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The petrography and mineral chemistry of magnetite from fifteen volcanogenic massive sulfide (VMS) deposits
in Canada, and the Lasail VMS deposit in Oman, as well as from two VMS-associated banded iron formations
(BIF), Austin Brook (New Brunswick, Canada) and Izok Lake (Nunavut, Canada), were investigated using optical
microscopy, electron probe micro-analyzer (EPMA), and laser ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS). The method of robust estimation for compositional data (robCompositions) was applied
to investigate geochemical censored data. Among thirty-seven elements analyzed by EPMA and/or LA-ICP-MS in
magnetite from the studied deposits/bedrock lithologies, only the results for Si, Ca, Zr, Al, Mg, Ti, Zn, Co and Ni
contain b40% censored values, and thus could be imputed using robCompositions. Imputed censored data
were transformed using centered log-ratios to overcome the closure effect on compositional data. Transformed
data were classified by partial least squares-discriminant analysis (PLS-DA) to identify different compositional
characteristics of magnetite from VMS deposits and BIFs. The integration of petrography and mineral chemistry
identifies three types of magnetite in VMS settings: magmatic, hydrothermal, andmetamorphic. Magmaticmag-
netite in VMSdeposit host bedrocks is characterized by ilmenite exsolution andmay be overprinted bymetamor-
phism. Some VMS deposits contain hydrothermal magnetite, which is intergrown with sulfides, and shows a
metamorphic overprint as it is partly replaced by commonmetamorphicminerals including chlorite, sericite, an-
thophyllite, and/or actinolite, whereas themajority of the deposits are characterized bymetamorphic magnetite
formed by replacing pre-existing sulfides and/or silicates, and is intergrownwithmetamorphicminerals. Among
VMS deposits of the Noranda mining district, the West Ansil deposit is characterized by hydrothermal-
metamorphic magnetite zoned by inclusion-free cores and Si- and Mg-rich rims. Magnetite from the studied
VMS-associated BIFs is also metamorphic in origin. Aluminum, Ti and Zn contents of magnetite can separate
BIF from the other mineralized and un-mineralized bedrock lithologies in the studied VMS settings.
PLS-DA shows that variable compositions of magnetite slightly discriminate different studied deposits/bedrock
lithologies. The geochemical observations suggest that the variation in magnetite chemistry from different
VMS settings might be sourced from differences in: 1) the composition and temperature of parental magmas
or hydrothermal fluids, 2) the composition of host bedrocks, 3) the composition of co-forming minerals, and
4) oxygen fugacity. PLS-DA distinguishes magnetite compositions from the studied VMS deposits and BIFs
from that of the other ore deposit types including Ni–Cu, porphyry Cu-Mo-Au, iron oxide-copper- gold, iron
oxide-apatite, and the Bayan Obo REE-Fe-Nb deposit. Magnetite from the VMS settings on average contains
lower concentrations of Si, Zr, Al, Mg, Ti, Zn, Co and Ni relative to that from the other mineral deposit types.
PLS-DA of magnetite data from VMS deposits and BIFs of the Bathurst mining camp as well as PLS-DA of magne-
tite compositions from various mineral deposit types yield discrimination models for application to mineral ex-
ploration for VMS deposits using indicator minerals in Quaternary lithified sedimentary rocks.
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1. Introduction
Magnetite is a major to an accessory mineral in various rock types
and/or mineral deposits. Magnetite from different geologic settings
carries a distinctive chemical signature by incorporating a large number
of cations into its inverse spinel structure (e.g., Lindsley, 1976;Wechsler
et al., 1984; Bowles et al., 2011; Dupuis and Beaudoin, 2011). The spinel
group minerals including magnetite have the general formula XY2O4,
where X is divalent cations such as Mg, Fe, Ni, Mn, Co and Zn, and Y
can be trivalent or tetravalent cations such as Si, Al, Fe and V (Deer
et al. 1992; Hu et al., 2014). The composition of minor and trace ele-
ments in magnetite is controlled by external factors such as the compo-
sition of parent magma/hydrothermal fluids, temperature, pressure,
oxygen fugacity, silica activity, cooling rate, and partition coefficients
between magnetite and co-forming minerals (Mollo et al., 2013; Dare
et al., 2012, 2014). The composition of magnetite as a petrogenetic
indicator and/or an exploration tool has been studied using electron
probe micro-analysis (EPMA) and laser ablation-inductively- coupled
plasma-mass spectrometry (LA-ICP-MS) to measure trace elements
with detection limits (DL) typically below the ppm level (Longerich
et al., 1996; Dupuis and Beaudoin, 2011; Dare et al., 2012, 2014).

1.1. Magnetite of various origins

Given that the chemistry of magnetite can be affected by physico-
chemical conditions at the time of formation, it is expected that magne-
tite grains formed under similar conditions are characterized by similar
compositions, whereas those formed in different geologic environments
showdifferent chemical signatures (Dupuis and Beaudoin, 2011; Nadoll
et al., 2014). Variable composition of magnetite, which is commonly
present as a major to an accessory mineral in both magmatic and
hydrothermal ore deposits, can help in discriminating between differ-
ent mineral deposits or rock types. Dare et al. (2014) studied trace
element composition of magnetite from a variety of magmatic and hy-
drothermal deposits and proposed a multi-element diagram showing
the partitioning behavior of trace elements in magnetite during crystal-
lization from magmatic melts or hydrothermal fluids.

Inmagmatic systems, magnetite can form during fractionation of sil-
icatemelts and/or crystallization of sulfidemelts. Magnetite crystallized
from sulfide melts is commonly enriched in chalcophile elements such
as Ni, Cu, and PGE, whereas magnetite grains formed from silicate
melts are enriched in lithophile elements such as Cr, Ti, V, Al, Mn, Sc,
Nb, Ga, Ge, Ta, Hf, W and Zr (Dare et al., 2012, 2014; Boutroy et al., in
press). The concentration of lithophile elements such as V and Cr in
magnetite can indicate which stage of fractionation of a silicate melt
the magnetite formed in, and if the composition of parental magma
was evolved by magma mixing (e.g., Tegner et al., 2006; Dare et al.,
2014). Intergrowths of magnetite and ilmenite lamellae are common
signatures of magnetite in magmatic systems (Liu et al., 2015). Exsolu-
tion of ilmenite from a high-temperature precursor during silicate melt
fractionation can also affect the distribution of trace elements inmagne-
tite. Méric (2011) showed that Ti, Hf, Mg, Mn, Nb, Sc, Ta,W and Zr com-
monly tend to be concentrated in ilmenite rather than in the co-existing
magnetite.

Variable composition of hydrothermal magnetite is most likely the
result of geological andmineralogical complexity of hydrothermal min-
eral deposits (Nadoll et al., 2014). Hydrothermal magnetite is common-
ly enriched in Si and Ca,whereas it is depleted in Ti, Al, Zr, Hf, Nb, Ta, and
Sc that are relatively immobile in hydrothermal fluids (e.g., Ray and
Webster, 2007; Dupuis and Beaudoin, 2011). Dare et al. (2014) showed
that the chemical signature of magnetite formed at high temperatures
(~500–700 °C) in magmatic-hydrothermal systems (e.g., porphyry
and IOCG deposits) is similar to the chemistry of magnetite crystallized
from evolved intermediate magmas. This magnetite is typically
enriched in Ni, V, Co, Zn, Mn, and Sn. Dare et al. (2014) showed that
co-crystallization of magnetite and Cu-bearing sulfides results in Cu
depletion in magnetite as Cu is preferentially incorporated in co-
forming sulfides. Makvandi et al. (2016) showed that magnetite from
the Izok Lake (Nunavut, Canada) and Halfmile Lake (New Brunswick,
Canada) VMS settings may form during regional metamorphism:
1) by replacing pre-existing silicate and/or sulfides, 2) as a result of de-
composition of Fe-bearing silicates, or 3) by recrystallization of precur-
sor magnetite. Their observations also suggest that the distribution of
trace elements in metamorphic magnetite is mainly controlled by the
composition of host rocks, the grade of metamorphism, and oxygen
fugacity.

1.2.Mineral exploration and provenance studies usingmagnetite chemistry

The composition of magnetite from various mineral deposit types
has been the focus of several recent studies (e.g., Dupuis and
Beaudoin, 2011; Boutroy et al., in press; Dare et al., 2014; Nadoll et al.,
2014). Dupuis and Beaudoin (2011) established step-wise discriminant
diagrams using the chemistry of magnetite and hematite to classify dif-
ferent mineral deposit types. Liu et al. (2015) used a Ge vs. Ga + Co di-
agram to classify magnetite from Fe-Ti-(V) oxide ores, Fe-Ti-(P) oxide
ores, and Ni–Cu deposits. Berzina (2012) showed that magmatic mag-
netite in porphyry Cu–Mo deposits contains higher Rh and lower Pt
and Pd relative to those in barren host rocks. Huang et al. (2014)
found that higher Zn, and lower Al and Mg contents of magnetite sepa-
rate the Shaquanzi Fe–Cu deposit from the Heifengshan and
Shuangfengshan Fe deposits. Chen et al. (2015) indicated that magne-
tite precipitated from Mo-Sn-rich fluids contains higher Sn and Mo,
and lower V and Ni relative to that precipitated from evolved felsic
magmas. They suggested that the concentration of these elements in
magnetite is mainly controlled by oxygen fugacity.

Boutroy et al. (in press) investigated the composition of magnetite
from various Ni-Cu-PGE deposits of different geologic settings and
ages. They showed that early forming magnetite crystallized from
monosulfide solid solution (MSS) is enriched in lithophile elements
(Cr, Ti, V, Al, Sc, Nb, Ga, Ta, Hf and Zr), whereas late forming magnetite
crystallized from Cu-rich intermediate solid solution (ISS) is depleted
in these elements. Makvandi et al. (2016) used trace element composi-
tions of magnetite to discriminate between the Halfmile Lake and Izok
Lake volcanogenic massive sulfide (VMS) deposits and their host
rocks. They used principal component analysis (PCA) to classify compo-
sitions of detrital magnetite from till (glacial sediment) around and
down ice of the deposits. The results for both deposits showed thatmag-
netite grains glacially eroded from VMS mineralization by different ice
flow phases formed characteristic dispersal trains down ice from the
ore zones.

The main objectives of this study are to 1) extend the studies of
Makvandi et al. (2016) on compositions of magnetite from VMS set-
tings, and to 2) introduce partial least squares discriminant analysis
(PLS-DA) for classification of magnetite sources in till. Thus, this study
compares magnetite compositions from Makvandi et al. (2016; Izok
Lake andHalfmile Lake VMS deposits) with data from 14 other VMS de-
posits of various subtypes using PLS-DA. The resultswere also compared
to the composition of magnetite from some other VMS (Dupuis and
Beaudoin, 2011), Ni-Cu-PGE (Dare et al., 2012; Boutroy et al., 2012a,
in press), IOCG, IOA and Bayan Obo (Boutroy et al., 2012b), and porphy-
ry deposits (Boutroy, 2013). Projecting data from till into PLS-DA sub-
spaces defined by magnetite compositions in bedrocks identifies the
sources of magnetite in till.

2. Sample selection and compositional diversity in selected VMS
deposits

A total of forty-nine samples from fifteen VMS deposits in Canada
(Fig. 1A) and one from Oman (Fig. 1B) formed during a wide range of
geologic ages as well as four samples from two VMS-associated BIFs
were studied (Table 1). The studied VMS deposits belong to four
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subtypes defined by Franklin et al. (2005): 1) felsic-siliciclastic, 2)mafic,
3) bimodal-mafic, and 4) bimodal-felsic. The felsic-siliciclastic subtype
comprises three samples from the massive sulfides from the Brunswick
#12 (n = 1) and Brunswick #6 (n = 2) deposits, and three samples
from the Halfmile Lake VMS gossans. Eleven samples from the massive
sulfides of the Lasail (n = 4), Turgeon (n = 3) and Little Bay (n = 4)
mafic VMS deposits were also studied. The bimodal-mafic subtype con-
sists of fourteen samples from the Lac Dufault (n = 1), Horne (n = 1),
A

B OMAN

Fig. 1. Locations of studiedVMSdeposits andVMS-associatedBIFs on simplifiedbedrock geology
et al., 2014). The BathurstMining Camp includes: Brunswick #12, Brunswick #6, Halfmile Lake,
Upper & Lower, Lac Dufault, Normetal, West Ansil, Bell-Allard, Quemont and Poirier deposits. T
West Ansil (n= 4), Normetal (n= 1), Bell-Allard (n= 1), and Amulet
A-Upper and Lower (n=6) VMS deposits, as well as nine samples from
the Quemont (diabase; n= 5), Poirier (diabase; n= 1), and Amulet A-
Upper and Lower (dalmatianite; n=2) host bedrocks. Six samples from
the bimodal-felsic Izok Lake deposit (Nunavut, Canada), two samples
from the silicate facies BIF associated with the Izok Lake deposit, as
well as two samples from the oxide and sulfide facies BIFs associated
with the Austin Brook VMS deposit are also investigated in this study.
maps of A) Canada (modified fromGalley et al., 2007) and B)Oman (modified fromGilgen
Turgeon and Austin Brook deposits. The Abitibi mining district includes: Horne, Amulet-A-
he Lasail mafic VMS deposit is hosted by the Semail Ophiolite, and located in Oman.
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The data from the Izok Lake and Halfmile Lake deposits are from
Makvandi et al. (2016).

2.1. Geologic settings

2.1.1. Felsic-siliciclastic VMS deposits and VMS-associated BIF
The felsic-siliciclastic type VMS deposits including the world-class

Brunswick #12, Brunswick #6, and Halfmile Lake, as well as the Austin
Brook VMS associated BIFs, all are located within the Bathurst mining
camp (BMC; New Brunswick, Canada; Fig. 1A). These deposits form
part of a Middle Ordovician island-arc and back-arc system developed
on the Gondwanan continental margin of the Appalachian orogen
(Goodfellow et al., 2003; Lentz and McCutcheon, 2006). All felsic-
silisiclastic VMS deposits of the BMC are hosted by the Northern
Miramichi Highlands that consists of four different tectonic blocks:
Fournier, California Lake, Tetagouche, and Sheephouse Brook (van
Staal et al., 2003). The Brunswick #12 and #6 massive sulfide deposits
are hosted by the Nepisiguit Falls Formation of the Tetagouche Group
(van Staal et al., 1992; Lentz and Goodfellow, 1993). They occur within
volcaniclastic mudstones underlain by fine- to coarse-grained, crystal-
rich tuffs, porphyritic intrusions and reworked pyroclastic and
volcaniclastic rocks of the Nepisiguit Falls Formation (Lentz and
Goodfellow, 1996; Lentz and McCutcheon, 2006). The massive sulfides
are also overlain by rhyolitic volcanic rocks and associated sedimentary
rocks of the Flat Landing Brook Formation (Lentz and Goodfellow,
1993). The Tetagouche Group was metamorphosed to the upper
greenschist facies (Lentz and McCutcheon, 2006). Massive sulfides at
the Brunswick #12 deposit are mostly associated with carbonate-,
silicate-, and chert-facies iron formations, whereas oxide facies iron for-
mations are most prevalent at Austin Brook and Brunswick #6 deposits
(McCutcheon et al., 1997). The Austin Brook deposit is principally a
magnetite-hematite Algoma-type iron formation, which caps and/or is
laterally equivalent to a massive sulfide zone (Peter and Goodfellow,
1996; McCutcheon et al., 1997).

Similar to the Brunswick VMS deposits, the Halfmile Lake deposit is
hosted by theNepisiguit Falls rocks of the Ordovician Tetagouche Group
(Adair, 1992; McCutcheon et al., 2000; McCutcheon and Walker, 2001;
Mireku and Stanley, 2006). The deposit footwall zone consists of felsic
volcanic (quartz ± feldspar-phyric tuffs, cherty tuffs, and aphyric felsic
tuffs of rhyolitic and dacitic composition) and epiclastic rocks intruded
by quartz-feldspar porphyritic intrusions. The hanging wall comprises
predominantly of felsic volcanic rocks and minor epiclastic rocks
(Mireku and Stanley, 2006; Budulan et al., 2013, 2015). The Halfmile
Lake deposit is capped by a preglacial gossan subcroping over the
South Upper AB zone caps (Boyle, 2003), which formed as a result of
sulfide oxidation by surficial chemical weathering during late Pliocene
to the onset of Pleistocene (1.05–2.3Ma), prior to Quaternary glaciation.
Halfmile Lake gossan is characterized by primary bedrock structures
such as banding, folding, and brecciated fault zones that are in sharp
contact with the underlying supergene sulfide zone (Boyle, 2003).

2.1.2. Mafic VMS deposits
The Turgeon VMS deposit, located within the BMC (Fig. 1A), is char-

acterized by chlorite-pyrite hydrothermal alteration and massive to
brecciated Cu–Znmineralization (Lalonde and Beaudoin, 2015). The de-
posit is hosted by the volcano-sedimentary rocks of the Ordovician
Fournier Group in the Elmtree-Belledune Inlier (van Staal et al., 1990).
The footwall of the Turgeon deposit comprises of basalt and andesite,
whereas the hanging wall mainly consists of rhyolite (Lalonde and
Beaudoin, 2015). The footwall volcanic rocks of the Turgeon deposit
are generally metamorphosed to the lower-greenschist facies (van
Staal et al., 1991).

The Little Bay deposit, in the central Mobile Belt (Newfoundland,
Canada; Fig. 1A), is hosted by ~505 Ma ophiolitic rocks of the Lushs
Bight Group (Kean et al., 1995; Goodfellow et al., 2003). The deposit oc-
curs within Early Ordovician pillow lavas fed by diabase and gabbro
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dikes, and minor agglomerate and breccia (Kean et al., 1995; Piercey
and Hinchey, 2012). The deposit consists of massive lenses, pods,
veins, and sulfide veinlets and sulfide-bearing quartz veins (Piercey
and Hinchey, 2012).

The Lasail deposit is in the Semail ophiolite of Oman (Fig. 1B;
Alabaster and Pearce, 1985), and hosted by theGeotimes unit consisting
of basaltic pillow lavas and rare massive flows, which is overlain by the
Lasail unit. The Late Cretaceous Geotimes and Lasail units occurred in
ocean spreading ridge and related off-axis volcanic environments,
respectively (Gilgen et al., 2014). The Lasail unit comprises basaltic to
felsite flows and subvolcanic sheets. Based on the distribution of hydro-
thermal metamorphic mineral assemblages, Alabaster and Pearce
(1985) showed that the Geotimes unit and stockwork zones at the top
of the Lasail unit were metamorphosed to the upper greenschist facies,
whereas prehnite-pumpellyite facies metamorphism affected the Lasail
ore body and its hanging wall.

2.1.3. Bimodal-mafic VMS deposits
All studied bimodal-mafic VMS deposits are located in the Archean

Abitibi subprovince (Quebec, Canada; Fig. 1A). The Abitibi subprovince
consists of syngenetic VMS and gold-rich VMS deposits, in addition to
sulfide-rich, gold-bearing quartz veins, and Cu-Au-bearing sulfide
veins, all hosted by felsic volcanic complexes (Gaboury and Pearson,
2008). The Abitibi subprovince comprises volcanosedimentary se-
quences intruded by plutonic rocks showing evidence of arc formation
and evolution, arc-arc collision, and arc fragmentation (Daigneault
et al., 2004).

The Noranda camp is situated in the south-central part of the Abitibi
subprovince and hosts several VMS deposits including West Ansil, Lac
Dufault, Horne, Normetal, Quemont, and Amulet A-Upper and Lower
(Amulet). The Noranda volcanic complex was intruded by the
synvolcanic Flavrian and Powell plutons (Kennedy, 1985; Galley et al.,
2000). The Archean volcanic succession in theNoranda campwasmeta-
morphosed to the prehnite-pumpellyite or the lower greenschist facies
(Dimroth et al., 1983; Monecke et al., 2008), though the intrusion of the
Lac Dufault granodiorite caused contact metamorphism up to the
amphibolite facies in the Amulet deposit area (Hall, 1982). The Poirier
VMS deposit is located in the southern part of the Harricanna-Turgeon
Belt, in the northern part of the Abitibi subprovince (Jacob and
Tremblay, 2012).

The Bell-Allard deposit is in theMatagamimining camp,which is sit-
uated in the northern part of the Abitibi subprovince (Mortensen, 1993;
Ross et al., 2014). The Matagami camp contains N60 Mt of zinc-rich ore
(Ross et al., 2014). The Bell-Allard deposit is located at the contact be-
tween the rhyolitic unit of the Watson Lake Group (Ross et al., 2014),
and the Wabassee Group andesitic lavas (Ross et al., 2014; Genna
et al., 2014). The Poirier deposit is hosted by the Joutel Volcanic
Complex (northern Abitibi subprovince) composed of rhyolitic
volcaniclastites, rhyolites, basalts, andesite and sediments (Jacob and
Tremblay, 2012).

2.1.4. Bimodal-felsic VMS deposit and VMS-associated BIF
The Izok Lake bimodal-felsic VMS deposit is located in the northern

part of the Archean Slave Structural Province (Nunavut, Canada;
Fig. 1A), and is hosted within 2.7–2.67 Ga granite greenstone terrain
of folded, faulted, and metamorphosed rocks of the Point Lake Forma-
tion, Yellowknife Supergroup (Morrison, 2004; Bleeker and Hall,
2007). In the Izok Lake area, the Point Lake Formation consists of felsic
to mafic metavolcanic and metasedimentary rocks, and was intruded
by 2.68 and 2.58 Ga syn-volcanic to post-volcanic granitic plutons, and
by the Helikian Mackenzie gabbro dike swarm (Bleeker et al., 1999).
The hydrothermal alteration zone associated with the Izok Lake deposit
consists mainly of a Mg-enrichment zone that contains the assemblage
chlorite-biotite-cordierite in close proximity to the massive sulfides
(McClenaghan et al., 2015). The stringer zone at the Izok Lake deposit
is gahnite-rich, and is in close association with the Mg-enrichment.
Silicate facies iron formation also occurs in association with the Izok
Lake deposit overlying the upper contacts of dacite and basalt flows
(Morrison, 2004). Rocks in the Izok Lake area were metamorphosed to
the amphibolite facies (Thomas, 1978; Morrison, 2004).

3. Methodology

3.1. Sample preparation

Polished thin sections were made of mineralized an/or un-
mineralized bedrock samples collected from the selected VMS deposits.
For the Izok Lake andHalfmile Lake samples only, polishedmounts con-
taining about 50 mineral aggregates and/or grains from the 0.25–
2.0 mm ferromagnetic heavy mineral concentrates were also prepared
for each sample (Makvandi et al., 2016). In general, three to fivemagne-
tite grains per section, and up to 25 grains per mount were selected for
chemical analysis by EPMA (Table 1). The number of analyseswas based
on 1) distribution of magnetite in a PTS or mount, 2) textural relation-
ships between magnetite and other minerals (inclusion or inter-
growth), and 3) the diversity of mineral associations. Magnetite grains
larger than 100 μm, with surfaces free of inclusions were also analyzed
by LA-ICP-MS. In total, 368 magnetite grains from the studied VMS de-
posits, bedrocks, and associated BIFs were analyzed by EPMA, from
which 133 grains were also analyzed by LA-ICP-MS (Table 1).

3.2. Analytical methods

3.2.1. EPMA
Following the methodologies of Dupuis and Beaudoin (2011) and

Boutroy et al. (in press), thirteen elements including K, Ca, Al, Si, Ti,
Mg, Mn, Cr, V, Sn, Cu, Zn, and Ni, which their average concentration in
magnetite is commonly above their minimum detection limit were an-
alyzed using a CAMECA SX-100 EPMA at Université Laval (Québec,
Canada). The device is equipped with five wavelength-dispersive spec-
trometers. Following the methods described by Makvandi et al. (2016),
analyseswere conductedusing a 15 kV accelerating voltagewith 100 nA
beam current, and 10 μm beam size. Under high current conditions a
wide beam diameter is needed to prevent heating of magnetite. Back-
groundwasmeasured on both sides of the peak for 15 to 20 s at an offset
position in a flat region, where the spectrum is experimentally verified
to be free of interfering element X-ray wavelengths. Depending on the
element, concentrations were counted over the peak for 20 to 60 s
(Dupuis and Beaudoin, 2011; Boutroy et al., in press). Simple oxides
(GEO Standard Block of P andHDevelopments) and/or naturalminerals
(Mineral Standard Mount MINM 25–53, Astimex Scientific) were used
to calibrate the instrument (Jarosewich et al., 1980; Dupuis and
Beaudoin, 2011). The range of detection limits for EMPA data is shown
in Appendix-I A.

3.2.2. LA-ICP-MS
Analyses were carried out at Université du Québec à Chicoutimi

(UQAC) using a Resonetics Resolution M-50 Excimer 193 nm laser
coupled with an Agilent 7700× ICP-MS. Analyses used a speed stage
of 3 μm/s, a laser frequency of 10 Hz, and a power of 5 mJ per pulse.
GSE-1G, a single Fe-rich reference material containing all the required
elements was used for calibration, and Fe as determined by EPMA,
was used as an internal standard (Savard et al., 2012). Depending on
the grain size ofmagnetite, 20 and 43 μmbeamsizeswere used to ablate
linear trenches across the grains in order to determine their average
compositions, especially for those characterized with exsolution tex-
tures or growth zoning. The quality of analyses was also monitored
with reference materials GSD-1G and BC-28 (a natural magnetite from
the Bushveld Complex). Data reduction was performed using the soft-
ware Iolite. Following Dare et al. (2012), the distribution of 24Mg,
25Mg, 27Al, 29Si, 34S, 44Ca, 45Sc, 47Ti, 49Ti, 51V, 52Cr, 53Cr, 55Mn, 57Fe,
59Co, 60Ni, 65Cu, 66Zn, 69Ga, 71Ga, 74Ge, 89Y, 90Zr, 92Zr, 93Nb, 95Mo,
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101Ru, 105Pd, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 178Hf, 181Ta, 182W, 187Re,
193Ir, 195Pt, 197Au, 208Pb and 209Bi in magnetite were measured by LA-
ICP-MS. Contents of S, Si, Ca, Mn, Mg, Al and Ti were used to monitor
the data to ensure that themeasured signalswere free of inclusions. Fol-
lowing the methods described by Dare et al. (2012, 2014) and Boutroy
et al. (in press), the content of Si and Ca of magnetite was taken from
the EPMA results. The range of detection limits for LA-ICP-MS data is
shown in Appendix-I B.

3.3. Statistical methods

3.3.1. Pre-treatment of compositional data
Censored geochemical data contain values below detection limits

(DL) for one or several elements in a sample (Helsel, 2005). Different
methods have been proposed to carry statistical analysis of censored
data. Excluding censored data, or arbitrary substitutions are commonly
used, however, they are not recommended because they introduce bi-
ased estimates of summary statistics (Helsel, 2005; Beaudoin and
Dupuis, 2009). Thus, following Makvandi et al. (2016) methodology,
EPMA and/or LA-ICP-MS results including up to 40% censored data
were transformed using the robCompositions R-package. In this tech-
nique, the k-nearest neighbors (impKNNa) function is used to impute
censored values using the Aitchison distance (Filzmoser et al., 2009;
Hron et al., 2010; Bacon-Shone, 2011; Grunsky et al., 2013). The imputa-
tion is performed based on the median of corresponding data of the k-
nearest un-censored neighbors where k is ≥1. Calculating the error be-
tween the randomly imputed and the original values determines the k
value. The optimal k yields the smallest error. Imputed values are often
greater than the lower DL, however, they never exceed 3 times the DL,
and are always within the range of low precision (Grunsky et al., 2013).

Closure of compositional data arises from use of concentration vari-
ables with a constant sum (Aitchison, 1986; Whitten, 1995; Grunsky,
2010). Compositional data only carry relative information; hence, the
concentration is given by the ratios between components. Imputed cen-
sored data were transformed using centered-log ratio (clr; Makvandi
et al., 2016), which is a symmetric transformation with an orthonormal
basis (Egozcue et al., 2003), appropriate formultivariate statistical tech-
niques such as PLS-DA.

3.3.2. Partial least squares discriminant analysis
Makvandi et al. (2016) used PCA to distinguish magnetite composi-

tions between VMS deposits and host bedrocks from the Izok Lake and
Halfmile Lake VMS deposits. Principal component analysis is a cluster-
ing method looking for maximum variations in the data that may
cause sample classification (Wishart, 2013). However, as mentioned
previously, this study aims to classify different VMSdeposits/bedrock li-
thologies based on magnetite compositions. This makes the data ame-
nable to the application of robust classification methods such as
partial least squares discriminant analysis (PLS-DA), which is a super-
vised classification technique using labeled data (Wishart, 2013). It
sharpens the separation between groups of observations by rotating
PCA components, which results in the maximum separation among
classes, and the identification of the variables responsible for the separa-
tion of different classes (de Iorio et al., 2008). Appendix-II shows the re-
sults of investigating a dataset of magnetite compositions from the
studied VMS settings using both multivariate statistical techniques,
PCA and PLS-DA. Comparing the results of both methods indicates that
PLS-DA enhances the separation between different samples.

PLS-DA consists of a classical PLS regression to model the response
matrix (Y) by means of a predictive matrix (X) (Wold et al., 2001).
When the traditional multiple linear regression (MLR) is not applicable
due to highly correlated structure of data, PLS is an alternative. PLS-DA is
a regression where the Y matrix is a set of binary variables (0 and 1) -
describing the categories of observations (Wold et al., 2001). Discrimi-
nant analysis determines which variables discriminate between two
or more naturally occurring classes. PLS-DA allows the discrimination
of different observations based on their attributes, and is a standard
tool in chemometrics because of its ability to deal withmulticollinearity
(Barker and Rayens, 2003; Westerhuis et al., 2008).

In the PLSmethod, the objective is to extract a set of orthogonal com-
ponents, so-called latent variables, to relate theX (N×K) and Y (N×M)
matrices bymaximizing the covariance between themusing the follow-
ing bilinear decompositions (Wold et al., 2001; Eriksson et al., 2001):

X ¼ TPT þ E ð1Þ

Y ¼ TQT þ F ð2Þ

T ¼ XW� ð3Þ

where T (N × r), containing r orthogonal PLS components (scores), rep-
resents the common latent variable space of both X and Y. For
Eqs. (1)–(3), P (N × r) and Q (M × r) are the loadings matrices for X
and Y, respectively; and W*, the so-called the weight matrix, consists
of the coefficients of the linear combinations of the X variables that
are themost predictive of Y (i.e. linear combinations of element compo-
sitions that are themost discriminative of the deposit samples). E and F
in these equations are the model residuals for X and Y matrices,
respectively.

To interpret the PLS model, one can use the scores scatter plot in
which the projection of observation in the latent variable space is
shown. In this plot, the observations are grouped by similar attributes
such as chemical composition. However to determine the variables
(i.e. elements) responsible for the classification, w*q loadings biplot
must be generated. In this biplot the weights w* and loadings q are
shown simultaneously to interpret: a) the importance of X-variables,
b) the correlation betweenX-variables, and c) the relationship between
X-variables and Y-variables (classes). Variables located at the extreme
corners of the plot contributemost to the scores plot separation, where-
as those located near the origin plot have less impact in the model. In
addition, theX-variables, which are grouped together in the same quad-
rants have positive correlation and provide the same information,
whereas the variables located on opposite quadrants are negatively cor-
related (Eriksson et al., 2001). The X and Y variables having similar co-
ordinates are also positively correlated whereas those positioned on
opposite quadrant have negative correlations.

Variable contributions are metrics that can be used to diagnose the
causes for shifts from one cluster to another one in a latent variable
space or from the origin of the score scatter plot (Miller et al., 1998).
In this study, compositional variable contributions were calculated
using Eq. (4) to characterize the mean composition of each sample
group, and to identify differences in average distribution of trace ele-
ments in magnetite between samples in latent variable space:

Ck ¼ Xa−Xbð Þ
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and sample (b) respectively, w is the weighting value for variable k,
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where K is the total number of X-variables, wak is the weight of kth var-
iable in the ath principal component, r is the number of principal com-
ponent, and wa, ta and qa are the ath column vector of W and T and Q,
respectively. The VIP is a weighted sum of squares of the PLS weights
in which the amount of explained Y-variance in each dimension is
taken into account (Eriksson et al., 2001). According to Eriksson et al.
(2001), variables with VIP larger than 1 are most influential in the
model (classification) because the average of the squared VIPs is equal
to 1. Variables having a VIP between 0.8 and 1.0 represent moderately
influential variables, whereas a VIP value of b0.8 is less important.

Considering that the variables (concentration) have different scales
(e.g., ppm, wt%), prior to PLS-DA, data were auto-scaled to give all var-
iables an equal opportunity to contribute to the model (Geladi and
Grahn, 1996). Auto-scaling is implemented by applying variance scaling
on a mean-centered dataset (Geladi and Grahn, 1996; Kramer, 1998).
Variance scaling is obtained by dividing each value of a variable by the
standard deviation of that variable (Geladi and Grahn, 1996).
4. Results

4.1. Petrography of magnetite in different VMS deposits and associated BIFs

Fig. 2 shows typical textures of different magnetite types in VMS de-
posits, bedrocks and BIFs. In samples examined in this study, hydrother-
mal magnetite from the Horne (Fig. 2A), Normetal, Turgeon (Fig. 2B),
and Little Bay deposits are intergrown with chalcopyrite, pyrite, sphal-
erite and/or pyrrhotite. This magnetite was partly replaced by the as-
semblage chlorite ± calcite ± siderite (Fig. 2A and B). In the Turgeon
deposit, hematitewas partly replaced bymagnetite (Fig. 2B). In contrast
to magnetite from these deposits, magnetite from the Lac Dufault
(Fig. 1C), Amulet A-Upper and Lower (Amulet), Bell-Allard (Fig. 2D),
Lasail, Brunswick #12, Brunswick #6 (Fig. 2E), and Izok Lake (Fig. 2F)
deposits formed by replacing sulfides (commonly chalcopyrite, pyrite
and/or sphalerite). In the Bell-Allard deposit, magnetite contains
galena and quartz inclusions, and partly replaced altaite (PbTe) and
tellurantimony (Sb2Te3), which occur in veinlets (Fig. 2D). Galena and
quartz fill the interstices between magnetite grains. The Brunswick #6
(Fig. 2E) and Brunswick #12 deposits contain euhedral magnetite
with galena inclusions, which is in equilibrium with the assemblage
chlorite-quartz. Magnetite that replaced sulfides from all VMS deposits,
other than the Amulet and Izok Lake deposits, are intergrown with the
assemblage chlorite ± sericite ± quartz ± calcite ± epidote (Fig. 2C,
D and E). In the Amulet deposit, magnetite is intergrown with chlorite,
sericite, calcite, quartz, anthophyllite and biotite, whereas in the Izok
Lake deposit, magnetite is commonly intergrwon with actinolite
(Fig. 2F). At Izok Lake, magnetite contains sphalerite and chalcopyrite
inclusions, and is characterized by magnesioferrite exsolution (Fig. 2F).

The West Ansil deposit is characterized by massive magnetite, and
the open spaces between magnetite grains are commonly filled by
quartz and chlorite, and lesser with chalcopyrite and pyrrhotite
Fig. 2.A selection offigures showingmineral aggregates fromVMSdeposits andVMS-associated
chalcopyrite, pyrite, pyrrhotite, and chlorite. B) Magnetite from the Turgeon mafic VMS deposi
siderite, chlorite and calcite. C) Back-scattered electron image of a mineral aggregate from
chalcopyrite, chlorite, sericite and quartz. D) Magnetite from the Bell-Allard bimodal-mafic VM
between magnetite grains. E) Mineral aggregate from the Brunswick #6 felsic-siliciclastic VM
with chlorite and quartz. F) Magnetite from the Izok Lake bimodal-felsic VMS deposit is interg
is also characterized by magnesioferrite exsolution. Pyrite is molded in magnetite. G) Quartz,
the West Ansil bimodal-mafic VMS deposit. H) Mineral aggregate from the Izok Lake banded
I) Mineral aggregate from the Austin Brook oxide facies BIF composed of euhedral magnetit
inclusions in magnetite, and also slightly replace magnetite from edges. J) Mineral aggregate
chlorite and sericite, and to lesser extends, with pyrite and pyrrhotite. K) Euhedral magneti
mafic VMS deposit textured with ilmenite lamellae, and in association with anthophyllite,
Quemont deposit composed of altered magnetite with ilmenite exsolutions, in association wit
pyrite- Py; pyrrhotite- Po; chlorite- chl; hematite- Hem; siderite- Sd; calcite- Cal; sphalerite-
magnesioferrite- Mfr; biotite- Bi; hornblende- Hbl; anthophyllite- Ath; epidote- Ep.
(Fig. 2G). Remobilized chalcopyrite commonly veinsmassivemagnetite
(Fig. 2G; Boucher, 2011). Magnetite in the West Ansil deposit also
shows growth zoning commonly consisting of rhombic shaped cores
of pure magnetite rimmed by Si (average: 1.5 wt.%)- and Mg (average:
0.1 wt.%)-richmagnetite with sulfide and silicate inclusions (Fig. 3A-C).

In the Izok Lake deposit silicate facies BIF, anhedral, fine-grained
magnetite partly replaced biotite-hornblende intergrowths (Fig. 2H),
whereas in the Austin Brook oxide- and sulfide-facies BIF, magnetite
is sub- to euhedral, medium grained, and commonly coarser than
coexisting minerals, such as hematite and/or pyrite and pyrrhotite
(Fig. 2I and J). Hematite is widespread in association with magnetite-
bearing Austin-oxide facies BIF-mag, and occurs as hematite-rich
bands (Fig. 2I). The Austin Brook oxide-facies BIF is generally devoid
of sulfides. In contrast, fine-grained pyrite and pyrrhotite are commonly
associated with Austin Brook sulfide facies BIF-mag (Fig. 2J). In both
Austin Brook BIFs, magnetite is surrounded by the assemblage chlo-
rite ± siderite ± sericite (Fig. 2I and J).

In the studied VMS deposits, magmatic magnetite that is mainly char-
acterized by ilmenite exsolution (Fig. 2K and L) occurs in Amulet
dalmatianite (Fig. 2K), and diabasic host bedrocks of the Quemont
(Fig. 2L), Poirier and Horne deposits. As shown by Makvandi et al.
(2016), the Halfmile Lake gossans also consist of magmatic magnetite,
since they formed at least in part by weathering of bedrock syenite. Mag-
matic magnetite from the Amulet dalmatianite is mainly associated with
chlorite, sericite, anthophyllite, and biotite (Fig. 2K), whereas that from
the Quemont (Fig. 2L) and Poirier diabasic bedrocks was replaced by
and/or spatially associated with the assemblage chlorite + calcite +
epidote + quartz. Magmatic magnetite characterizing host bedrocks of
the Horne deposit was largely altered by the assemblage chlorite and
quartz and so it could not be analyzed by LA-ICP-MS.
4.2. Geochemistry of magnetite from various VMS settings

Among the elements determined by EPMA and LA-ICP-MS, the data
contain b40% censored values only for Si, Ca, Zr, Al, Mn, Mg, Ti, Zn, Co,
and Ni. Table 2 presents the mean compositions of magnetite from the
studied VMS deposits and BIFs. The whole dataset of raw EPMA (n =
371) and LA-ICP-MS (n = 133) data is also in Appendix-III. To distin-
guish magnetite compositions in VMS settings, the LA-ICP-MS magne-
tite analyses were investigated by PLS-DA (Fig. 4). The biplot of the
first and second PLS-DA components (qw*1-qw*2, Fig. 4A) illustrates
correlations among elemental variables and deposit classes. For in-
stance, there is positive correlation among Si, Ca and Mg, and between
Ti andAl (Fig. 4A). Correlations among elements control the distribution
of magnetite analyses in PLS-DA first and second scores (t1-t2; Fig. 4B).
Magmatic magnetite from the Halfmile Lake gossans, Amulet
dalmatianite, anddiabasic host bedrocks of theQuemont and Poirier de-
posits plot in the right side of t1-t2 (Fig. 4B)mainly because of their high
Ti values (qw*1-qw*2; Fig. 4A). Higher Zr, Ti and Ni, and lower Si, Ca, Al
andMgvalues than the average of the dataset allowQuemontmagmatic
BIFs studied. A)Magnetite from theHorne bimodal-mafic VMSdeposit in associationwith
t partly replaced by hematite. Turgeon magnetite is commonly associated to chalcopyrite,
the Lac Dufault bimodal-mafic VMS deposit composed of magnetite, pyrite, sphalerite,
S deposit with inclusions of altaite and tellurantimony. Galena and quartz fill interstices
S deposit including disseminated magnetite with galena inclusions, and in association

rown with actinolite, and contains sphalerite and chalcopyrite inclusions. This magnetite
chlorite, chalcopyrite and pyrrhotite fill the open spaces between magnetite grains from
iron formation (BIF) composed of magnetite intergrown with biotite and hornblende.

e associated to widespread occurrence of hematite. Siderite and chlorite are present as
from the Austin Brook sulfide facies BIF composed of euhedral magnetite associated to

te from dalmatianite host bedrocks of the Amulet A-Upper & Lower (Amulet) bimodal-
sericite, chlorite and biotite. L) Mineral aggregate from diabasic host bedrocks of the
h calcite, epidote, chlorite, and quartz. Abbreviations: magnetite- Mag; chalcopyrite- Ccp;
Sp; sericite- Ser; quartz- Qz; altaite- Alt; tellurantimony- Tel; galena- Gn; actinolite act;
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magnetite to form a distinct cluster, in Fig. 4B. Halfmile Lake magnetite
also makes an overlapping cluster because of higher amounts of Al, Ti
and Ni, and lower Si, Zr and Mg. In contrast to magmatic magnetite,
high Si, Ca and Mg, and low Ti and Ni contents (Fig. 4A) isolate zoned
magnetite from theWest Ansil deposit in the left side of Fig. 4B. Hydro-
thermal magnetite from the other VMS deposits and BIFs plot in be-
tween magmatic magnetite and the West Ansil magnetite in t1-t2
(Fig. 4B). Theqw*1-qw*2 loading values display a different chemical sig-
nature for Austin-oxide facies and Austin-sulfide facies BIF-mag that
causes their separation in t1-t2 space, whereas Austin-sulfide facies
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Zn, and low Ti and Al values. Although different types ofmagnetite from
the majority of VMS deposits and BIFs are scattered in t1-t2 space, the
variable contributions presented in Appendix-IV show that the mean
composition of each deposit cluster is discriminated by distinct chemi-
cal signatures. For instance, themean composition of the LacDufault de-
posit is mainly isolated by the positive contribution of Si and Zn, and the
negative contribution of Ti and Ni, whereas that of the Horne cluster is
discriminated by negative contributions of Al, Mn, Ti and Zn, and posi-
tive contributions of Ca, Zr and Mg (Fig. 4A-C; Appendix-IV H and I).

The VIP plot shows that Ti is an important factor separating the com-
position of magnetite in all deposits other than Horne in Fig. 4B, where-
as Mn is not useful in this classification. Aluminum is also important in
classifying all magnetite groups other than West Ansil, Normetal, and
Amulet dalmatianite (Fig. 4C). Silicon, Mg and Ni are moderate to im-
portant variables in the discrimination of magmatic magnetite
(Fig. 4C). Calcium is also a significant variable in separation of magmatic
magnetite from all VMS deposits other than that of the Halfmile Lake
gossans. In separation of BIF-mag, Ti, Al, Zn are important factors,
whereas Si, Ca andMg are not useful (Fig. 4C). The geochemical charac-
teristics of magnetite from the studied VMS deposits, host bedrocks and
VMS-associated BIFs are summarized in Table 3.

4.3. PLS-DA of magnetite compositions of the BMC VMS deposits and BIFs

PLS-DA is used to distinguish magnetite compositions of VMS de-
posits and VMS-associated BIFs in the BMC (Fig. 5). The qw*1-qw*2
biplot shows that higher Ti, Al, Ni and Co, and lower Si, Ca, Zr, Mn and
Mg (Fig. 5A) separate the Halfmile Lake magmatic magnetite from hy-
drothermal magnetite from the other VMS deposits and BIFs in t1-t2
space (Fig. 5B). The VIP plot (Fig. 5C) also indicates the importance of
all elements other than Mn in this classification. Fig. 5A and B show
that the variable composition of hydrothermal magnetite results in dis-
crimination of different BMC deposits in t1-t2. For instance, magnetite
from the Turgeon mafic VMS deposit is discriminated by high Si, Ca
and Mg, and low Ni and Zn. Magnetite from the Brunswick #12 and
Brunswick #6 felsic-siliciclastic subtype VMS deposits form overlapping
clusters in Fig. 5B. Fig. 5C shows that Si, Zr, Al, Mn and Ti are main con-
tributors separating magnetite from these felsic-siliciclastic VMS de-
posits from that of the other deposits in t1-t2. In contrast to magnetite
from the Brunswick #12 and Brunswick #6 deposits, BIF-mag from
Austin-oxide facies and Austin-oxide facies show distinctive chemistry
(Fig. 5A) that separates them in t1-t2 space (Fig. 5B). The VIP plot dis-
plays that Zr, Al and Ti are the main variables discriminating Austin-
oxide facies BIF-mag, whereas Ca, Mg, Co and Ni are important in the
classification of Austin-sulfide BIF (Fig. 5C).

To investigate the potential of PLS-DAmodels in the classification of
magnetite compositions in unconsolidated sediments in the BMC, the
LA-ICP-MS data of magnetite in till samples from the Halfmile Lake de-
posit area (Makvandi et al., 2016) are projected into the t1-t2 space de-
fined by different studied BMC deposits (Fig. 5B). As illustrated in
Fig. 5D, a high proportion of Halfmile Lake till magnetite grains plot in
the field for magnetite from the Halfmile Lake deposit.

4.4. PLS-DA of magnetite composition from the studied VMS settings and
that from previous studies

4.4.1. Magnetite from different VMS deposit subtypes
There is a lack of LA-ICP-MS data formagnetite fromVMS deposits in

the literature. Therefore, in order to distinguish trace element composi-
tions ofmagnetite fromVMS deposits, a dataset consisting of EPMAdata
of 484 magnetite grains from the selected VMS deposits and those in-
vestigated by Dupuis and Beaudoin (2011) was evaluated using PLS-
DA (Fig. 6). Fig. 6 discriminates various VMS deposits based on Si, Al,
Mn, and Mg compositions of magnetite, since the other elements ana-
lyzed by EPMA(V, Cr, Zn, Cu, Ni, K, Sn, Ca, and Ti) contain N40% censored
values. Given that Fig. 6A-C study the chemical signatures of magnetite
in VMS mineralized bedrocks, the data corresponding to magmatic
magnetite and BIF-mag are not considered in the corresponding PLS-
DA analysis. The qw*1-qw*2 biplot (Fig. 6A) shows a positive correlation
between Mn and Mg located in the same quadrant, and a negative cor-
relation between Si and Al plotting in opposite quadrants. The loadings
indicate that Mn and Si discriminate different samples along the first
PLS-DA component (qw*1), whereas Al and Mg are the main contribu-
tors to classify VMS deposits along the second component direction
(qw*2). Lower Si values isolate the majority of bimodal-felsic VMS de-
posit samples in the right side of t1-t2 (Fig. 6A and B). A high proportion
of Izok Lake magnetite grains project in the high t1 and low t2 region
(Fig. 6B) due to relatively high concentrations of Mn and Mg, and low
Si andAl contents (Fig. 6A). The qw*1-qw*2 biplot shows thatmagnetite
from the Kudz Ze Kayah (Yukon, Canada), Normetal, Ducktown (Ten-
nessee, USA), and Boliden (Skelleftea area, Sweden) deposits aremainly
characterized by high Al values, whereas high Si values characterizes
magnetite from the Caribou (New Brunswick, Canada), ODP Mound
(Middle Valley, Pacific Ocean), Bell-Allard, and Brunswick #12 deposits
(Fig. 6A). In contrast to themajority of VMS deposit samples scattered in
t1-t2 score plot, GP4F (Yukon, Canada) magnetite cluster in the high t1
and t2 values (Fig. 6B) mostly because of its relatively high Al and Mn,
and low Si and Mg contents (Fig. 6A). The variable contributions pre-
sented in Appendix-V show that despite forming overlapping clusters
in t1-t2 space, the mean composition of magnetite from each VMS de-
posit could be isolated by distinct chemical signatures.

The VIP plot shows the importance of Si, Al, Mn and Mg in the clas-
sification of different VMS deposits and indicates that Mn is a moderate
to important variable in separating all deposits other than Horne
(Fig. 6C). It also shows that Al andMg are important in separating mag-
netite from all bimodal-mafic VMS deposits in t1-t2 space other than
that of the West Ansil and Amulet deposits, whereas Si is the only dis-
criminant for magnetite from these two deposits. Fig. 6A indicates that
magnetite from the West Ansil deposit is characterized by high Si and
low Mn, whereas high Mn and low Si values isolate magnetite from
the Amulet deposit. In addition to Mn, Al and Mg are also discriminant
for all bimodal-felsic deposits, whereas Si is only important in classifica-
tion of the Izok Lake, Boliden and GP4F (Fig. 6C).

4.4.2. Magnetite from various mineral deposit types
Theprevious results demonstrated howmagnetite compositions can

be used to discriminate between different VMS deposits, BIFs, and VMS
hosting bedrocks within a geologic setting and/or from various geologic
environments. Fig. 7 shows the results for PLS-DA of data from this
study compared with the composition of magnetite from Ni–Cu, por-
phyry, IOCG and IOA deposit types as well as that from the Bayan Obo
deposit (Dare et al., 2012, 2014; Boutroy, 2013; Boutroy et al., 2012a,b,
in press). Censored values from the literature were imputed for Si, Ca,
Al, Mn, Mg, Ti, Zn, Co and Ni. As shown by Makvandi et al. (2016) and
from results of this study, Si and Ca are important variables in the clas-
sification of magnetite from VMS deposits, such that only studies that
report Si and Ca are used in the comparison.

PLS-DA loadings in the first component show positive correlations
among all elements in qw*1 separating the porphyry, IOCG, IOA, and
Bayan Obo deposits from the Ni–Cu, VMS and BIF deposit types
(Fig. 7A). Magnetite from Ni–Cu deposits forms a cluster with small
overlap with that of VMS deposits and BIFs in Fig. 7B. Magnetite from
Ni–Cu deposits contains higher Ni values and lower values of all other
trace elements relative to the average of the dataset. Compared with
the other deposit types, magnetite from VMS and BIF deposit types
show more chemical similarity (Fig. 7A) because they cluster close to
each other in t1-t2 space (Fig. 7B). VMS and BIF magnetite contain low
concentration of all trace elements other than Ca relative to the average
of the dataset. Magmatic magnetite from the Quemont and Poirier dia-
basic bedrocks plots in the field for Ni–Cu deposits (Fig. 7B). In contrast
to Ni–Cu and VMS samples, magnetite from porphyry, IOCG, IOA, and
the Bayan Obo deposits overlap in t1-t2 space (Fig. 7B). However, the
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variable contributions presented in Appendix-VI indicate that themean
composition of each deposit type is distinguished by small differences in
the level of elements enrichment. In comparison, themean composition
of the Bayan Obo cluster indicates higher Ca and Zn values relative to
that of the other deposit clusters. Higher Ni, Ti and Co values discrimi-
nates the IOA group mean composition. Magnetite from IOCG deposits
are characterized by higher Si, Al and Mn and lower Ti and Ni relative
to that of IOA deposits. High Al and Zn values isolate the mean compo-
sition of the porphyry deposits cluster. The VIP values (Fig. 7C) confirm
Table 2
Mean compositions of magnetite (in ppm) from the studied VMS deposits and BIFs. LA-ICP-MS

Sample name Number of Mag
analyses

Si Ca

EPMA LA-ICP-MS

Austin Brook-oxide BIF 6 5 Average 206 116
Std 195 49

Austin Brook-sulfide BIF 7 7 Average 1891 162
Std 2706 117.2

Brunswick #12 4 4 Average 4773 1206
Std 535 353

Brunswick #6 7 4 Average 1133 111
Std 940 49

Halfmile Lake 15 13 Average 70 80
Std 30 49

Turgeon 14 7 Average 837 5899
Std 663 3949

Little Bay 14 7 Average 6451 191
Std 3882 176

Lasail 12 6 Average 1007 6595
Std 358 2049

West Ansil 28 10 Average 13,983 505
Std 3780 398

Bell-Alard 12 10 Average 2169 308
Std 2018 219

Lac Dufault 6 5 Average 3233 314
Std 2268 320

Amulet 10 9 Average 1499 246
Std 2721 422

Horne 7 7 Average 1889 518
Std 4167 381

Normetal 4 2 Average 80 82
Std 287 66

Amulet dalmatianite 20 7 Average 333 84
Std 335 59

Poirier diabase 6 4 Average 1507 1043
Std 1237 1310

Quemont diabase 16 5 Average 250 496
Std 88 457

Izok Lake 79 10 Average 1264 321
Std 2354 323

Izok Lake-BIF 104 11 Average 956 421
Std 1301 806
moderate to important impacts of Si, Al, Mn, Ti and Co in classification of
all mineral deposit types other than VMS and BIF. Calcium and Zn also
contribute moderately to significantly to separation of magnetite
groups. Magnesium is a moderately important factor in discrimination
of porphyry and IOCG deposits, whereasNi is discriminant for all groups
other than porphyry and IOCG (Fig. 7C).

To study the potential of PLS-DA models in classification of magne-
tite in unconsolidated sediments, the data for till magnetite from the
Izok Lake and Halfmile Lake VMS areas (Makvandi et al., 2016) are
data are used for all elements other than Si and Ca, which include EPMA data.

Zr Al Mn Mg Ti Zn Co Ni

4 105 2155 82 1 697 32 37
4 31 150 36 0.7 48 10 6
4 229 1590 203 275 54 0.2 23
5 98 435 211 22 17 0.04 39
4 101 746 135 61 434 12 8
3 48 28 49 23 242 0.3 1
3 95 772 27 84 117 5 12
3 8 28 4 11 28 2 8
0.3 2014 1449 168 1290 423 43 51
0.5 3699 1902 422 3463 853 14 71
0.6 442 776 837 95 30 24 0.4
1.2 147 132 663 55 16 30 0.2
0.4 750 570 408 267 23 14 4
0.3 785 31 546 84 25 2 0.7
3 2838 2631 1282 250 2868 50 153
2 1323 607 333 299 4675 33 100
0.1 261 699 914 17 22 15 1
0.2 430 68 235 44 17 6 1
0.7 131 784 762 169 21 358 7
0.9 99 134 784 11 16 1104 8
3 330 1311 207 6 122 20 3
6 260 1210 203 6 84 16 4
4 1682 1094 2931 725 689 133 28
9 3477 966 6371 1423 1105 289 38

76 948 519 626 619 29 38 16
130 2060 795 609 1265 26 36 22

2 836 58 32 332 1862 8 3
1.2 42 2 22 114 2599 1 0.1
6 3041 694 1673 3991 764 19 30

14 2593 866 1031 4224 1101 20 35
3 2119 225 169 8498 165 39 550
5 4067 350 211 16,874 320 13 263

12 899 1168 543 28,024 71 53 301
7 859 1040 365 12,243 28 7 25
0.5 50 1383 3962 4 331 492 76
0.5 47 1095 4667 3 475 1014 75
0.6 751 659 738 1299 14 1 100
0.3 253 136 1023 693 5 0.4 174
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Fig. 4. Partial least squares discriminant analysis (PLS-DA) of Laser Ablation Inductively Coupled PlasmaMass Spectrometry (LA-ICP-MS) data formagnetite from various subtypes of VMS
deposits, their host bedrocks, and VMS-associated BIFs. A) The qw*1-qw*2 (first and second loadings) plot shows correlations among elemental variables and deposit classes. B) The t1-t2
(first and second scores) plot shows the distribution ofmagnetite analyses from different deposits in the latent variable space defined by qw*1-qw*2. The polygons built by solid lines in B
limit the fields for samples forming distinct clusters, whereas overlapping clusters are limited by dashed lines. C) The VIP showing the importance of compositional variables in
classification of samples in B. Deposits and bedrock lithologies are numbered in C to facilitate searching corresponding VIP values.
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projected into the t1-t2 space defined by different deposit types
(Fig. 7B). As illustrated in Fig. 7D, the majority of till magnetite grains
from both areas plot in the field for VMS deposits and associated BIFs.

5. Discussion

Investigation of magnetite compositions from the studied VMS set-
tings allowed us to identify: 1) different types of magnetite associated
with mineralization, alteration, and deposit bedrocks; 2) the distribu-
tion of trace elements in magnetite from these geologic settings, and
3) discriminator elements, which can be used to classify magnetite
from different deposit types and/or bedrock lithologies. Makvandi
et al. (2016) identified three types of magnetite in the Izok Lake and
Halfmile Lake VMS settings: magmatic, hydrothermal and metamor-
phic. They suggested that the chemistry of various types of magnetite
is controlled by 1) the composition of magmatic/hydrothermal fluids,
2) the composition of co-forming minerals, 3) temperature, 4) the
grade of metamorphism, and 5) oxygen and sulfur fugacities.
Makvandi et al. (2016) showed that magmatic magnetite is commonly
rich in Ti, whereas high Si, Ca and Mg are indicative of hydrothermal
magnetite. In contrast, metamorphic magnetite is characterized by var-
iable distribution of trace elements. They demonstrated that Si, Ca, Zr,



Table 3
The geochemical characteristics of magnetite from the studied VMS deposits, host bedrocks and VMS-associated BIFs.

Deposit/bedrock
name

Sample type Magnetite type Mineral assemblages Magnetite petrographic features Discriminant chemical signatures
of magnetite⁎

Austin Brook Oxide facies
iron formation

Metamorphic Hemtite ± pyrite ± pyrrhotite + chlorite ± siderite Euhderal to subhedral; fine- to medium-grained; slight hematite
replacement

High Zn & Co, low Al & Ti

Austin Brook Sulfide facies
iron formation

Metamorphic Pyrite + pyrrhotite + chlorite ± sericite Euhderal to subhedral; fine- to medium-grained High Zr, Al, Ti & Zn, low Co & Ni

Brunswick #6 Massive sulfide Metamorphic Chlorite + quartz + galena Disseminated; euhderal to subhedral; medium-grained High Si, Zr, Ti, Zn & Ni, low Al
Brunswick #12 Massive sulfide Metamorphic Chlorite + quartz + galena Disseminated; euhderal to subhedral; fine- to medium-grained High Si, Zr & Zn, low Al, Ti & Ni
Halfmile Lake Massive sulfide

gossans
Magmatic Chlorite + quartz +

muscovite ± beudantite ± chromite ± cassiterite ±
pyrite ± galena ± ilmenite ± rutile ± zircon

Euhedral, fine- to medium-grained; ilmenite or ulvöspinel
exsolution; slight chlorite replacement from edges or fractures

High Al, Ti & Ni, low Si, Zr & Mg

Izok Lake Massive sulfide Metamorphic Sphalerite + chalcopyrite + pyrite + actinolite Euhedral to anhedral; fine- to coarse-grained; magnesioferrite
exsolution

High Zn & Ni, low Zr, Al, Ti & Co

Izok Lake BIF Silicate facies
iron formation

Metamorphic Biotite + hornblende ± almandine ± actinolite Anhedral; fine-grained High Al, Ti & Ni, low Zn & Co

Turgeon Massive sulfide Hydrothermal Chalcopyrite + pyrite ± pyrrhotite + chlorite ±
calcite ± siderite

Subhedral to anhedral; medium-grained; hematite alteration;
metamorphic-hydrothermal minerals replacement

High Si, Ca, Al, Mg, Ti, low Zr, Zn, Ni

Little Bay Massive sulfide Hydrothermal Chalcopyrite + pyrite ± sphalerite ± pyrrhotite +
chlorite + quartz

Disseminated, subhedral to anhedral; fine-grained; partly replaced
by the assemblage chlorite + quartz

High Al, Ti & Co, low Zn

Lasail Massive sulfide Metamorphic Chalcopyrite + pyrite ± pyrrhotite + chert Disseminated; anhedral; fine-grained High Al & Zn, low Zr, Ti & Co
Lac Dufault Massive sulfide Metamorphic Pyrite + sphalerite + chalcopyrite + chlorite +

quartz + sericite
Anhedral, fine-grained High Si, Ca, Zr, Al & Zn, lowMg, Ti & Ni

Horne Massive sulfide Hydrothermal Pyrrhotite + chalcopyrite + sphalerite + pyrite +
sericite + chlorite + quartz

Subhedral to anhedral; fine- to medium-grained; partly replaced by
the assemblage chlorite + sericite + quartz

High Zr, Mg & Co, low Al

Bell-Allard Massive sulfide Metamorphic Galena + quartz + altaite + tellurantimony Subhedral to anhedral; fine- to medium-grained High Si, low Al, Zn & Ni
Normetal Massive sulfide Hydrothermal Chalcopyrite + sphalerite + pyrite + chlorite +

sericite
Subhedral to anhedral; fine-grained; partly replaced by the
assemblage chlorite + sericite

High Ti, low Si, Ca, Mg & Ni

Amulet Massive sulfide Metamorphic Chalcopyrite + pyrite + sphalerite + sericite +
chlorite + anthophyllite

Subhedral to anhedral; fine-grained High Zr, Zn & Co, low Al & Ti

West Ansil Massive sulfide Hydrothermal-metamorphic Quartz, chlorite, chalcopyrite, pyrrhotite Massive; euhedral to subhedral; fine- to medium-grained; growth
zoning of Si-Mg-poor and Si-Mg-rich magnetite

High Si, Ca & Mg, low Ti & Ni

Amulet dalmatianite Dalmatianite Magmatic chlorite + sericite ± calcite + quartz +
anthophyllite + biotite

Euhedral; medium to coarse-grained; Ilmenite exsolution High Mg, Ti & Zn, low Si, Ca & Ni

Quemont diabase Diabase Magmatic Pyroxene + chlorite + quartz + chalcopyrite ±
calcite ± epidote

Coarse-grained; ilmenite exsolution; altered
hydrothermal-metamorphic minerals

High Zr, Ti & Ni, low Si, Ca, Al & Mg

Poirier diabase Diabase Magmatic Chlorite + sericite + quartz + Chalcopyrite ±
calcite ± epidote

Euhedral; medium-grained; ilmenite exsolution; replaced by
hydrothermal-metamorphic minerals from edges and fractures

High Si, Ca, Ti & Ni, low Zr, Al & Mg

⁎ Note that listed chemical signatureswere determined based on the results of PLS-DA of transformed (see data pretreatmentmethodology) compositional data ofmagnetite. Discriminant elements for classification ofmagnetite fromeach deposit/
bedrock lithology contain VIP values ≥0.8. High/low indicates the value of an element of interest in magnetite is higher/lower than the average value of that element in the dataset used in Fig. 4.
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Fig. 5. PLS-DAof LA-ICP-MS data formagnetite from the studiedVMS deposits andVMS-associated BIFs of the BathurstMining Camp (BMC).A) The qw*1-qw*2 (first and second loadings)
plot shows correlations among elemental variables and deposit classes.B) The t1-t2 (first and second scores) plot shows the distribution ofmagnetite analyses fromdifferent VMSdeposits
in the latent variable space defined by qw*1-qw*2. The polygons built by colourful solid lines in B limit the fields for samples forming distinct clusters, whereas dashed lines limit the
overlapping fields for the Brunswick #6 and Brunswick #12 deposits. C) The VIP showing the importance of compositional variables in classification of samples in B. Deposits and
bedrock lithologies are numbered in C to facilitate searching corresponding VIP values. D) Projection of the compositional data of detrital magnetite grains from the Haflmile Lake and
area into B.
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Al, Ga,Mn,Mg, Ti, Zn, Co, Ni and Cr contents ofmagnetite is useful in dis-
crimination of magnetite in VMS mineralization from that of their host
rocks at Izok Lake and Halfmile Lake.

5.1. Different types of magnetite associated to VMS deposits

5.1.1. Hydrothermal and metamorphic magnetite in massive sulfides
Complexity in geology andmineralogy of hydrothermal ore deposits

results in variable composition of hydrothermal magnetite (Nadoll
et al., 2014). In the Horne (Fig. 2A), Normetal, Turgeon (Fig. 2B) and Lit-
tle Bay deposits, magnetite is intergrown with sulfides and is partly re-
placed by the assemblage chlorite ± sericite ± quartz ± calcite ±
siderite (Table 3). This suggests that magnetite co-crystallized with sul-
fides, and their crystallization, at least in part, predatedmetamorphism.
TheMn, Co and Ti enrichment characterizingmagnetite from theHorne
deposit (Table 2) may reflect the composition of magmatic-derived,
Fig. 6. PLS-DA of Electron ProbeMicro-Analyzer (EPMA) data for magnetite from various subty
The data for magnetite from the VMS host bedrocks and BIFs are not considered in this analysis
and deposit classes.B) The t1-t2 (first and second scores) plot shows the distribution ofmagneti
The polygon built by solid lines inB limits thefield formagnetite from theGP4F bimodal-felsic V
of samples in B. Deposits and bedrock lithologies are numbered in C to facilitate searching corr
high-temperature (~ 500–700 °C) parental fluids (Nielsen et al., 1994;
Toplis and Carroll, 1995; McIntire, 1963; Nadoll et al., 2012, 2014). In
addition, the variable composition of Horne magnetite that results in
scattering the samples in PLS-DA score space (Fig. 4B) might be a sign
of multiple stages of hydrothermal alteration, metamorphism, and/or
secondary weathering processes affecting the bedrocks at the time of
magnetite growth (Nadoll et al., 2014). In the Turgeon deposit, replace-
ment of hydrothermal magnetite by hematite (Fig. 2B) suggests an in-
crease in the grade of metamorphism and/or oxygen fugacity (Frost,
1979; Klein, 2005). Turgeon magnetite is enriched in Ca (0.6 wt.%;
Table 2), consistent with precipitation from low-temperature hydro-
thermal fluids as well as the mafic composition of the host bedrocks
(e.g., Agranier et al., 2007; Dare et al., 2014).

The abundance of silicate and sulfide inclusions inmagnetite, and ir-
regular boundaries of magnetite with mineral associations in the Lac
Dufault (Fig. 2C), Bell-Allard (Fig. 2D), Brunswick #12, Brunswick #6
pes of VMS deposits investigated in this study and that from Dupuis and Beaudoin (2011).
. A) qw*1-qw*2 (first and second loadings) shows correlations among elemental variables
te analyses from different VMS deposits in the latent variable space defined by qw*1-qw*2.
MS deposit. C) The VIP showing the importance of compositional variables in classification
esponding VIP values.
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Fig. 7. PLS-DA of LA-ICP-MS data for magnetite from various ore deposit types including VMS, VMS-associated BIF, Ni–Cu, IOCG, IOA, porphyry and the Bayan Obo REE-Fe-Nb deposit. A)
qw*1-qw*2 (first and second loadings) shows correlations among elemental variables and deposit classes. B) The t1-t2 (first and second scores) plot shows the distribution of magnetite
analyses from different VMS deposits in the latent variable space defined by qw*1-qw*2. The solid line in B limits the field for VMS and VMS-associated BIFs, whereas a dashed line limits
the field for Ni–Cu deposits. C) The VIP showing the importance of compositional variables in classification of samples inB. Deposits and bedrock lithologies are numbered in C to facilitate
searching corresponding VIP values. D) Projection of the compositional data of detrital magnetite grains from the Haflmile Lake and Izok Lake areas into B.
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(Fig. 2E), Amulet, Izok Lake (Fig. 2F), and Lasail samples suggest that the
iron oxidemight form at the expense ofmassive sulfides and silicates. In
deposits other than Izok Lake and Amulet,magnetite is intergrownwith
the assemblage chlorite ± sericite ± quartz ± calcite ± epidote
(Table 3) that indicates that the iron oxide, at least in part, grew during
greenschist facies metamorphism. The metamorphic magnetite from
these VMS deposits is commonly depleted in Si, Ca, Al, Mg, Ti and Ni,
but rich inMn (Table 2).Manganesemight be incorporated intomagne-
tite during diffusion and redistribution of elements between coexisting
oxides and mafic silicates during metamorphism (Cassidy et al., 1988;
Zaccarini et al., 2004).

In comparison with hydrothermal magnetite from the Horne,
Normetal, Turgeon and Little Bay deposits, themajority ofmetamorphic
magnetite is enriched in Zn and/or Co (Table 2). Nadoll et al. (2012)
studied various types of magnetite from hydrothermal deposits and
host rocks of the Mesoproterozoic Belt Supergroup (United States),
and showed that magnetite from the burial metamorphic host rocks
as well as the sediment-hosted Cu–Ag deposits is rich in Zn, whereas
magmatic magnetite from the Coeur d'Alene host rocks are rich in Co.
Thus, the Zn or Co enrichments as well as chalcopyrite and/or sphalerite
inclusions inmetamorphicmagnetite from theVMSdeposits such as Lac
Dufault (Fig. 2C; Table 3) suggest that the composition of magnetite
might be controlled by the composition of precursor Zn- or Co-bearing
sulfides, or magma-derived hydrothermal fluids. In the Brunswick #6
(Fig. 2E) and Brunswick #12 deposits, the euhedral form of magnetite
aggregates and equilibrium boundaries between magnetite and the as-
sociated, metamorphic assemblage chlorite-quartz suggest that magne-
tite recrystallized during metamorphism. Galena inclusions also
indicate that magnetite formed by replacing pre-existing sulfides. Simi-
lar petrographic and chemical characteristics of magnetite from the
Brunswick #6 and Brunswick #12 deposits (Table 3; Figs. 4A-C and
5A-C) demonstrate that in these deposits magnetite was crystallized
from the same hydrothermal fluid sources and/or under the same phys-
icochemical conditions.

In the Izok Lake deposit, intergrowths of magnetite and actinolite re-
veal that the iron oxide formed during the amphibolite facies metamor-
phism (Fig. 2F). Magnesioferrite exsolution characterizing Izok Lake
magnetite (Fig. 2F) also indicates formation of the precursor spinel at
high temperatures, consistentwith the amphibolite faciesmetamorphism
and subsequent slowcooling (Makvandi et al., 2016). On the basis of grain
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morphology, surface textures, and the composition of mineral associa-
tions, Makvandi et al. (2015) suggested ametamorphic origin formagne-
tite in the Izok Lake deposit. In the Amulet deposit, intergrowths of
magnetite and anthophyllite also suggest a metamorphic origin for mag-
netite. Anthophyllite is a magnesium-iron orthoamphibole, favored in
low-pressure and high-temperature conditions. At Amulet, anthophyllite
and cordierite partly replaced chlorite and quartz during contact meta-
morphism to the amphibolite facies caused by the intrusion of the nearby
Lac Dufault granodiorite (Hall, 1982; Beaty and Taylor, 1982). High Zn,
and lowAl and Ti are themain contributors plotting Izok Lake andAmulet
magnetite in the vicinity of each other in Fig. 4A. This similar chemistry
can be explained by similar physicochemical conditions under which
magnetite from these deposits grew. At Izok Lake and Amulet, both
VMS deposits are hosted by andesite-dacite Archean volcanic rocks that
were affected by metamorphism to the amphibolite facies (Morrison,
2004; Gibson et al., 1983). Both VMS deposits are also enclosed by Mg-
rich and Na-depleted alteration zones (Morrison, 2004; Gibson et al.,
1983). In addition, metamorphic magnetite from the Izok Lake and Amu-
let deposits formed by replacing sulfides, mostly chalcopyrite and sphal-
erite (Fig. 2F).

Boutroy et al. (in press) identified veins of magnetite that crosscut
and partly replaced pyrrhotite or chalcopyrite in semi-massive and dis-
seminated sulfide bodies associated with Ni–Cu deposits. Their results
showed that sulfides replaced by magnetite is relatively depleted in
Al, Mn, Ti, V and Cr, and enriched in Si, Ca and Mg. Unlike Ni–Cu de-
posits, in VMS deposits, both types of magnetite that either replaced
or is intergrown with sulfides are mostly depleted in Si, Ca, Zr, Al and
Mg, but enriched inMn (Table 2). Differences in chemistry of magnetite
from VMS deposits and that from Ni–Cu deposits can be explained by
1) different compositions of parental hydrothermal fluids, host
bedrocks, and co-forming minerals controlling the availability of trace
elements as well as their partitioning behavior in magnetite, and 2) dif-
ferent physicochemical conditions (e.g., redox, temperature, pressure,
pH) at the time of magnetite formation (Boutroy et al., in press; Dare
et al., 2014; Nadoll et al., 2014).

5.1.2. Zoned magnetite at west Ansil
In the West Ansil deposit, massive magnetite widely occurs in the

massive sulfide lenses, and replaced pyrrhotite and chalcopyrite
(Westendrop et al., 1991; Galley et al., 2000; Boucher, 2011). Boucher
(2011) recognized two stages of mineralization at West Ansil, such
that, in the first stage, sphalerite, pyrrhotite, and subordinate pyrite
were mineralized during the chlorite-quartz alteration, whereas in the
latter stage, pyrrhotite and chalcopyrite were mineralized, and later
replaced by magnetite. At West Ansil, a decrease in the temperature
from 400 to 200 °C, as well as an increase in oxygen fugacity of high-
temperature hydrothermal fluids, might result in destruction of
chalcopyrite and pyrrhotite, and their replacement by magnetite
(Riverin et al., 1990; Barrett et al., 1991). Boucher (2011) suggested
that quartz-magnetite veins characterizing the hanging wall of the
West Ansil Upper lens precipitated from hydrothermal fluids after buri-
al of the deposit. Galley et al. (2000) proposed that the chalcopyrite re-
placement by magnetite at West Ansil has resulted in remobilization of
Cu, and consequent deposition of prograde sulfide ores. The replace-
ment of pyrrhotite and chalcopyrite by massive magnetite might pro-
duce abundant open spaces, as a result of a negative change in molar
volume, which were filled by quartz, chlorite and remobilized pyrrho-
tite and chalcopyrite (Fig. 2G; de Rosen-Spence, 1976; Barrett et al.,
1991; Boucher, 2011).

In theWest Ansil deposit, magnetite is characterized by growth zon-
ing (Fig. 3A-C). Blenkinsop (2000) demonstrated that growth zoning
might occur at constant temperature and pressure because of preferen-
tial partitioning of an element into a mineral during its growth. Howev-
er, growth zoning is commonly cited as the result of changes in fluid
compositions and/or physicochemical parameters (such as temperature
and oxygen fugacity) during crystal growth, which periodically affect
the partitioning behavior of trace elements into magnetite and co-
forming minerals (Shimazaki, 1998; Blenkinsop, 2000; Dare et al.,
2014). As shown in Fig. 3A and B, West Ansil zoned magnetite consists
of a core of inclusion-free magnetite rimmed by silica-rich magnetite.
Remobilization of trace elements during the replacement of massive
sulfides by magnetite might form the cores free of trace elements
(e.g., Boucher, 2011), whereas, the Si enrichment in magnetite rims
could be either the consequence of the replacement of pre-existing
quartz gangue in themassive pyrrhotite ore (Boucher, 2011), or the sig-
nature of reaction with Si-rich fluids (Westendrop et al., 1991). Magne-
tite crystallized from low temperature hydrothermal fluids is most
likely depleted in trace elements because of their low solubility in fluids
at lower temperatures (e.g., Dare et al., 2014). Dare et al. (2015) showed
that oscillatory zoning in magnetite from the El Laco IOA deposit could
have resulted from episodic dissolution and re-precipitation of magne-
tite from high temperature hydrothermal fluids, and incorporation of
some elements such as Si, Ca and REEs, released from dissolution of sil-
icates, into magnetite during its precipitation. Reich et al. (2014)
showed Ti, V, Al, and Mn zoning in magnetite from the Los Colorados
iron oxide-apatite deposit (Chile) such that the concentration of these
elements decreases significantly from core to rim. They suggested that
the core magnetite was magmatic in origin, whereas the rimmagnetite
formed as a result of hydrothermal alteration of magmatic magnetite
and consequent remobilization of trace elements.

5.1.3. Metamorphic magnetite in VMS-associated BIFs
Magnetite is a major constituent of iron formations, and may form

by recrystallization of precursor magnetite, hematite and/or silicates
(Klein, 2005). In the Izok Lake silicate facies BIF, anhedral, fine-grained
magnetite is commonly intergrown with biotite and hornblende
(Fig. 2H), and to a less extent with almandine (Table 3; Makvandi
et al., 2016). Fyfe and Turner (1966) showed that hornblende, biotite,
and subordinatemagnetite are common in an amphibolite faciesminer-
al assemblage after basic volcanic rocks.Magnetitemay form by decom-
position of Fe-bearing silicates during metamorphism (Nesbitt, 1986;
Bekker et al., 2010). The magnetite-almandine intergrowth can be
indicative of destabilization of a high temperature precursor during
metamorphism resulting in exsolution of magnetite from almandine
(Brearely and Champness, 1986). Izok-silicate facies BIF-mag is
enriched in Ti, Al, and Ni (Table 3). This chemistry can be inherited
from replaced minerals or high temperature precursors (e.g., Nielsen
et al., 1994; Toplis and Carroll, 1995; Nadoll et al., 2014). Although
elements such as Ti and Al that are commonly immobile inmost altered
and metamorphosed rocks, they have migrated locally and
redistributed between coexisting minerals during chlorite alteration
(Campbell et al., 1984; Whitford et al., 1988; Bau, 1991; Valsami and
Cann, 1992), and/or at low grade metamorphism (Evans and Frost,
1975; van Baalen, 1993). Chung et al. (2015) also showed enrichment
in Ti and Al characterizing hydrothermal magnetite from the late
Paleoproterozoic Sokoman iron formation (Labrador, Canada). They
suggested that Sokoman magnetite formed by recrystallization of sedi-
mentary precursor magnetite during interaction with hydrothermal
fluids during low-grade metamorphism. Chung et al. (2015) indicated
that in comparison with other types of magnetite characterizing the
Sokoman iron formation (such as primary and volcanic breccia associat-
ed magnetite), the hydrothermal variety has wider range of Ti, Al, Mg,
Mn, V, Cr, Co and Zn compositions. They concluded that variable contri-
bution of the host mafic-ultramafic intrusions and different hydrother-
mal fluids were responsible for formation of each type of magnetite and
their highly variable trace elemental contents in the Sokoman iron
formation.

In the Austin Brook oxide- and sulfide-facies BIFs, cubic, fine- to
medium-grained magnetite is associated with the low-grade metamor-
phic assemblage chlorite ± siderite ± sericite (Fig. 2I and J; Table 3).
Inclusions of these minerals in magnetite and the replacement of mag-
netite edges by these minerals (Fig. 2I and J) suggest that BIF-mag
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formed during metamorphism, however, changes to physicochemical
parameters (e.g., temperature, pH, oxygen fugacity) most probably
formed metamorphic minerals that replaced magnetite. In the Austin
Brook oxide-facies BIF, the abundance offine-grained hematite associat-
ed with magnetite association (Fig. 2I) is further evidence for variable
physicochemical conditions affecting the host bedrocks. Lentz and
McCutcheon (2006) suggested that, at Austin Brook, hematite formed
by replacingmagnetite. In themajority ofmetamorphosed BIFs,magne-
tite and hematite commonly occur together, thoughmagnetite ismostly
present in deeper zones to prevent replacement by pervasive oxidation
(Taylor et al., 2001; Mukhopadhyay et al., 2008; Duuring and
Hagemann, 2012; Nadoll et al., 2014). Hematite pseudomorphs are
common supergene alteration products after magnetite in iron deposits
as reported for sub-Phanerozoic BIFs such as Kelsey Lake, Irex-
Choiceland and Ipsco in the Choiceland area (e.g., Cheesman, 1964;
Thurston and Rogers, 1995). Magnetite and hematite commonly form
in the early stages of diagenesis of an iron formation (Klein, 2005).
Morris (1980) showed that the Brockman iron formation (Hamersley
Province, Western Australia) is characterized by different stages of
magnetite and hematite crystallization, as fine-grained hematite is
overgrown by diagenetic magnetite, which in turn, is overprinted by
crystallization of postmetamorphic hematite. Table 2 shows that
Austin-oxide facies BIF-mag contains higher amounts of Mn (0.2 wt.%)
than magnetite from the other deposits suggesting that magnetite fin-
gerprints strong Mn enrichment in the exhalite horizon comprising
the Brunswick massive sulfide deposits and associated iron formations
(Lentz and McCutcheon, 2006). In contrast, Austin-sulfide facies BIF-
mag contains higher amounts of Ca (0.8 wt.%) compared to magnetite
from the other deposits. The Ca enrichment might be explained by the
chemistry of Ca-bearing silicates/carbonates replaced by magnetite ei-
ther during diagenesis or metamorphism (Lentz and McCutcheon,
2006), or it has a hydrothermal origin (Nadoll et al., 2014; Dare et al.,
2014).

5.1.4. Magmatic magnetite in VMS deposits host rocks
Petrography reveals that the Halfmile Lake gossans (Makvandi et al.,

2016), Amulet dalmatianite (Fig. 2K), as well as the Quemont (Fig. 2L)
and Poirier diabasic host bedrocks contain magmatic magnetite
(Table 3). Intergrowths ofmagnetite and ilmenite lamellae are common
characteristics of magnetite formed in magmatic systems, as ilmenite
exsolves from magnetite during slow cooling of a higher temperature
spinel (Kolker, 1982; von Gruenewaldt et al., 1985; Pang et al., 2008;
Liu et al., 2015). Enrichment of Ti, and Zn or Ni in themagmatic magne-
tite from the studied VMS settings (Fig. 4A; Table 3) is consistent with
their crystallization from high-temperature magmas (Dare et al.,
2014; Nadoll et al., 2014). The presence of chlorite, sericite, anthophyl-
lite, and biotite, the major constituents of the Amulet dalmatianite
(Fig. 2K; Gibson et al., 1983), in association with magmatic magnetite
suggests that primarymineral associations of magnetite were obliterat-
ed during the amphibolite facies contactmetamorphismandhydrother-
mal alteration. In contrast to Amulet dalmatianite magnetite, magmatic
magnetite from the Halfmile Lake gossans, and the Quemont (Fig. 2L)
and Poirier diabasic host bedrocks was partly replaced by the assem-
blage chlorite + calcite + sericite ± quartz (Table 3) that suggests the
host bedrocks were subjected to the greenschist facies metamorphism.

5.2. Discriminating different VMS settings by PLS-DA of magnetite
composition

Conventional statistical methods such as binary diagrams are appro-
priate for small datasets where limited number of variables can be se-
lected to show covariation of data (Nguyen and Rocke, 2002). In
contrast, PLS-DA is amultivariate statisticalmethod adapted for high di-
mensional sample classification (Wold, 1966; Barker andRayens, 2003).
PLS-DA identifies Si, Ca, Zr, Al, Mg, Ti, Zn, Co and Ni as discriminator el-
ements for magmatic magnetite associated with VMS deposits (Figs. 4C
and 5C). It also detects useful elements for sample classification regard-
less of their concentration values in magnetite. For instance, magnetite
from all VMS deposits (except for Normetal) and BIFs are enriched in
variable contents of Mn (Table 2), however, Figs. 4C and 5C reveal that
this element dose not contribute to discriminate different compositions
of magnetite.

Fig. 4A also shows positive correlation between Si, Ca and Mg in the
composition of magnetite from the studied VMS settings. Nadoll et al.
(2012) suggested that high Si, Mg, Al, Ca, and/orMn values and positive
correlation among them indicate contamination of magnetite analyses
from micro-inclusions. However, Hu et al. (2014) showed that Si4+

and Al3+ could be incorporated into the intracrystalline sites of magne-
tite and substitute Fe3+. Divalent elements such as Mg, Mn and Ca are
consequently added to the composition of Si-richmagnetite as a valence
state balance related to the substitution of Si4+ for Fe3+. Hu et al. (2014)
indicated that divalent elements such as Mg2+ can directly substitute
Fe2+ in Si-poor magnetite.

PLS-DA of magnetite compositions from various VMS deposits, host
bedrocks, and VMS-associated BIFs (Fig. 4A-C) indicates that magnetite
of the same type (e.g.,magmatic), but fromdifferent deposits show sim-
ilar chemistry clustering them in the vicinity of each other in t1-t2 space.
For instance, magmatic magnetite from the Halfmile Lake gossans, and
the Amulet dalmatianite, Quemont and Poirier diabasic host bedrocks
plot in the high t1 region in Fig. 4B mainly because of higher Ti and Ni,
and lower Si, Ca and Mg. An inverse chemical covariation isolates the
zoned magnetite from the West Ansil deposit in opposite side of PLS-
DA score plot (Fig. 4B). Hydrothermalmagnetite fromdifferent VMSde-
posits and BIFs overlap in t1-t2 space and are scattered in the space be-
tween magmatic and zoned magnetite (Fig. 4B). However, similar
chemistry clusters hydrothermal magnetite from the Izok-silicate facies
and Austin-sulfide facies BIFs, that of the Turgeon and Little Bay mafic
VMS deposits as well as magnetite from the Brunswick #6 and Bruns-
wick #12 felsic-siliciclastic VMS deposits in close proximity to each
other (Fig. 4B). Unlike Izok-silicate facies and Austin-sulfide facies BIF-
mag, which are rich in Al and Ti, magnetite from the Austin-oxide facies
is discriminated in the t1-t2 space because of its high Zn and low Al and
Ti (Fig. 4A and B). The PLS-DA suggests that Al, Ti and Zn are the most
important variables in classification of BIF-mag (Fig. 4C; Table 3).

Fig. 5A-C display the ability of PLS-DA to discriminate between dif-
ferent types of magnetite and/or deposits in a geologic setting such as
the Bathurst mining camp. Magmatic magnetite from the Halfmile
Lake gossans is separated from hydrothermal samples in the t1-t2 plot
(Fig. 5B) due to its higher Al, Ti, Co and Ni, and lower Si, Ca, Zr and Mg
contents (Fig. 5A), whereas hydrothermal magnetite from the Turgeon
deposit is discriminated by high Mg and Ca values, which fingerprint
the host mafic volcanic rocks. Among different samples from the BMC,
magnetite from the Brunswick #6 and Brunswick #12 felsic-
siliciclastic VMS deposits show similar chemistry resulting in overlap-
ping clusters in Fig. 5B. Higher Si, Zr and Zn, and lower Al and Ti
(Fig. 5A and C) relative to the average of the BMC deposits magnetite
dataset separate magnetite from the felsic-siliciclastic VMS deposits. In
contrast to magnetite from the Brunswick deposits, separation of
Austin-oxide facies and Austin-sulfide facies BIF-mag in PLS-DA scores
plot (Fig. 5B) indicates that they might be the product of different hy-
drothermal fluids (Bhattacharya et al., 2007; Chung et al., 2015), or
due to changing water depth and/or redox conditions, which is respon-
sible for lateral zoning in some Archaean or Algoma type BIFs and con-
sequent deposition of oxide-, carbonate- and sulfide-bearing sediments
(Goodwin, 1973; James, 1983).

Comparing PLS-DA results of LA-ICP-MS data (Figs. 4A-C and 5A-C)
with that of EPMA (Fig. 6A-C) demonstrates that a more sophisticated
sample classification of a highly correlated dataset requires analyzing
more chemical elements. The scattering of different samples in PLS-DA
of EPMA data (Fig. 6B) indicates that different VMS subtypes cannot
be well classified based on Si, Al, Mn and Mg contents of magnetite.
However, Fig. 6A suggests that magnetite from the bimodal-felsic VMS
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deposits can be discriminated from that of the other subtypes mainly
because of its lower Si content. The VIP plot (Fig. 6C) also confirms
that Si is not discriminant for magnetite from bimodal-felsic deposits.
In Fig. 6B, magnetite from the GP4F deposit is well classified from that
of the other deposits because of its higher Mn and Al and lower Mg
and Si values. Magnetite from the GP4F and Kudz Ze Kayah bimodal-
felsic deposits, both hosted by the Finlayson Lake district of the
Yukon-Tanana terrane (central Yukon Territory; Piercey et al., 2001)
plot in the vicinity of each other in t1-t2 space (Fig. 6B). Magnetite
from the Izok Lake deposit shows wider range of Si, Al, Mn andMg con-
tents (Fig. 6B) relative to that of the other VMS deposits. However, the
mean composition of the Izok Lake cluster is isolated from that of the
other deposits by high Mn and Mg, and low Si and Al values (Fig. 6A).
Plotting magnetite from the Amulet bimodal-mafic deposit in the field
for Izok Lake magnetite (Fig. 6B) emphasizes that the temperature is
an important factor controlling the trace element contents of metamor-
phosed hydrothermal magnetite.

5.3. Discriminating different mineral deposit types based on magnetite
composition

The PLS-DA results display that in addition to distinguishing composi-
tions of magnetite from different VMS settings, the chemistry of magne-
tite is useful to discriminate between VMS deposits and other ore
deposit types (Fig. 7A-C). As a result, Ni and Ca contribute greatly to sep-
arate VMS and BIFmagnetite from that of the othermineral deposit types
(Fig. 7C). PLS-DA shows that although magnetite from the VMS deposits
and VMS-associated BIFs are characterized by lower values of all elemen-
tal variables relative to that of the Ni–Cu, porphyry, IOCG, IOA and Bayan
Obo groups (Fig. 7A), they are well classified in t1-t2 subspace (Fig. 7B).
PLS-DA classified magnetite from Ni–Cu deposits based on their Ni con-
tent (Fig. 7A and C). Dare et al. (2012, 2014) and Boutroy et al. (in
press) showed that Ni and Cr are compatible into magnetite at different
stages of the crystallization of a sulfidemelt such that the Ni+Cr content
ofmagnetite is always high in Ni–Cu deposits. TheNi+Cr vs. Si+Mg di-
agram established by Dupuis and Beaudoin (2011) also separatesmagne-
tite from Ni–Cu deposits from that of the other deposit types based on its
enrichment in Ni and Cr, and depletion in Si and Mg.

Despite the overlap in clusters of compositions of magnetite
in Fig. 7B, the cluster of data for IOCG deposits is separated from those
of the other deposit types because of higher Si values (Fig. 7A;
Appendix-VI B). Dare et al. (2015) showed that magnetite from the El
Laco IOA deposit is enriched in Si, Ca, Na, P and REEs, but depleted in
Ti, Al, Cr, Zr, Hf and Sc suggesting its crystallization from high tempera-
ture (N 500 °C) hydrothermal fluids. Hitzman et al. (1992) also found
out that magnetite from IOCG deposits is commonly depleted in Ti.
Boutroy et al. (2012b) compared the compositions of magnetite from
Ni-Cu-PGE and IOCG deposits and pointed out that primary magnetite
from Ni-Cu-PGE deposits contains higher amounts of Ni, Cu and Cr,
and lower concentrations of Ti, Al and Si relative to ore-stagemagnetite
from IOCG deposits.

Magnetite from the IOA deposits can be discriminated from that of
other deposit types due to their higher Ti and Co values (Fig. 7A and
C; Appendix-VI C). The IOA magnetite also contains higher Ni content
relative to magnetite from the other deposit types other than Ni–Cu de-
posits. Boutroy et al. (2012b) showed that magnetite from IOA deposits
is rich in Al andMg or in Ca. Knipping et al. (2015) investigated trace el-
ement contents of magnetite from the Cretaceous Kiruna-type Los
Colorados IOA deposit (Chile), and showed that the chemistry of Los
Colorados magnetite is similar to that from high temperature hydro-
thermal systems, such as porphyry Cu deposits, inwhichmagnetite con-
tains high concentrations of Al, Ti, V and Ga.

Higher Ca content relative to the other deposit types is themain con-
tributor clustering the Bayan Obo REE-Fe-Nb magnetite in the left side
of t1-t2 (Fig. 7A and B). Huang et al. (2015), however, did not used the
Ca content of magnetite in characterizing different types of magnetite
associated with the Bayan Obo deposit. They excluded some elements
such as Ca from their analyses because their concentrations were close
to or below the detection limit of the LA-ICP-MS they used, or because
of considerable variation in their contents. The VIP plot) reveals that
Si, Ca, Al, Mn, Zn, Co and Ni are discriminator elements for magnetite
from various mineral deposit types, whereas Mg and Ti are not useful
(Fig. 7C).
5.4. Application of magnetite composition to provenance studies and min-
eral exploration

Makvandi et al. (2016) used latent variable spaces defined by PCA of
the composition ofmagnetite from the Izok Lake andHalfmile Lake VMS
deposits and their host bedrocks to distinguish the sources of iron oxide
in local till. To extend Makvandi et al. (2016) studies, the present study
provides new datasets of magnetite trace element compositions from
various VMS deposits, host bedrocks and VMS-associated BIFs; and
also introduces a sophisticated classification technique, PLS-DA, for the
provenance identification of detrital magnetite, and consequently for
the exploration of VMS deposits hidden under thick layers of overbur-
den. As shown in Appendix-II, PLS-DA offers better classification of sam-
ples (Figs. C and D) in comparison with unsupervised PCA (Figs. A and
B). For instance, as shown in Appendix-II, magnetite from the West
Ansil deposit that forms a distinct cluster in Figure D (PLS-DA scores
plot) overlaps the fields for magnetite from the other deposits in
Figure B (PCA scores plot). This is because that PCA projects maximum
variation in the predictive matrix (X), whereas PLS-DA projects maxi-
mum separation between classes in X (Antti et al., 2004). The PCA and
PLS-DA results could be similar if maximum variation in the data was
the main source of samples discrimination. Another advantage of
using PLS-DA over PCA is the possibility of summarizing the importance
of variables in sample classification in VIP plots.

The present study shows that to identify the origin of detrital mag-
netite in VMS settings, or detect chemical signatures of VMS deposits
in unconsolidated sediments, a database of magnetite compositions
from VMS deposits (e.g., including data from this study, Makvandi
et al., 2016, and Dupuis and Beaudoin, 2011) must be analyzed by
PLS-DA to create discrimination models, and then detrital magnetite
data should be projected into the models. For instance, Fig. 5D shows
that the projection of till magnetite data from the Halfmile Lake area
(Makvandi et al., 2016) into the latent variable spaces defined by PLS-
DA of magnetite compositions from different VMS deposits and BIFs in
the Bathurst district results in plotting the majority of till grains into
the field for magmatic magnetite from the Halfmile Lake gossan or
close to the field boundaries. This is consistent with the results of
Makvandi et al. (2016) indicating that a high proportion of Halfmile
Lake till magnetite grains were derived from local igneous bedrocks.
Fig. 7D also shows that the projection of the till data from the Izok
Lake and Halfmile Lake VMS areas (Makvandi et al., 2016) into PLS-DA
subspace estimated using magnetite data from various mineral deposit
types (Fig. 7B), results in clustering of a high proportion of till grains in
the same region as for the VMS deposits and VMS-associated BIFs. Plot-
ting a low proportion of till magnetite outside, but very close to the
boundaries of the VMSdeposits and BIFs field, is also inevitable, because
a proportion of till magnetite frombothVMS settingswere derived from
host bedrocks or other unclassified rocks (Makvandi et al., 2016). Over-
all, the results in Figs. 5D and 7D exemplify the potential of magnetite
chemistry in provenance studies and exploration for VMS deposits.
More specifically, these results demonstrate the utility of PLS-DA for es-
timating the nature of the bedrock source for magnetite in unconsoli-
dated sediments for which the bedrock source is unknown. Given that
magnetite is usually a significant proportion of the heavy mineral con-
centrate of a till or stream sediment sample, the methods of this study
could be applied to magnetite grains in these sediments to screen for
the potential presence of mineral deposits in the area.
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6. Conclusions

This study documented geochemical characteristics ofmagnetite from
different VMS deposit subtypes, host bedrocks, and VMS-associated BIFs,
and identified three types of magnetite associated with VMS settings:
magmatic, hydrothermal, and metamorphic. Petrography reveals that in
some VMS deposits such as Horne, Normetal, Turgeon, and Little Bay,
magnetite precipitated from hydrothermal fluids along with sulfide min-
eralization, whereas in some other VMS deposits such as Lac Dufault, Am-
ulet, Bell-Allard, Lasail, Brunswick #12, Brunswick #6 and Izok Lake,
magnetite is metamorphic in origin. The metamorphic magnetite formed
by replacing sulfides, and is intergrown with the assemblage chlorite ±
calcite ± sericite ± quartz ± biotite ± anthophyllite. The composition
of hydrothermal and metamorphic magnetite associated with massive
sulfides is variable, though both types are enriched inMn, andmostly de-
pleted in Si, Ca, Zr, Al, Ti, and Ni. Enrichment of some magnetite in Ti, Co
and/or Zn suggests their crystallization fromhigh temperaturehydrother-
mal fluids or during high-grade metamorphism. It may also fingerprint
the chemistry of sulfides or silicates replaced by magnetite.

The Izok Lake and Austin Brook sulfide- and oxide- facies BIFs con-
tainmetamorphicmagnetite. BIF-magmay form duringmetamorphism
or early stages of diagenesis by decomposition of Fe-bearing silicates
during metamorphism, or exsolution from almandine during slow
cooling of a high temperature precursor. PLS-DA identifies Al, Ti and
Zn as main contributors in the classification of BIF-mag.

Magmatic magnetite from the Halfmile Lake gossans, Amulet
dalmatianite, and theQuemont, Poirier diabasic host bedrocks is charac-
terized by ilmenite exsolution, and contains a higher concentration of Ti
relative to the other types of magnetite. Magmatic magnetite is com-
monly rich in Mn, Zn, Co, and/or Ni.

PLS-DA classifies different types of VMS deposits and VMS-
associated BIFs using Si, Ca, Zr, Al, Mg, Ti, Zn, Co and Ni contents of mag-
netite. PLS-DA also distinguished VMS deposits and VMS-associated
BIFs from Ni–Cu, IOCG, IOA, and porphyry deposits based on the distri-
bution of Si, Ca, Al, Mn, Mg, Ti, Zn, Co and Ni in magnetite. PLS-DA also
yields discrimination models to identify the sources of detrital magne-
tite in unconsolidated sediments.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2016.04.014.
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