenite. However, these mixed analyses provide
an estimate of the initial magnetite composition, before
the Fe-oxide grains underwent subsolidus exsolutions.
As a result, the EPMA and LA-ICP-MS data could
show significant variations for some of the minor and
trace element contents of the magnetite. For example,
Ti, Mn, and Mg preferentially partition into ilmenite
(Méric, 2011; Dare et al., 2014) and therefore are gen-
erally underestimated in the EPMA data (e.g. Fig. 2, 3,
9, Table 2).

The differing results for Ti contents obtained by the
different analytical methods could explain the
hydrothermal signature in the discrimination diagram
of Dare et al. (2014) for the Baie Chapus magnetite,
which was analyzed by EPMA (Fig. 9a). Indeed, LA-
ICP-MS data show that these Fe-oxide grains were ini-
tially rich in Ti (>9 wt%) and plot within the magmatic
field (Fig. 9b). The higher Ti contents of the Baie
Chapus magnetite when determined by LA-ICP-MS
could be the result of numerous Ti-enriched ilmenite
exsolutions being present in the magnetite that could
have been included in the LA-ICP-MS analyses but not
in the EPMA results.

Other exsolutions (e.g. Al-spinel, Cr-spinel) or
inclusions (e.g. sulphide) are commonly observed in
magmatic magnetite (e.g. Dare et al., 2014; Huang et
al., 2019). These exsolutions/inclusions could have
been incorporated during LA-ICP-MS analysis, or dur-
ing EPMA analysis in the case of micro- to nano-scale
exsolutions/inclusions. This could explain the local
variations in the minor and trace element contents of
magnetite reported by the two analytical methods.

Influence of the Composition of the Parental
Magma

Most of the intrusions studied that have a mafic-domi-
nated composition (Croal Lake, Big Mac, Butler,
Highbank-Fishtrap, Wabassi Main, Riviére Bell, and
Lac Doré) or an ultramafic-dominated composition
(Baie Chapus Pyroxenite) appear to have crystallized,
at least in part, from high-Ti parental magmas. These
intrusions contain some original Ti-rich magnetite (>1
wt% Ti; Fig. 9b), suggesting that they were associated
with high-Ti parental magmas. This confirms the pre-
vious results of Kuzmich (2014) about the nature of the

parental magmas of the Butler intrusions (Table 1). In
contrast, the low-Ti contents of the Oxtoby Lake mag-
netite as determined by EPMA and by LA-ICP-MS
(mostly <0.1 wt% Ti, Fig. 9) indicate that these Ti-poor
Fe-oxides likely crystallized from low-Ti parental
magmas. It also suggests that the Ti-poor magmatic Fe-
oxides could have higher Ni/Cr ratios than is predicted
by the discrimination diagram of Dare et al. (2014; Fig.
9). This was previously reported by Duparc et al.
(2016) for magnetite from Archean felsic intrusions
and could reflect the initial composition of the parental
magmas.

The nature of the parental magmas (e.g. basaltic,
picritic, komatiitic) of the mafic to ultramafic intru-
sions could affect the chemical composition of mag-
netite. For example, magnetite from massive sulphides
of the Eagle’s Nest ultramafic-dominated intrusion has
higher concentrations of compatible elements and
lower concentrations of incompatible elements than
magnetite from the Mayville intrusion (Fig. 4). The
Mayville intrusion crystallized from basaltic parental
magmas (Yang et al., 2013). In contrast, the Eagle’s
Nest dyke is associated with a komatiitic parental
magma (Mungall et al., 2010; Zuccarelli et al., 2018),
resulting from a higher degree of partial melting and,
therefore, initially enriched in the most compatible ele-
ments and depleted in incompatible elements relative
to a basaltic magma. Thus, the trace element contents
of the magnetite from the Eagle’s Nest dyke suggest
that magnetite that crystallizes from an ultramafic
parental magma will have a more primitive chemical
signature than that which forms from a mafic parental
magma.

Influence of the Co-crystallizing Minerals

The nature of the minerals that crystallize with mag-
netite also affects the minor and trace element compo-
sition of Fe-oxides (e.g. Dare et al., 2014). The compo-
sition of the magnetite from the Baie Chapus
Pyroxenite is a good example of this co-crystallizing
effect. The Baie Chapus Pyroxenite is associated with
a relatively primitive, mantle-derived parental magma
(Sappin et al., 2015a) and the magnetite from this ultra-
mafic-dominated intrusion has a relatively primitive
composition, with high Mg and Ni contents and low Al,
Ga, and Zn contents (Fig. 2, 3). However, the mag-
netite also has lower Cr and V contents than expected
(Fig. 2, 3). The lower Cr contents could be explained
by the fractional crystallization of chromite at depth
from this primitive silicate liquid, which would have
resulted in a significant decrease in the amount of Cr
available in the magma for the Fe-oxides formed later.
Furthermore, the low V contents of the magnetite from
the pyroxenite relative to that from the semi-massive to
massive Fe-Ti oxides of the Baie Chapus Pyroxenite
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(Fig. 2, 3, 8c, Table 2) could be explained by the com-
petition for the partitioning of V between magnetite
and co-crystallizing clinopyroxene. During magmatic
processes, V is strongly partitioned into magnetite
(DyMag/Silicate melt = 26.0: Esperanca et al., 1997), but
V also has a compatible behaviour with clinopyroxene
(DyCpx/Basaltic melt = 3 1: Hart and Dunn, 1993). The
pyroxenite is mainly composed of clinopyroxene with
magnetite occurring as an accessory phase, whereas the
semi-massive to massive oxide layers are primarily
composed of magnetite with minor clinopyroxene.
Thus, the high proportion of clinopyroxene in the
pyroxenite could explain the depletion in V in mag-
netite from the ultramafic rocks relative to magnetite
from the semi-massive to massive oxide layers.

Fe-Oxide Composition as a Fractionation and
Stratigraphic Indicator

Regional scale

The chemical composition of Fe-oxides with respect to
compatible and incompatible elements during fraction-
ation processes is a good indicator of the degree of
magmatic fractionation of the mafic to ultramafic intru-
sions in the Superior Province. Based on the magnetite
composition of the oxide-bearing mafic to ultramafic
rocks and the semi-massive to massive Fe-Ti oxides
from the mafic-dominated intrusions, it appears that
the Riviére Bell and Lac Doré complexes in the Wawa-
Abitibi terrane have the most evolved composition,
containing magnetite that is poor in compatible ele-
ments and rich in incompatible elements (Fig. 2, 3).
The Oxtoby Lake intrusion, located in the Uchi
domain, hosts magnetite with intermediate composi-
tion of compatible and incompatible elements (Fig. 2).
On the other hand, the Croal Lake, Big Mac, Butler,
and Highbank-Fishtrap intrusions, in the Oxford-Stull
domain, appear to have a more primitive composition,
as magnetite from these intrusions are rich in compati-
ble elements (Fig. 2, 3), and magnetite from the
Wabassi Main intrusion, in the Uchi domain, shows the
most primitive signature of compatible elements (Fig.
2). Its high concentrations of incompatible elements,
Al, Mn, and Ti (Fig. 2), could be related to the presence
of numerous micro- to nano-scale exsolutions of
ilmenite (for Mn and Ti) and Al-spinel (for Al) in the
magnetite grains. Indeed, in magnetite from the
Wabassi Main intrusion, Al-Mn-Ti contents increase
with decreasing Fe contents (EPMA data). Identifying
the most primitive and evolved intrusions in the
Superior Province may help identify which intrusions
in the area are most likely to host Ni-Cu-(PGE) and Fe-
Ti-V-P mineralization.

Local scale

In the Big Mac and Baie Chapus intrusions, the chem-
ical composition of magnetite, in terms of compatible
and incompatible elements in mafic magmas, shows a
strong geographical control that is mostly independent
of the lithologies and the proportion of Fe-oxides in the
rocks (Fig. 6, 8) and efficiently tracks the magmatic
fractionation and indicates the way-up of each intru-
sion. Magnetite in the northern part of the Big Mac
intrusion has a more primitive composition than in the
southern area, suggesting that the northern intrusive
rocks represent more vent-proximal facies and that the
southern rocks are more distal facies. Similarly, the
stratigraphic base of the Baie Chapus Pyroxenite
appears to be located in the eastern part of the intru-
sion, as suggested by the occurrence of the most prim-
itive magnetite in this area. These results are also sup-
ported by lithofacies distribution, geochemistry, and
silicate mineral chemistry. Together these data help to
constrain the internal stratigraphy and thus to target the
most prospective areas to host Fe-Ti-V mineralization
within these intrusions.

Magnetite Composition as an Indicator of the
Fe-Ti-V or Fe-Ti-P Prospectivity

The Big Mac mafic intrusion is recognized as an area
prospective for Fe-Ti-V  mineralization (e.g.
Metsaranta and Houlé, 2013; Sappin et al., 2015b;
Houlé et al., 2019). In particular, the northern part of
this intrusion appears to have the highest potential to
host Fe-Ti-V mineralization. The semi-massive to mas-
sive oxide layers are restricted to this northern area and
show high Fe, Ti, and V contents. In these magnetite-
bearing horizons, the best mineralized interval (9.5 m
thick) has an average composition of 68 wt% FeOy, 17
wt% Ti0», and 0.5 wt% V705, with a maximum of 76
wt% FeOt, 19 wt% TiO2, and 0.6 wt% V20s.
Magnetite from the mafic and ultramafic rocks and the
semi-massive to massive Fe-Ti oxide layers in the
northernmost area also have the most primitive compo-
sition, with high V contents (8653-1653), a composi-
tion favourable to the formation of Fe-Ti-V deposits. In
addition, based on the Ni+Cr versus Ti+V discrimina-
tion diagram, the Ni+Cr values are mostly >400 ppm in
magnetite from the intrusive rocks and from the Fe-Ti
oxide layers in the northernmost and north-central parts
of the Big Mac intrusion and are the same as Ni+Cr
values in magnetite from Fe-Ti-V deposits (Fig. 10e,f).
In contrast, in the southern area, the semi-massive to
massive oxide layers are absent and magnetite from the
mafic rocks shows a more evolved composition, with
lower V contents (1870-90 ppm). These Fe-oxides also
have Ni+Cr contents (<400 ppm) similar to that of
more evolved magnetite from Fe-Ti-P deposits, accord-
ing to the Ni+Cr versus Ti+V diagram (Fig. 10e,f). In
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the southernmost part of the intrusion, magnetite is also
hosted by rocks rich in apatite, suggesting that this area
has more potential for Fe-Ti-P mineralization.

The Baie Chapus Pyroxenite, which is known for its
potential to host Fe-Ti-V mineralization, contains
semi-massive to massive oxide layers with high Fe, Ti,
and V contents (up to 66 wt% Fe203¢, 9 wt% TiO2, and
0.7 wt% V20s: Sappin et al., 2015a). Furthermore, the
magnetite from the pyroxenite and the semi-massive to
massive Fe-Ti oxide layers has a primitive composition
with high V contents (up to 7440 ppm) and Ni+Cr con-
tents similar to magnetite from Fe-Ti-V deposits in the
Ni+Cr versus Ti+V diagram (Fig. 10e), confirming the
prospectivity of the Baie Chapus Pyroxenite to host Fe-
Ti-V mineralization.

These results confirm that the chemical composition
of magnetite in mafic to ultramafic intrusions can serve
as an indicator of the Fe-Ti-V or Fe-Ti-P prospectivity
of these types of intrusions.

Archean Signature of Magnetite?

The EPMA analytical results of magnetite from sam-
ples of oxide-bearing mafic to ultramafic rocks and
semi-massive to massive Fe-Ti oxides suggest that the
magnetite from these rock types may have a distinctive
Archean signature. For example, in the Ni/(Cr+Mn)
versus Ti+V and Ca+Al+Mn versus Ti+V discrimina-
tion diagrams of Dupuis and Beaudoin (2011) and the
Ni+Cr versus Ti+V discrimination diagram of Méric
(2011), magnetite from the Archean intrusions contain-
ing the intrusive rocks and the Fe-Ti oxide layers of
this study has significantly lower Ti+V contents than
magnetite from the Proterozoic and Phanerozoic Fe-Ti
deposits used to construct the diagrams (Fig. 10a,c,e).
As can be seen on these discrimination diagrams (Fig
10a,c,e), the Riviére Bell magnetite displays a distinct
chemical signature, with higher Ti+V contents, which
could be due to ubiquitous fine ilmenite exsolutions in
the Fe-oxide grains and/or remobilization of Ti during
the greenschist-amphibolite-facies metamorphism that
affected the intrusion after its emplacement (Polivchuk,
2017). The dichotomy between the Archean and
Proterozoic magnetite composition does not appear to
be related to an analytical error, as our Lac Doré mag-
netite has similar Ti+V values as the Lac Doré mag-
netite, which was analyzed previously (see Fig. 5 and 6
in Dupuis and Beaudoin, 2011). One explanation for
this difference could be that there is lower Ti and/or V
contents in magnetite from Archean Fe-Ti deposits
than from younger deposits.

Another trend visible from the discrimination dia-
grams is that the LA-ICP-MS data appear better at cor-
rectly predicting the deposit type as the Ti contents
determined by LA-ICP-MS are often higher than those
determined by EPMA. However, a fair amount of the

LA-ICP-MS data points still fall into other hydrother-
mal deposit types, especially data for Ti-poor mag-
netite from the Oxtoby Lake intrusion and also some
data for magnetite from intrusions in the Ring of Fire
area (Fig. 10b,d,f).

In the light of all these results, further investigations
are needed to better understand which factors control
this distinctive Archean signature of magnetite and to
constrain the use of discrimination diagrams for mag-
netite to fingerprint the mineral deposit types, as they
appear to be sensitive to other factors than solely the
chemical composition of magnetite.

IMPLICATIONS FOR EXPLORATION

The chemical composition of magnetite is useful for
determining the degree of fractionation and the internal
stratigraphy of the intrusions hosting orthomagmatic
mineralization and to identify the areas most prospec-
tive for this style of mineralization. Coupled with the
fact that Fe-oxides are ubiquitous in mafic to ultra-
mafic rocks and are resistant to mechanical and chem-
ical weathering, magnetite could be used efficiently to
gain useful information about the intrusions themselves
within structurally deformed and metamorphosed
Archean and Proterozoic greenstone belts. Further-
more, even though some of the minor and trace element
contents of magnetite can be affected by the presence
of exsolutions and/or inclusions, the nature of the
parental magmas, or the type of co-crystallizing miner-
als, on the whole, the composition of this Fe-oxide is
independent of the nature of its host rocks. This sug-
gests that it is not necessary to have heavily mineraliza-
tion samples to identify which unit(s) might be
prospective for hosting orthomagmatic mineralization.
In particular, the Ni+Cr contents of the magnetite
appear to be a very interesting tool for determining the
prospectivity of mafic to ultramafic intrusions to host
Fe-Ti-V or Fe-Ti-P mineralization, irrespective of the
amount of Fe-oxides in the rocks. However, the use of
discrimination diagrams to estimate which type of min-
eralized environment is associated with the magnetite
should be undertaken with caution.

ONGOING AND FUTURE WORK

Future research in the context of this project would
include the study of ilmenite compositions analyzed by
EPMA and LA-ICP-MS and the partial least squares-
discriminant analysis (PLS-DA) of the minor and trace
element contents of Fe-Ti oxides to confirm our pre-
liminary results regarding the chemical signatures of
magnetite from the mafic to ultramafic intrusions in the
Superior Province. Comparison of the Fe-Ti oxides
data from this study with magnetite and ilmenite com-
positions from previous work on these intrusions (e.g.
Polivchuk, 2017; Arguin et al., 2018) and on other
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mafic and ultramafic intrusions in the Superior
Province, as well as in other geological provinces,
would also help clarify if there is a specific regional
signature of these oxides across the Superior.
Additional studies are also required to identify the fac-
tors controlling the possible Archean-specific signature
of Fe-oxides and discuss the applicability of discrimi-
nation diagrams to fingerprint Archean magnetite.
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