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Brazil. The Jaguar deposit shares several similarities with iron oxide copper-gold (I0CG) deposits of the Carajas
Mineral Province, especially regarding the structural control, and the hydrothermal alteration. Although IOCG
and Kiruna-type iron oxide-apatite (IOA) deposits are closely associated in several geological provinces, this
association has not yet been fully constrained in the Carajds Mineral Province. The Jaguar deposit occurs near
mafic-ultramafic intrusions, along a regional fault zone, and is hosted either by granitic (northern portion) or
felsic subvolcanic (southern portion) rocks. It is characterized by sub-vertical zones hosting a biotite-chlorite (Bt-
Chl) hydrothermal alteration with ductile structures and disseminated sulfides (pyrite and millerite) and
magnetite. These zones are overprinted by sulfide-magnetite-apatite-bearing breccias, which represent the main
mineralization bodies. The sulfide assemblage in the mineralized zones is dominated by pyrite, pentlandite and
millerite, with minor sphalerite and chalcopyrite.

We have investigated the concentration of trace elements in the magnetite and sulfides from the host rocks,
different alteration facies and the mineralization at the Jaguar deposit by LA-ICP-MS. Magnetite composition
ranges from higher Al, Mn, Ti and V contents, for at least part of those in host rocks (granitic and felsic sub-
volcanic) and Bt-Chl alteration, into lower contents in the magnetite-apatite alteration, associated with the main
Ni mineralization. Magnetite with higher Ti and V contents in host rocks is associated with discrete hydrothermal
alteration pockets, have high Ni/Cr ratios and plot in high temperature hydrothermal fields in multi-element
diagrams. Therefore, we support that these features are compatible with a hydrothermal origin. Anomalously
high-Ni contents in magnetite point that the Neoarchean mafic-ultramafic layered intrusions of the Carajas
Province represent potential Ni sources for hydrothermal remobilization. Anomalously high V contents in
magnetite suggest lower fO, conditions upon the formation of the deposit. The concentration of trace elements in
magnetite associated with the Jaguar deposit is similar to those from other IOCG deposits from the Carajas
Province (but with higher V and Ni contents), especially the Sossego mine in the Southern Copper Belt, indicating
that it could represent a Ni-rich member of the regional-scale IOCG mineral system at Carajds. Pyrite and
chalcopyrite have a composition similar to those from magmatic deposits, when using previously proposed
discriminant diagrams, but this is also the case for other IOA and IOCG deposits. However, low PGE contents (Ru,
Rh, Ir and Os) in pyrite from the Jaguar deposit support a hydrothermal origin. Our results highlight that the
classifications provided by available discriminant diagrams are not unequivocal. We suggest that multi-element
diagrams represent a complementary approach to binary plots and provide a more comprehensive classification
for the use of indicator minerals.
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1. Introduction

Iron oxide copper-gold (IOCG) and iron oxide-apatite (IOA - Kiruna-
type) deposits are spatially and temporally associated in several mineral
districts (Simon et al., 2018 and references therein). Some studies sug-
gest that these define a continuum with IOA deposits representing
deeper portions at a higher temperature, whereas IOCG deposits
represent shallower and lower temperature portions of the same
regional-scale hydrothermal system (Knipping et al., 2015; Corriveau
et al., 2016; Barra et al., 2017; Palma et al., 2019; Rodriguez-Mustafa
et al., 2022). The Carajas Mineral Province, Northern Brazil, is known
for the presence of several IOCG deposits with magnetite-(apatite)-rich
zones that represent the locus of later copper-gold mineralization
(Grainger et al., 2008; Monteiro et al., 2008a; Xavier et al., 2010,
2012,2017; Moreto et al., 2015; Schutesky and de Oliveira, 2020).
However, no typical IOA deposit was found in the province until
recently. Therefore, there is still a lack of understanding whether the
connection between IOA and IOCG deposits also occurs in the Carajas
Province. Recent contributions suggest that Ni-rich hydrothermal de-
posits (e.g. GT-34 deposit) may represent deeper members of the IOCG
system of the Carajas Mineral Province (Garcia et al., 2020; Schutesky
and de Oliveira, 2020; Pestilho et al., 2020; Veloso et al., 2020), but
whether these are potentially IOA equivalents is not yet fully
constrained.

There is much discussion about the mechanisms that lead to the
formation of IOA and IOCG deposits, and their eventual relationship.
Some authors support an initially magmatic origin that further evolves
into a magmatic-hydrothermal system (e.g. Knipping et al., 2015; Simon
etal., 2018; Palma et al., 2019; Xie et al., 2019; Rodriguez-Mustafa et al.,
2022), others argue for a dominantly hydrothermal model (Sillitoe and
Burrows, 2002; Mumin et al., 2007; Dare et al., 2015; Corriveau et al.,
2016), whereas experiments also suggest the participation of an
immiscible Fe-P melt (Lester et al., 2013a; Tornos et al., 2017; Velasco
et al., 2016; Hou et al., 2018; Bain et al., 2020). Therefore, precisely
identifying different members of regional-scale IOA or IOCG systems,
and obtaining some constraint on their evolution, is a key step for
refining the genetic model of these controversial deposits. Moreover,
assessing the main characteristics of different members of the regional
scale IOCG system from the Carajas Province may support future
exploration and discovery of new mineral deposits in the region.

The Jaguar nickel deposit represents an important discovery of hy-
drothermal Ni resources (58.9 Mt @ 0.95 % Ni) associated with base
metal sulfides, magnetite and apatite within the Carajds Mineral Prov-
ince (Oliveira, 2017; Ferreira Filho et al., 2021). The Jaguar deposit
shares several similarities with IOCG deposits within the Carajas Mineral
Province, especially regarding the structural control by shear zones or
faults, and high-T Fe-Ca hydrothermal alteration (Corriveau et al.,
2016). These similarities raise the possibility that the Jaguar deposit
may represent a Ni-rich IOA member of the regional IOCG system found
within the province. For instance, based on similarities in structural
control, alteration zones and whole-rock geochemistry, Ferreira Filho
et al. (2021) suggested that the deposit is part of the IOCG clan in the
Carajas Province, but this hypothesis has yet to be tested more
comprehensively. Therefore, the Jaguar deposit offers the opportunity
to explore possible variations within a regional-scale hydrothermal
system, and to evaluate further the mechanisms by which these deposits
are connected.

This contribution investigates the concentration of trace elements in
base metal sulfides (BMS) and Fe-oxides (magnetite) from the different
rock types found in the Jaguar deposit and its surroundings. Trace
element contents in both BMS and magnetite have been shown to record
several ore-forming processes, and thus represent a powerful tool for
studying different mineral systems. Our results are compared with those
from other IOA and IOCG deposits worldwide and with the available
results for the IOCG deposits from the Carajas Mineral Province. The
distribution of trace elements in BMS and magnetite provides constraints
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on the mechanisms that led to the formation of the Jaguar Ni deposit and
supports a hydrothermal origin for the Ni ores. Moreover, the results
also demonstrate the risks of using binary discriminant diagrams for the
classification of different deposit types in a straightforward manner (e.g.
Dupuis and Beaudoin, 2011; Dare et al., 2014; Duran et al., 2015;
Deditius et al., 2018) as these diagrams may provide misleading in-
terpretations if used in an uncensored fashion.

2. Regional setting

The Carajas Province is located in the southeastern margin of the
Amazon Craton in Brazil (Fig. 1a) and is one of the best-preserved
Archean cratonic areas in the world. It is limited to the east and south
by the Neoproterozoic Araguaia Fold Belt and, to the west, by Protero-
zoic sequences of the Uatuma Supergroup (DOCEGEO, 1988; Aratjo and
Maia, 1991; Silva et al., 2021). To the north, it is limited by the Bacaja
Domain, which includes reworked Archean terrains and juvenile Pale-
oproterozoic units (Vasquez et al., 2008a). The Carajas Province was
divided into two Archean domains: the southern Rio Maria and the
northern Carajas domains (Fig. 1b; Vasquez et al., 2008a). A poorly
defined zone characterized by regional EW faults, designated as the
Transition Subdomain (Feio et al., 2013), separates these two domains.

The Rio Maria Domain is a granite—greenstone terrain comprising
greenstone sequences and meta-sedimentary rocks of the 2.97 to 2.90 Ga
Andorinhas Supergroup (DOCEGEO, 1988; Macambira and Lancelot,
1996; Souza et al., 2001). The Rio Maria Domain hosts orogenic gold
deposits (e.g., Grainger et al., 2008). The Carajas Domain basement
units consist of gneisses and migmatites of the Xingu Complex and mafic
to felsic ortho-granulites of the Chicrim-Cateté Orthogranulite (DOCE-
GEO, 1988; Machado et al., 1991; Pidgeon et al., 2000). Overlying the
basement units is the Neoarchean Carajas Basin. It comprises the ca.
2.73 to 2.76 Ga metavolcanic-sedimentary units of the Itacaitinas Su-
pergroup (Wirth et al., 1986; DOCEGEO, 1988; Machado et al., 1991).
The Grao Para Group, the dominant volcanic-sedimentary unit in the
Carajas Basin, contains the giant iron deposits of the Carajas Mineral
Province (DOCEGEO, 1988; Vasquez et al., 2008a). The Itacaitinas Su-
pergroup is overlain by an extensive succession of low-grade meta-
sedimentary units known as the Aguas Claras Formation (Nogueira,
1985; Aratjo and Nogueira, 2019) or the Rio Fresco Group (DOCEGEO,
1988).

The Carajds Basin was crosscut by granitic rocks with distinct ages
and compositions (e.g., Feio et al., 2013). They are correlated with three
episodes of magmatism: (1) Neoarchean intrusions (ca. 2.75-2.70 Ga)
are widespread through the Carajas Domain and include syn-orogenic
alkaline granites; (2) Younger Neoarchean intrusions (ca. 2.5 Ga) that
are restricted to the north part of the Carajas Domain and include per-
alkaline to meta-aluminous granites, coeval with the Carajas and Cin-
zento transcurrent fault systems: (3) Paleoproterozoic intrusions (ca.
1.88 Ga) are widespread in the Carajas Mineral Province and Rio Maria
Domain and include A-type alkaline granites. The tectonic setting of the
Carajas Basin is still a matter of debate, in which the mafic rocks of the
Itacaitinas Supergroup have been interpreted as part of a continental
extensional basin (e.g., Gibbs et al., 1986; DOCEGEO, 1988; Aratijo and
Maia, 1991; Trunfull et al., 2020), related to mantle plume activity
(Tallarico et al., 2005) and compressional orogenic settings (e. g., fore-
or back-arc basin; Silva et al., 2005; Zucchetti, 2007).

2.1. The mafic-ultramafic layered intrusions in the Carajas mineral
Province

The Carajas Mineral Province contains the largest concentration of
mafic-ultramafic layered intrusions in the Amazonian Craton. These
intrusions are best known for hosting world-class Ni-laterite deposits (e.
g., Jacaré-Jacarezinho, Vermelho and Puma-Onga; Ferreira Filho et al.,
2007; Rosa, 2014; Siepierski and Ferreira Filho, 2020), and PGE deposits
and occurrences (e.g., Luanga and Lago Grande Complexes; Ferreira
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Filho et al., 2007; Teixeira et al., 2015; Mansur and Ferreira Filho, 2016;
Mansur and Ferreira Filho, 2017; Mansur et al., 2020a). Neoarchean (ca.
2.76 Ga) zircon U-Pb ages of the layered intrusions overlap with ages of
bimodal volcanism in the province, supporting the interpretation that
they formed from a major coeval event (Machado et al., 1991; Ferreira
Filho et al., 2007).

Layered intrusions hosting word-class nickel laterite deposits are
abundant in the south portion of the Carajas Province and include the
Serra da Onga and Serra do Puma complexes (Ferreira Filho et al., 2007;
Rosa, 2014), located close to the Jaguar deposit (Fig. 1b). Both layered
intrusions are emplaced into banded gneiss-migmatite of the Xingu
Complex and/or slightly foliated granitic intrusions. The Serra da Onca
Complex is a 24 km long and up to 3.5 km wide EW trending intrusion,
with magmatic layering dip of 40-45° to the south. The stratigraphy of
the Serra da Onca Complex consists of a Lower Border Group at the base,
an Ultramafic Zone (up to 1.1 km thick), and an upper Mafic Zone (up to
1.5 km thick). The Serra do Puma Complex is a 25 km long and up to 3
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km wide SW-NE trending layered intrusion, with magmatic layering
consistent dip of 30-40° to the southeast. Similar to the Serra da Onga
intrusion, the stratigraphy consists of a discontinuous Lower Border
Group at the base, an Ultramafic Zone (up to ~ 1.0 km thick), and an
upper Layered Zone (up to ~ 1.1 km thick).

The composition of the parental magmas of the layered intrusions
from the Carajas Mineral Province cannot be constrained by common
approaches used in well-exposed and unaltered intrusions (e.g., chilled
margin, bulk composition, extrusive equivalents, related dykes, and
melt inclusions) (Mansur and Ferreira Filho, 2016). The most-
magnesium olivine compositions of several layered intrusions in the
province indicate primitive parental magmas, as illustrated by forsterite
contents from Serra da Onga (up to 92.4 mol%) and Serra do Puma (up to
87.7 mol%) complexes. Secondary assemblages commonly replace pri-
mary igneous minerals of the layered intrusions in the Carajas Mineral
Province. The post-magmatic alteration is heterogeneous and charac-
terized by an extensive hydration that locally preserves primary
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textures, bulk rock compositions and the compositional domains of
igneous minerals. Metamorphic assemblages indicate temperatures up
to the amphibolite facies of metamorphism, but commonly greenschist
facies.

2.2. The IOCG deposits in the Carajas mineral Province

The IOCG deposits of the Carajas Mineral Province are located along
or close to regional shear zones, hosted within units of the Itacaitinas
Supergroup or basement rocks of the Xingu Complex (e.g., Grainger
et al., 2008; Xavier et al., 2012, 2017; Schutesky and de Oliveira, 2020).
They are mainly located in two sectors of the Carajas Mineral Province:
the northern copper belt and the southern copper belt. The northern
copper belt occurs along the W-NW- striking Cinzento shear zone
(Fig. 1B) and hosts the Salobo (Cu-Au), Igarapé Bahia-Alemao (Cu-Au)
and Alvo GT-46 (Cu) deposits, as well as several other deposits (e.g.,
Grota Funda, Paulo Afonso, Gameleira). The southern copper belt occurs
along a W-NW- striking, 60 km long shear zone and includes the Sossego
(Cu-Au), Cristalino (Cu-Au), Alvo 118 (Cu) deposits (Fig. 1B), as well as
several satellite deposits (e.g., Visconde, Castanha, Bacaba, Jatoba and
Bacuri).

Although spatially separated, the IOCG deposits from the northern
and southern belts share several geological and geochemical charac-
teristics. The host rocks are variable for different IOCG deposits in the
Carajas Mineral Province, including rocks from metavolcanic-
sedimentary units of the Itacaitinas Supergroup, as well as felsic and
mafic intrusive rocks (e.g., Xavier et al., 2012). Typical hydrothermal
alteration assemblages characterize different IOCG deposits in the
Carajas Mineral Province (Craveiro et al., 2019; de Melo et al., 2021).
They commonly display an early high-temperature (greater than500 °C)
sodic-calcic alteration controlled by ductile structures and mylonitic
fabrics. This sodic-calcic alteration is characterized by variable amounts
of albite and actinolite (e.g., Sequeirinho ore body in the Sossego de-
posit; Monteiro et al., 2008a; Monteiro et al., 2008b; Xavier et al., 2012)
or scapolite. Similar high-temperature alteration assemblages in the
Salobo deposit (de Melo et al., 2017; Campo-Rodriguez et al., 2021;
Huang and Beaudoin, 2021) were used to suggest emplacement at
relatively deep crustal levels (e.g., Réquia et al., 2003). Ferric-calcic
(magnetite-apatite-actinolite) or ferric-potassic (biotite-magnetite)
alteration zones represent the locus of main copper precipitation
controlled by ductile structures. Following this ductile early stage, some
deposits display a potassic (K-feldspar and biotite) alteration frequently
overprinted by lower temperature (<300 °C) chlorite, carbonate-
epidote, or sericite-hematite alteration and associated later Cu-Au
mineralization. Both the potassic and lower temperature alteration are
controlled by brittle structures (e.g., Sossego ore body at Sossego;
Monteiro et al., 2008a; 2008b; and Alvo 118; Torresi et al., 2012).
Potassic, chlorite, silica, and carbonate alteration are important in de-
posits that underwent late (Paleoproterozoic) alteration under brittle-
ductile conditions at shallower crustal levels (e.g., Igarapé Bahia, Cris-
talino, Sossego, and Alvo 118; Xavier et al., 2012; de Melo et al., 2019).

The geochemical signature of the IOCG deposits of the Carajas
Mineral Province is defined by high contents of Fe-Cu-Au-LREE-P in
most deposits, as well as anomalously high contents of U-Ni-Co-Pd-Y-sn-
Bi-Be-Pb-Ag-Te (Xavier et al., 2010). The geometry of IOCG deposits is
generally dependent on the crustal depth: lens-shaped and massive
replacement bodies parallel to the mylonitic foliation occur at deeper
crustal levels (e.g., Sabobo; Souza and Vieira, 2000), whereas brecciated
bodies and vein stockworks are dominant in shallower systems (Xavier
et al., 2012). Ore mineral assemblages overprint early magnetite-rich
alteration in the IOCG deposits in Carajas (e.g., Xavier et al., 2012;
Craveiro et al., 2019). These reveal variable sulfidation states of the
source fluids: chalcopyrite-chalcocite-bornite-magnetite at Salobo (e.g.,
Réquia et al., 2003); chalcopyrite + chalcocite-digenite-covellite-
magnetite at Igarapé Bahia (e.g., Tazava et al., 1999; Dreher et al.,
2008); chalcopyrite-pyrite-magnetite at Sossego (e.g., Xavier et al.,
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2012) and Cristalino (Huhn et al., 1999); and chalcopyrite-bornite-
hematite at Alvo 118 (Torresi et al., 2012).

Several recent studies have also indicated the occurrence of Ni
mineralization in hydrothermal systems spatially associated with the
IOCG deposits in the region, notably in the southern belt. For instance,
the GT-34 prospect (Siepierski, 2008; Garcia et al., 2020), the Jaguar
deposit (Oliveira, 2017; Ferreira Filho et al., 2021), as well as Ni
mineralization associated with the Castanha (Pestilho et al., 2020) and
Jatoba (Veloso et al., 2020) IOCG deposits. These contributions indicate
that hydrothermal Ni mineralization and IOCG deposits share common
features in the Carajas Mineral Province, including their association
with metavolcanic-sedimentary sequences, intense Fe-Ca hydrothermal
alteration, location along major fault systems and ore breccias. Thus,
they may be part of the same regional scale hydrothermal system.

Although numerous contributions have been dedicated to the study
of the IOCG systems in the Carajas Mineral Province, the spatial and
temporal relationship between intrusions and IOCG ore bodies is not yet
fully constrained. Early studies proposed that the genesis of the IOCG
mineralization in Carajas was related to two major granitic events (e.g.,
Tallarico et al., 2005; Grainger et al., 2008): (1) a major Archean event
at ca. 2.57 Ga (Salobo, Igarapé Bahia-Alemao, Cristalino and Sossego
deposits), related to the Old Salobo and Itacaitinas granites and (2) a
major Paleoproterozoic event at ca. 1.88 Ga (Alvo 118 deposit), related
to the Central de Carajds, Young Salobo, Cigano, Pojuca, and Breves
granites. However, recent studies suggest that the Southern Copper Belt
endured episodic and multiple hydrothermal events over an extended
period, from the Neoarchean to the Paleoproterozoic (Moreto et al.,
2015). Moreto et al. (2015) showed that several deposits of the southern
belt (e.g., Bacaba, Bacuri, and possibly the Castanha, Jatoba, Cristalino,
and Visconde; Pestilho et al., 2020; Veloso et al., 2020) record a Neo-
archean hydrothermal evolution and share a common metallogenic
history with the ca. 2.72-2.68 Ga Sequeirinho-Baiano-Pista ore bodies of
the Sossego deposit. Robust geochronological data in the Northern
Copper Belt (e.g., Salobo and Igarapé Bahia-Alemao deposits) also
indicate an important metallogenetic event at 2.57 Ga (Réquia et al.,
2003; Tallarico et al., 2005), which correlates to reported late Archean
magmatism in Carajas (Old Salobo and Itacaitinas granites) or with the
Cinzento shear zone reactivation (de Melo et al., 2018).

3. Hydrothermal Ni mineralization and the Jaguar Ni deposit

The Jaguar deposit (Ferreira Filho et al., 2021) is located in the
southwestern portion of the Carajas Domain, close to the contact with
the Rio Maria Domain (Fig. 1b). It occurs along the intersection of the
WNW-ESE-trending Canaa fault system and the NE-SW McCandless
fault. In this area, the Xingu Complex consists of banded felsic gneisses
and migmatites intruded by large granitic intrusions and
mafic-ultramafic layered intrusions, such as the Serra do Puma and
Serra da Onga Complexes (Macambira and Ferreira Filho, 2002; Ferreira
Filho et al., 2007; Rosa, 2014). Moreover, the banded iron formations
(BIF) of the Serra Arqueada, associated with a bimodal volcanic-
sedimentary sequence, define an up to 300 m high arc-shaped ridge
near the deposit (Fig. 1). Granitic intrusions, mafic—ultramafic layered
intrusions, volcanic-sedimentary rocks and gneiss-migmatite from the
Xingu Complex are variably affected by potassic hydrothermal alter-
ation near the Jaguar deposit. For a detailed description of the local
geology of the Jaguar deposit and surrounding rocks the readers are
directed to Ferreira Filho et al. (2021), whereas a few characteristics are
summarized here for the purpose of our study.

The Jaguar deposit consists of a 3 km long corridor of WNW
discontinuous lens-shaped sub-vertical orebodies enveloped by hydro-
thermally altered rocks (Fig. 2a). Mineralized zones are associated with
felsic subvolcanic rocks in the southern portion (Fig. 2b), whereas
granitic-gneissic rocks are hosts in the northern portions (Fig. 2c).
Outcrops are rare in the Jaguar deposit, thus a significant portion of the
geological background is supported by drill core information. The lens-
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shaped orebodies, up to 2 km long with variable width (up to 80 m), are
concordant with the WNW regional structures, and commonly display a
gradational contact with host rocks, characterized by the increasing
abundance of hydrothermal minerals. It is noteworthy that fragments of
granitic intrusions and felsic subvolcanic rocks are frequent in the hy-
drothermally altered rocks surrounding the deposit. Fragments of
mafic—ultramafic rocks consist of altered diabase and ultramafic rocks,
with the later predominating in the northern portion of the deposit, near
the contact with the Serra do Puma layered intrusion.

3.1. Host rocks

The felsic subvolcanic rocks found in the southern portion of the
deposit are massive, dark grey and porphyritic with abundant plagio-
clase and blue quartz phenocrysts within a fine-grained matrix of quartz,
plagioclase, biotite and amphibole (Fig. 3a). Granitic rocks found in the
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northern portions are light grey, medium to coarse-grained massive
rocks with tonalitic compositions. They consist of quartz, plagioclase,
biotite and minor potassic feldspar and magnetite. In both host rocks,
the presence of biotite and chlorite become abundant close to the
mineralized zones, displaying millimeter-sized alteration patches
(Fig. 3b) up to strongly foliated zones, a few meters wide. These
occurrence of magnetite in the host rocks is constrained to these discrete
alteration patches, and always associated with biotite and chlorite
(Fig. 3c), not occurring in the matrix together with igneous minerals.
The BIF from the Serra Arqueada consists of a fine alternation of
magnetite- and quartz-rich layers (Fig. 3c), with subordinate biotite and
muscovite. Host rocks also include two distinct sets of mafic dikes
comprising an older and a younger generation. Both generations are
dark grey and moderately magnetic, displaying millimeter-sized skeletal
magnetite phenocrysts, with no ilmenite exsolution lamellae (Fig. 3d),
within a fine-grained intergranular matrix.

479000 Fig. 2. Local geology of the Jaguar deposit. a)
Simplified geological map of the Jaguar deposit. b)
Representative geological section of the southern
portion of the Jaguar deposit. ¢) Representative
geological section of the northern portion of the
Jaguar deposit. Note the location of bore holes
described by Ferreira Filho et al. (2021) from which
samples were selected for this contribution. Given the
poor outcropping in the region, granitic rocks inter-
cepted by drill cores in section B are not indicated in
the geological map. Geological map and sections are
partially modified from unpublished reports of VALE
S.A. and Ferreira Filho et al. (2021).
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Fig. 3. Representative photos and photomicrographs of the main lithologies occurring at the Jaguar Deposit. A) Subvolcanic felsic rock with blue quartz crystals. B)
Subvolcanic felsic rock displaying millimetre-sized Bt-Chl alteration patches containing disseminated magnetite. The alteration patch is highlighted by the black
circle. C) Photomicrograph of Bt-Chl alteration patch with disseminated magnetite grains within a quartz- and plagioclase-dominated matrix of medium-grained
tonalite. D) Finely layered banded iron formation (BIF) from Serra Arqueada Deposit. E) Photomicrograph of late mafic dyke that crosscuts the Jaguar deposit.
Note the occurrence of euhedral magnetite crystals with slightly skeletal shape indicative of rapid cooling. F) Core sample of felsic subvolcanic rock extensively
altered to biotite and chlorite, with fine sulfide veinlets. Note that biotite-chlorite alteration is superimposed by talc-chlorite alteration. G) Core sample of brecciated
mineralization comprising sulfides, magnetite and apatite. Note that massive sulfide assemblage is late relative to biotite-chlorite alteration, which is locally observed
as minor xenoliths. H) Photomicrograph of sulfide-magnetite-apatite veinlet crosscutting biotite-chlorite-rich rock. Act, actinolite; Ap, apatite; Bt, biotite; Chl,
chlorite; Mt, magnetite; Plg, plagioclase; Qtz, quartz; Sulf, sulfides; Tlc, talc. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

3.2. Hydrothermal alteration zones

Ferreira Filho et al. (2021) defined three main types of alteration
zones in the Jaguar deposit: (a) biotite-chlorite (Bt-Chl) zone, (b)
amphibole (actinolite)-biotite (Amph-Bt) zone and (c) magnetite-apatite
(Mt-Ap) zone. The Ni mineralization is mainly associated with the latter
Mt-Ap zones. These alteration zones display a complex crosscutting
relationship and vary in proportion and size at different portions of the
deposit. For instance, alteration zones may develop from millimetre-
sized discrete veinlets within the host rocks to corridors a few
hundred-meters wide. The Bt-Chl zones define an early alteration
varying from minor to moderate replacement (~30 vol%) of the host
rocks up to completely altered bodies. The alteration consists of a fine-
grained intergrowth of biotite and chlorite, typically defining mylo-
nitic foliated bands alternating with fine-grained quartz- and
plagioclase-rich bands (Fig. 3e). Chlorite occurs both in equilibrium
with biotite and replacing it together with talc and quartz (Fig. 3e). The
Amph-Bt alteration is scarcer and defines discontinuous lenses within
both Bt-Chl and Mt-Ap alteration zones. The Mt-Ap alteration zones
consist of medium-grained subhedral apatite and magnetite with asso-
ciated fine-grained granular quartz. No exsolutions are observed in
magnetite, which normally occurs as texturally homogeneous crystals.
They are associated with the highest Ni sulfide ore grades in the Jaguar
deposit. This alteration displays clear crosscutting relationships,
whereby brecciated rocks overprint earlier biotite-chlorite and
amphibole-biotite assemblages. In some places, fragments of the Bt-Chl
alteration are found within the Mt-Ap breccias (Fig. 3f and 3 g), whereas
in other cases the crosscutting relation is observed at a very small scale
(Fig. 3h).

3.3. Ni mineralization

Two main types of Ni sulfide mineralization, referred to as Type I and
Type II, were described by Ferreira Filho et al. (2021) in the Jaguar
deposit. Type I mineralization is the most abundant and yields the lower
Ni grades found in the deposit. This mineralization style is mainly hosted
within the Bt-Chl alteration zones and consists of sulfide-bearing vein-
lets developed parallel to the main foliation, with no consistent associ-
ation with magnetite or apatite (Fig. 3e). However, local discordant
fractures and veins with disseminated sulfides are also observed. Type II
mineralization is less abundant but yields the highest grades and is
associated with the Mt-Ap alteration. It occurs as brecciated bodies with
irregular fragments of extensively altered host rocks within a sulfide-,
magnetite-, and apatite-rich matrix (Fig. 3f and 3 g). Mineralized brec-
cias occur in up to 80 m thick zones, frequently parallel to or crosscut-
ting Bt-Chl alteration zones at a low angle (Fig. 2b and 2c¢). In a recent
contribution, Ferreira Filho et al. (2021) argued that the Bt-Chl alter-
ation zones represent extensive early alteration zones that are further
overprinted by the Mt-Ap alteration, likely supporting different pulses of
hydrothermal fluid flow.

The sulfide assemblages in both ore types (i.e., Type I and Type II)
consist mainly of pyrite and millerite, closely associated with magnetite,
apatite and quartz (Fig. 4a and 4b). Although there is variation in the
relative abundance of BMS in the deposit, pyrite and millerite are the
most common sulfide minerals. Magnetite is normally euhedral and is

surrounded by sulfides. Locally, sulfide veinlets crosscut magnetite,
which support that sulfide formation is slightly later than magnetite
(Fig. 4). Nevertheless, both phases display a systematic spatial associa-
tion, and sulfide-rich zones without magnetite are rare (mostly in Type I
mineralization). Pyrite occurs mostly as euhedral to subhedral crystals
(pyrite-I) but may form irregular anhedral aggregates (pyrite-II) within
other sulfides (Fig. 4c). In the former, magnetite inclusions are
frequently observed within pyrite, whereas the latter supports the
recrystallization of previously formed sulfides. Millerite mainly occurs
as fine-grained intergranular network enclosing euhedral pyrite grains
or aggregates and is locally altered to polydymite or violarite (Fig. 4d).
Variable, but usually minor relative to other sulfide minerals, pent-
landite, chalcopyrite and pyrrhotite are also observed (Fig. 4e and 4f).
Although restricted to a few localities, the assemblage of pyrite, pyr-
rhotite, pentlandite and chalcopyrite with magnetite and apatite is also
observed (Fig. 4g). Moreover, very fine-grained pentlandite flame ex-
solutions in pyrrhotite may also be found in these cases (Fig. 4h).
Restricted to few parts of the deposit, sphalerite occurs within the
sulfide-rich matrix and displays fine-grained aligned inclusions of
chalcopyrite.

4. Methodology
4.1. Sample selection

Thirty-six well-characterized samples were chosen from the detailed
study of Ferreira Filho et al. (2021) to reflect the representative varia-
tions found in host rocks (felsic subvolcanic and granitic rocks, n = 6)
and different alteration styles (Bt-Chl, n = 10 and Mt-Ap, n = 12) of
mineralized horizons. Additional samples of banded iron formation
(BIF) from the Serra Arqueada (n = 2) and the younger generation of
mafic dykes (n = 2) were selected to provide a comparison of the results
with surrounding oxide-bearing lithologies that are presumably unre-
lated to the Ni mineralization (Oliveira, 2017; Ferreira Filho et al.,
2021).

4.2. Laser ablation-inductively coupled plasma mass spectrometry

The concentration and distribution of the minor and trace elements
were determined by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at LabMaTer, Université du Québec a Chic-
outimi (UQAC), using an Excimer 193 nm RESOlution M—50 laser
ablation system (Australian Scientific Instrument) equipped with a
double volume cell S-155 (Laurin Technic), and coupled with an Agilent
7900 ICP-MS. The LA-ICP-MS parameters were a laser frequency of 10
Hz, a power of 3-5 mJ/pulse, a dwell time of 7.5 ms, a rastering speed of
5-10 pm/s, and a fluence of 3-5 J/cm?. Line scans across the surface of
grains were made with beam sizes of 55 and 44 pm, depending on grain
size. The gas blank was measured for 30 s before switching on the laser
for at least 60 s. The ablated material was carried into the ICP-MS by an
Ar-He gas mix at a rate of 0.8-1 L/min for Ar and 350 mL/min for He,
and 2 mL/ min of nitrogen was also added to the mixture. Data reduction
was carried out using the Iolite package for Igor Pro software (Paton
et al., 2011).

57Fe was used for internal standardization of sulfide minerals (pyrite,
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Fig. 4. Representative reflected light photomicrographs of the ores from the Jaguar Deposit. A) Euhedral pyrite grains within millerite matrix. Note the association
with quatz, apatite and magnetite. B) Euhedral pyrite and magnetite grains included within chalcopyrite-dominated matrix. Round-shaped apatite grain is also
observed included in chalcopyrite. C) Pyrite and millerite with fine-grained pervasive polydymite/violarite (P/V) alteration. D) Polydymite/violarite (P/V) alteration
and millerite grains associated with apatite. E) Large euhedral pyrite grains with small chalcopyrite association, together with magnetite and apatite grains included
in anhedral pyrrhotite matrix. F) Pentlandite- and pyrrhotite-dominated sulfide assemblage with minor pyrite inclusions, together with anhedral magnetite grain. G)
Euhedral pyrite and magnetite grains associated with pyrrhotite and chalcopyrite. H) Large euhredral pyrite grain associated with pyrrhotite crystal displaying fine-
grained pentlandite exsolution lamellae. Note the magnetite grain included within pyrrhotite. Ap, apatite; Ccp, chalcopyrite; Mag, magnetite; Mil, millerite, Qtz,
quartz; Pn, pentlandite; Po, pyrrhotite; Py, pyrite.
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millerite, chalcopyrite, pentlandite, pyrrhotite and sphalerite) using
values reported by Oliveira (2017). Calibration followed that described
in Mansur et al. (2021a). Three certified reference materials were used
for external calibration of sulfide minerals: Laflamme Po727, which is a
synthetic FeS doped with ~ 40 ppm PGE and Au supplied by Memorial
University of Newfoundland, was used to calibrate for PGE, Au and S;
MASS-1, which is a ZnCuFeS pressed powder pellet doped with 50-70
ppm of most chalcophile elements, supplied by the United States
Geological Survey (USGS), was used to calibrate for Co, Cu, Zn, Ga, Ge,
As, Se, Mo, Ag, Cd, Sn, Sb, Te, T, Pb and Bi; GSE-1 g, which is a natural
basaltic glass fused and doped with most elements at 300-500 ppm,
supplied by the USGS, was used to calibrate for Ti, Ni, In, and Re using
preferred values from the GeoReM database (Jochum et al., 2005).
MASS-1, GSE1g, JB-MSS-5 (an FeS sulfide containing 50-70 ppm of most
chalcophile elements, supplied by James Brenan) and UQAC-FeS1 (a
synthetic sulfide developed at LabMaTer) were used to monitor the re-
sults. The results obtained were generally in good agreement with the
working values (ESM - Table Al). Polyatomic interference of 63Ccu*0Ar
on 1%Rh was corrected using '®>Rh measured in MASS-1, which con-
tains 13.4 % Cu but no Rh. One percent Cu produced ~ 0.1 ppm inter-
ference. Thus, the 1°°Rh values in chalcopyrite are not reported as the
interference is too large to be corrected. Direct interferences of °®Cd on
108pd and 1°Sn on '°In were corrected by monitoring !'Cd and ''Sn,
respectively. Interference of 58Zn**Ar on 18Pd is negligible as Zn is
present mostly at < 1000 ppm. Polyatomic interference of ®'Ni*’Ar on
101Ru was corrected using '°'Ru measured in a NiS blank, which does
not contain Ru. One percent Ni produced ~ 0.007 ppm interference and
was not significant a significant part of the Ru signal.

For magnetite analyses the internal standardization was also based
on %"Fe using values previously obtained by electron microprobe (Oli-
veira 2017) in the same samples. Calibration followed that described in
Dare et al. (2014). Silicate, apatite and sulfide inclusions encountered
during laser ablation were excluded from the signal during data reduc-
tion. GSE-1 g was used to calibrate for all elements using preferred
values from the GeoReM database (Jochum et al., 2005). In addition,
GSD-1 g and G-probe 6, which are respectively a synthetic glass and a
natural basalt glass (both supplied by the USGS), and BC28, which is a
natural magnetite from the Main Magnetite layer of the Bushveld
Complex (supplied by LabMaTer), were used as quality control reference
materials to monitor the calibration of GSE-1 g. Following Dare et al.
(2012), polyatomic interferences of 7 from 50Ti40Ar, 50V40Ar, and
50cr*0Ar; 227r from %2Cr*°Ar; and ?°Nb from >3Cr*Ar are considered
negligible in magnetite, and corrections are not required. The results
obtained were generally in good agreement with the working values
(ESM - Table Al).

Maps of element distribution were made on different sulfide as-
semblages using a laser frequency of 15 Hz and a power of 5 mJ/pulse.
The beam size (33-44 pm) and the stage movement speed (10-15 pm/s)
were adapted to optimize spatial resolution and analysis time for grains
of different sizes. The maps were generated using the Iolite software
package based on the time-resolved composition of each element. The
maps indicate the relative concentration of the elements and are semi-
quantitative.

5. Results
5.1. Distribution of chalcophile elements among the base metal sulfides

Compositional LA-ICP-MS maps for different mineral assemblages
from Type II ore (sulfide-magnetite-apatite assemblage) of the Jaguar
deposit are shown in Figs. 5 and 6. Fig. 5 shows the distribution of trace
elements in Type II ore containing a euhedral pyrite grain (pyrite-I)
within a pentlandite-millerite, magnetite, and apatite matrix. The
compositional maps reveal the preference of Ti, V and Ga into magne-
tite. Fig. 6 represents a pyrrhotite, pentlandite and chalcopyrite
assemblage in the less common Type I ore (sulfide only assemblage).

Ore Geology Reviews 152 (2023) 105256

There is much variation in the relative abundance of BMS at different
portions of the deposit (Ferreira Filho et al., 2021), and although the
concentration of trace elements is also variable, their distribution among
the different BMS is similar among the different alteration facies. The
range of concentrations of trace elements in chalcopyrite, millerite,
pentlandite, pyrite-I, pyrite-II, pyrrhotite and sphalerite from the Jaguar
deposit are shown in Fig. 7, and the complete data set (individual ana-
lyses) is provided in the Electronic Supplementary Materials (ESM —
Table A2 to A7). The minerals were not separated according to their
different alteration facies here as there is much overlap and no sys-
tematic difference was observed. Therefore, analyses of BMS hosted
within both Bt-Chl and Mt-Ap alterations were grouped for simplicity.
Despite the wide variation in the composition of each BMS, Fig. 7 il-
lustrates the preference of each element for different BMS and their
concentration ranges.

The LA-ICP-MS compositional maps show that most chalcophile el-
ements display a homogeneous distribution in BMS, except for Co, As,
and to a lesser extent Se, which display a strong oscillatory zoning in
pyrite (Fig. 5). Cobalt and As are more concentrated in euhedral pyrite
(pyrite-I), with concentrations ranging from 1000 to 10000 ppm
(Fig. 7a) and 100 to 1000 ppm, respectively. Relatively higher concen-
trations of Co are also observed in millerite, pentlandite and sphalerite,
ranging mainly from 100 to 1000 ppm, whereas<10 ppm in chalcopyrite
and pyrrhotite. Although Se concentrations range mainly from 10 to
100 ppm in all BMS, the highest concentrations are found in millerite.
Relative to pyrite-I, pyrite-II yields lower concentrations of As (1 to 10
ppm versus 100 to 1000 ppm), but higher Ag (1 to 10 ppm versus < 1
ppm), Au (0.1 to 1 ppm versus < 0.01 ppm), Bi (10 to 1000 ppm versus
0.1 to 10 ppm), Sb (0.1 to 10 ppm versus < 0.1 ppm), Pb (10 to 100 ppm
versus 0.1 to 10 ppm), Te (1 to 10 ppm versus < 3 ppm) and T1 (0.1 to 1
ppm versus < 0.01 ppm) concentrations (Fig. 7). Apart from pyrite-II,
Au, Bi, Sb and Pb are equally distributed among the remaining BMS,
ranging from 1 to 20 ppm for Bi and Pb, and mostly below 0.1 ppm for
Au and Sb.

Millerite and pentlandite have the highest Ni contents, as expected,
but also yield high concentrations of Te at around 10 ppm. Apart from
chalcopyrite, Cu values range mainly from 10 to 1000 ppm in all the
other BMS, with a significant overlap among them. Moreover, chalco-
pyrite also hosts the highest concentrations of Sn, ranging from 0.1 to 1
ppm, and together with sphalerite, high In contents in the 0.1 to 10 ppm
range. In addition to Zn, sphalerite hosts the highest Cd concentrations,
dominantly higher than 1000 ppm, followed by chalcopyrite in the 0.1
to 10 ppm range, whereas all the remaining BMS have contents below 1
ppm. Palladium concentrations are mostly below detection limit in all
BMS (i.e. below 0.1 ppm), apart from pentlandite, in which concentra-
tions range from 0.1 to 1 ppm. Molybdenum and Re concentrations are
similar among all BMS, and mainly lower than 1 ppm. Although LA-ICP-
MS compositional maps reveal homogeneous distribution of Ti, Ga, V
and Ge at low levels in pentlandite and chalcopyrite (i.e. below 1 ppm),
their concentrations in most individual analyses are below detection
limits.

5.2. Trace elements in magnetite

The compositional ranges for magnetite from different rock types are
illustrated in box and whisker diagrams in Fig. 8. The samples were
divided into the BIF from Serra Arqueada, the younger dolerite gener-
ation (i.e. mafic dyke), felsic subvolcanic and granitic host rocks, and Bt-
Chl and Mt-Ap alteration facies of the mineralized horizon. Most trace
elements show several orders of magnitude variations in magnetite, but
the compositional ranges differ among the different rock types. The
complete data set (individual analyses) is provided in the Electronic
Supplementary Materials (ESM — Table A8).

Magnetite from mafic dykes is readily distinguished from magnetite
from the other rock types (Fig. 8a to 8 h) by their higher concentrations
of Ti (~10 wt%), V (2000 to 4000 ppm), Mn (~7000 ppm), Zr (200 to
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497 PPM_ 1000

Fig. 5. LA-ICP-MS elemental maps showing the distribution of chalcophile elements in coarse-grained pyrite grain within fine-grained pentlandite and pyrrhotite
matrix. Note rounded magnetite and apatite grains are included within sulfide minerals. White lines show the grain outlines. The relative concentrations of the
elements are semi-quantitative. Ap, apatite; Mil, milerite; Mt, magnetite; Pn, pentlandite; Py, pyrite.
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Fig. 6. LA-ICP-MS elemental maps showing the distribution of chalcophile elements in pyrrhotite, pentlandite and chalcopyrite. Note rounded apatite inclusion
within pentlandite. White lines show the grain outlines. The relative concentrations of the elements are semi-quantitative. Ap, apatite; Ccp, chalcopyrite; Mt,

magnetite; Pn, pentlandite; Po, pyrrhotite; Py, pyrite; Sil, silicate.

400 ppm), Al (~1 wt%), Zn (~1200 ppm), Ga (~40 ppm) and Hf (1 to
10 ppm), typical of igneous mafic rocks. The host rocks of Jaguar deposit
(felsic subvolcanic rock and granites) also have higher concentrations of
Ti (1000 to 50000 ppm versus 100 to 1000 ppm), Mn (300 to 5000 ppm
versus 100 to 300 ppm), Zr (1 to 200 ppm versus 0.1 to 10 ppm), Al (700
to 7000 ppm versus 700 to 4000 ppm) and Hf (0.01 to 8 ppm versus 0.01
to 0.2 ppm) in magnetite relative to magnetite from the hydrothermal
alteration facies (Bt-Chl and Mt-Ap zones). On the other hand, magnetite
from host rocks and hydrothermal alteration facies has comparable V
(200 to 1000 ppm), Zn (50 to 500 ppm) and Ga (5 to 50 ppm)
concentrations.

Niobium (5 to 100 ppm) and Ta (0.5 to 10 ppm) concentrations are
similar in magnetite from mafic dykes and host rocks, and higher than
those found in the other rock types (Fig. 8i and 8j). Chromium con-
centrations (Fig. 8k) of magnetite from mafic dykes and the felsic host

11

rocks are similar (50 to 500 ppm) and overlap with those from Bt-Chl
alteration, which are higher than those from Mt-Ap alteration (1 to
10 ppm). Magnesium (Fig. 81) and La (Fig. 8m) have a similar distri-
bution and concentrations overlap among magnetite from different rock
types (700 to 6000 ppm and 0.05 to 30 ppm, respectively). Although Ca
concentrations (Fig. 8n) in magnetite of host rocks and hydrothermal
facies (200 to 2000 ppm) are also similar, they are slightly higher than
those from mafic dykes (100 to 500 ppm). Nickel (Fig. 80) and Co
(Fig. 8p) are evenly distributed, showing slightly higher concentrations
in magnetite from both Bt-Chl and Mt-Ap alteration zones relative to
those from felsic host rocks and mafic dykes (800 to 3000 ppm versus
500 to 700 ppm for Ni and 10 to 80 ppm versus 7 to 20 ppm for Co,
respectively). Finally, the concentration of most trace elements in
magnetite is remarkably lower in the Serra Arqueada BIF than in all the
other rock types (Fig. 8). The exception is Ge (Fig. 8q), for which
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Fig. 7. Box and whisker diagrams of Ni (A), Co (B), As (C), Ag (D), Au (E), Bi (F), Sb (G), Pb (H), Te (I), Se (J), T (K), Pd (L), Cu (M), Zn (N), Cd (O), In (P), Sn (Q), Mo
(R) and Re (S) concentrations in chalcopyrite (Ccp), millerite (Mil), pentlandite (Pn), pyrite-I (Py-I), pyrite-II (Py-II), pyrrhotite (Po) and sphalerite (Sph) from the

Jaguar Deposit.

concentrations are higher in magnetite from BIF relative to others (7 to
30 ppm versus 0.5 to 2 ppm). Only Sn (Fig. 8r) and Pb (Fig. 8s) display
comparable contents in magnetite from all rock types (0.1 to 20 ppm).

It has been shown that hydrothermal magnetite from distinct local-
ities may display strong oscillatory zoning in major and trace elements
(Dare et al., 2014, 2015; Nadoll et al., 2014; Huang and Beaudoin, 2019,
2021). Therefore, trace element compositional maps were performed in
magnetite from the Jaguar deposit to assess the distribution of different
elements. Fig. 9 shows the distribution of trace elements in magnetite
grains from the Mt-Ap alteration facies of the Jaguar deposit. Although
the distribution of most trace elements in magnetite is relatively ho-
mogeneous at the grain scale (Fig. 9), Ti, Mn and to a lesser extent V
display a slightly core to rim zonation, with their concentrations
becoming progressively lower towards the grain borders. Thus, no
strong oscillatory zoning is observed in studied magnetite from our

12

samples.

In order to compare large variations of the full suite of trace elements
in magnetite from different rock types, we used the multi-element
variation diagram proposed by Dare et al. (2014). The reasoning for
the diagram is detailed by the authors and only a summary is provided
here. The elements are normalized to Bulk Continental Crust (CC)
composition (Rudnick et al., 2003) and plotted in order of progressively
increasing compatibility with magnetite in silicate systems. Therefore,
the most compatible elements in magnetite are plotted on the right-side
of the diagram, whereas the least compatible elements are placed on the
left side. These plots readily allow the assessment of major variations in
magnetite composition and provide a simultaneous display of a wide
range of trace elements. Fig. 10 shows the median concentration of
magnetite for each sample and each rock type (black lines) plotted in
multi-element diagrams. The rock classification follows that presented
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Fig. 9. LA-ICP-MS elemental maps showing the distribution of trace elements in magnetite grains associated with apatite and pentlandite. Note that magnetite,
apatite and pentlandite are in textural equilibrium. White lines show the grain outlines. The relative concentrations of the elements are semi-quantitative. Ap, apatite;

Mt, magnetite; Pn, pentlandite.

in the box and whisker diagrams (Fig. 8).

Magnetite from the younger generation of mafic dykes yield a
pattern with positive slope varying from 0.01 to 1 times CC for least
compatible elements such as Si and Pb, until 1 to 20 times CC for more
compatible elements such as Ti and V (Fig. 10a), with negative Mg and
Co anomalies, at around 0.1 to 1 times CC. The pattern displayed by
magnetite from the younger mafic dyke generation is very similar to
those for magnetite from evolved mafic rocks reported by Dare et al.
(2014), with similar Ni-Cr normalised values. Magnetite from the felsic
host rocks (subvolcanic rock and granites) also display a positive slope
from least to more compatible elements (Fig. 10b). However, magnetite
from the granites has slightly lower concentrations of most elements
compared to those from the felsic subvolcanic rock. The magnetite
pattern of the felsic host rocks most resembles that of mafic dykes, but
with some differences such as much higher Ni than Cr (i.e., lower Ni/Cr
ratios) in the former relative to the latter. In addition, magnetite from
the felsic host rocks has higher Nb, Ta and W. It is noteworthy that, as
previously described, magnetite from the felsic host rocks does not occur
in clear association with the igneous minerals but is rather associated
with biotite and chlorite in discrete alteration pockets. Typical igneous
magnetite from felsic rocks is also shown in Fig. 10b, and it is clearly
different from magnetite in the host felsic rocks at Jaguar, which is
constrained to discrete Bt-Chl alteration patches (Fig. 3b and 3c).
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The multi-element patterns for magnetite from Bt-Chl (Fig. 10c) and
Mt-Ap (Fig. 10d) alteration facies of the mineralized zone are compa-
rable. In both cases the patterns display a slightly positive slope varying
from 0.01 to 1 times CC for the least compatible elements, such as Si and
Pb, up to 10 to 100 times CC for more the compatible elements, such as
Zn and V. The patterns also display slightly positive Pb, Ge, W and Zn
anomalies, and remarkably negative Cr anomalies relative to Ni. Similar
patterns, especially displaying a strong negative Cr anomaly relative to
Ni (i.e. high Ni/Cr ratios) are typically characteristic of magnetite from
different hydrothermal systems as argued by Dare et al. (2014).
Nevertheless, it is noteworthy that magnetite from both hydrothermal
alteration facies yield very high Ni values ranging from 10 to 300 times
CC (Fig. 10c and 10d). Magnetite from the Serra Arqueada BIF has low
concentrations of most trace elements and display relatively flat multi-
element patterns (Fig. 10e), typical of low temperature magnetite
from BIF environments. Most elements vary from 0.1 to 1 times CC, with
positive Pb, Ge, Sn, Mn and Zn anomalies ranging from 1 to 10 times CC.
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different elements.
6. Discussion

6.1. Composition of BMS and magnetite from the Jaguar deposit -
implications for the deposit formation and the source of nickel

Most Ni resources are associated with magmatic sulfide or lateritic
deposits (Mudd and Jowitt, 2014). On the contrary, the significant Ni
resources of the Jaguar Deposit (58.9 Mt @ 0.95 % Ni) are interpreted,
based on the general geology and geochemistry, to have formed through
hydrothermal processes (Oliveira, 2017; Ferreira Filho et al., 2021). In
addition, the Jaguar deposit also does not show typical features found in
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hydrothermal Ni deposits worldwide, thus raising the possibility that it
could be part of an IOA-IOCG hydrothermal system. For instance,
Gonzéalez-Alvarez et al. (2013a) presented a review of hydrothermal Ni
deposits and indicated that they are frequently either hosted by
mafic-ultramafic rocks, or associated with black shales (Keays et al.,
2009, Gonzalez-Alvarez et al. 2013b; Capistrant et al., 2015; Holwell
etal., 2017). The Jaguar deposit does not fall within this classification as
it is neither hosted by mafic-ultramafic rocks nor associated with black
shales (Ferreira Filho et al., 2021). Although hosted within felsic rocks,
the Jaguar deposit has a close spatial relationship with surrounding
mafic-ultramafic layered intrusions in the Carajas Province (Fig. 1b),
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which may have provided a source rock for Ni-rich fluids.

Alternatively, the Jaguar deposit may represent an originally
magmatic Ni-Cu sulfide deposit that was overprinted by the regional-
scale hydrothermal IOCG system of the Carajas Province. This could
indeed be supported by the sulfide mineralogy, which closely resembles
typical magmatic sulfide assemblage of pyrrhotite, pentlandite and
chalcopyrite, at a very local scale, but variably altered by fluids into
pyrite and millerite (e.g. Dare et al., 2011; Djon and Barnes, 2012; Pina
et al., 2013, 2016; Duran et al., 2015). The presence of magnetite (i.e.
normally<15 % modal) together with massive sulfide deposits is also a
common feature (Dare et al., 2012; Boutroy et al., 2014; Duran et al.,
2020). However, the abundance of magnetite and apatite (frequently
more than 50 % modal in massive ores), and their ubiquitous association
with Ni-mineralization at Jaguar, is highly unusual for magmatic Ni
sulfide deposits (Barnes and Lightfoot, 2005). Moreover, variable sulfide
mineralogy without clear signs of hydrothermal alteration, including
nickel sulfides (millerite and/or pentlandite) and domains with abun-
dant sphalerite-pyrite, pyrrhotite-pyrite, and pyrite-chalcopyrite (Fer-
reira Filho et al., 2021), is uncommon in magmatic sulfides. Our results
for the mineral chemistry of BMS and oxides provide new constraints to
help refine the genetic model for the Jaguar deposit.

6.1.1. Constraints from pyrite and chalcopyrite

Discriminant compositional diagrams have been proposed to classify
BMS according to their genesis, namely magmatic versus hydrothermal
origin (Duran et al., 2015, 2019; Mansur et al., 2021a). For instance,
Duran et al. (2015) presented a binary plot of Co/Sb versus Se/As in
pyrite which allowed discrimination between magmatic (i.e. higher ra-
tios) and hydrothermal (i.e. lower ratios) origin. Furthermore, Duran
et al. (2019) introduced a ternary diagram using Cd, Se and Ni con-
centrations in chalcopyrite also to assess magmatic or hydrothermal
origin. In this diagram, chalcopyrite from magmatic origin displays
higher Ni contents, whereas those from hydrothermal origin yield higher
Cd concentrations. We have included the results obtained for pyrite and
chalcopyrite from the Jaguar deposit in these discriminant diagrams,
and both plot within compositional fields attributed to magmatic de-
posits (Fig. 11a and 11b). Although this may suggest a straightforward
answer indicating a magmatic origin, recent results for hydrothermal
pyrite and chalcopyrite from IOCG deposits from the Candelaria-Punta
del Cobre district (del Real et al., 2020) also plot within magmatic
fields in these diagrams. An interesting feature is that in the pyrite
discriminant diagram (Fig. 11a), the Jaguar deposit and Candelaria-
Punta del Cobre district results do not in fact overlap with pyrite com-
positions from most magmatic Ni-Cu-PGE deposits. On the contrary,
results for pyrite from the Jaguar and Candelaria-Punta del Cobre dis-
trict deposits define their own compositional field (IOA and IOCG), with
high Co/Sb and low Se/As ratios relative to magmatic Ni-Cu-PGE de-
posits. This may be explained by the fact that the data used by Duran
et al. (2015) for defining the compositional field for hydrothermal de-
posits did not include results for IOCG deposits, as they were not
available at the time of their work.

Another notable feature observed in the results for pyrite from the
Jaguar deposit is the typical oscillatory zonation patterns for Co, As and
Se (Fig. 5). Such zonation is like those reported for pyrite from magmatic
Ni-Cu-PGE deposits, where it is interpreted to form as a response to
varying pyrite growth rates upon alteration of primary pyrrhotite and
pentlandite (Dare et al., 2011; Djon and Barnes, 2012; Pina et al., 2013,
2016; Duran et al., 2015; Holwell et al., 2017) or exsolution of pyrite
from Fe-rich sulfide (Dare et al. 2011). However, very similar oscillatory
zoning patterns are also found in pyrite from the Candelaria-Punta del
Cobre district deposits, and other IOA-IOCG systems (Reich et al., 2016;
del Real et al., 2020; Steadman et al., 2021). Consequently, the oscil-
latory zonation patterns cannot be used as evidence for directly con-
straining a magmatic or hydrothermal origin. Nevertheless, one
similarity between pyrite composition from the Jaguar and Candearia-
Punta del Cobre district deposits is the very low (i.e. usually below
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detection limits) Rh, Ru, Ir, Os (Ir-group platinum-group elements —
IPGE) contents. In contrast, pyrite formed from the alteration of
magmatic sulfides typically inherits the IPGE contents from the original
pyrrhotite and pentlandite upon recrystallization (Dare et al., 2011;
Djon and Barnes, 2012; Pina et al., 2013, 2016; Duran et al., 2015),
which is not found in the Jaguar deposit. Therefore, although most
compositional characteristics of BMS do not allow for the straightfor-
ward distinction between magmatic or hydrothermal origin in the
Jaguar deposit, very low IPGE contents support the latter. Our findings
also highlight the risks of exclusively using discriminant diagrams for
assessing the origin of BMS.

6.1.2. Constraints from magnetite

The development of discriminant diagrams using the concentration
of trace elements in minerals is further explored using magnetite
composition (Dupuis and Beaudoin, 2011; Dare et al., 2014, 2015;
Nadoll et al., 2014; Knipping et al., 2015; Deditius et al., 2018).
Therefore, our results for magnetite from the Jaguar deposit are plotted
on these diagrams to help better constrain the deposit formation and
assess the hypothesis of the alteration of an originally magmatic sulfide
deposit. For instance, our results were plotted in the diagrams proposed
by Dare et al. (2014), Dupuis and Beaudoin (2011) and Deditius et al.
(2018), and these are shown in Fig. 10f and 11c, 11d, 11e and 11f.

First of all, most magnetite from the Jaguar deposit and its host rocks
predominantly plots out of the compositional field for Ni-Cu massive
sulfide deposits (Fig. 11c) due to its higher Si + Mg contents. This field
has been shown to be robust for most massive sulfide ores from many
worldwide Ni-Cu deposits (Dare et al., 2012; Boutroy et al., 2014; Ward
et al., 2018; Duran et al., 2020; Smith et al., 2022) and helps to rule out
that magnetite from the Jaguar sulfide-magnetite-apatite ores are
magmatic sulfides in origin. The magnetite from the younger mafic dyke
generation and BIF plot within expected compositional fields (Fig. 11d)
in the Ca + Al + Mn vs Ti + V diagram proposed by Dupuis and Beaudoin
(2011) and display typical patterns in multi-element diagrams (Fig. 10a
and e) proposed by Dare et al. (2014). Therefore, their classification as
typical magnetite formed from a mafic magma and associated with BIF,
respectively, seems reasonable using these diagrams. However,
magnetite associated with the Jaguar deposit fall within a compositional
trend that varies from Fe-Ti-V deposits, for at least part of the magnetite
from host rocks (granite and felsic subvolcanic) and Bt-Chl alteration,
into predominantly hydrothermal for magnetite from the Mt-Ap alter-
ation (Fig. 11d). This is indicated by progressively lower Ca, Al, Mn, Ti
and V contents from the former towards the later. This compositional
shift from higher to progressively lower Ca, Al, Mn, Ti and V contents
has been described in several IOA and IOCG systems, especially in the
Andean system (Knipping et al., 2015; Simon et al., 2018; Deditius et al.,
2018; Rodriguez-Mustafa et al., 2020; Salazar et al., 2020; Palma et al.,
2021). These authors have interpreted this transition to result from
magnetite initially crystallized from a silicate magma, which then pro-
gressively grow from hydrothermal fluids upon rising in the crust.

The multi-element diagrams reveal that magnetite from the Jaguar
deposit display strong negative Cr anomalies relative to Ni (Fig. 10). This
trace-element signature is typical of magnetite formed in high-
temperature hydrothermal systems (Fig. 10f), reflecting the relative
immobility of Cr in hydrothermal fluids compared to that of Ni (Dare
et al. 2014). However, part of magnetite from host rocks and Bt-Chl
alteration display high Ti contents and Ni/Cr ratios higher than unity.
Progressively lower Ni/Cr ratios and Ti contents are found in magnetite
from Mt-Ap alteration (Fig. 11d). This highlights the problem of using
only a few elements for discrimination, as the magnetite from the host
felsic rocks that plot within igneous fields (Fig. 11d-f), due to higher Ti
and V contents, shows clear textural association to the hydrothermal Bt-
Chl alteration facies (Fig. 3b and 3c). However, using the full suite of
trace elements on the multi-element diagram shows that magnetite from
the Bt-Chl and Mt-Ap alteration assemblages (Fig. 10f) all have similar
patterns, which closely resemble that of magnetite from high-
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temperature hydrothermal fluids. Moreover, recent studies argue that
magnetite from IOA deposits may display higher Ti and V contents
(overlapping with igneous magnetite) but has a high temperature hy-
drothermal origin and show high Ni/Cr ratios (Zeng et al., 2022). In
these cases, Ti-rich magnetite have close textural association with hy-
drothermal minerals, as observed in the Jaguar deposit.

6.1.3. Origin of the Jaguar Ni deposit

The implications for the origin of the Jaguar deposit are further
explored, but regardless of the genetic model, assessing the formation of
the Jaguar deposit must consider the following features:

i. The deposit is associated with a regional-scale fault system, and
the mineralized zones show a strong structural control. Moreover,
mineralized zones are systematically accompanied by hydro-
thermal replacement of host rocks.

ii. The mineralized zones range from a few-centimeter veinlets to
several meter-wide corridors. In both cases, sulfide minerals are
systematically associated with either Bt-Chl (Type I) or Mt-Ap
assemblages (Type II).
Although BMS mineralogy and trace element compositions are
similar to those from magmatic sulfide deposits, they are also
very similar to those from IOA and IOCG deposits. Moreover, very
low IPGE contents in Py from Jaguar deposit differ from those
from strictly magmatic systems.

The composition of magnetite ranges from higher Ca, Al, Mn, Ti

and V contents in part of the host rocks and Bt-Chl alteration to

much lower in Mt-Ap alteration zones, closely associated to
higher-grade Ni mineralization.

iii.

iv.

Based on the observation listed above we exclude the hypothesis that
the Jaguar deposit represents an altered magmatic sulfide deposit.
Instead, the mineral chemistry supports a hydrothermal origin, related
to the regional-scale IOCG system, as previously suggested by Oliveira
(2017) and Ferreira Filho et al. (2021), based on the geology, petrog-
raphy and whole rock chemistry. However, constraining the source for
unusually high Ni content in hydrothermal fluids needs explanation.

6.1.4. Remobilisation of Ni by hydrothermal fluids

Considering that hydrothermal fluids have remobilized Ni to form
the Jaguar deposit, as proposed by Ferreira Filho et al. (2021), the
nearby Neoarchean mafic—ultramafic layered intrusions of the Carajas
Province (Ferreira Filho et al., 2007) represent potential Ni sources. In
this scenario, Ni would be leached from the intrusions located in the
southern portion of the province (e.g., Serra da Onga, Serra do Puma
Complexes; Fig. 1b), which is in agreement with the spatial distribution
of Ni-rich hydrothermal systems which is restricted to the southern
copper belt (e.g. Jaguar — Ferreira Filho et al., 2021; GT-34 - Siepierski,
2008; Garcia et al., 2020, Castanha — Pestilho et al., 2020; Jatoba —
Veloso et al., 2020). Nickel could have been leached from Ni-bearing
silicates (i.e. olivine and orthopyroxene) or from magmatic sulfides.
Indeed, the transformation of primary Ni-bearing minerals, especially
olivine and orthopyroxene, into secondary minerals is a recurrent
feature in layered intrusions from the Carajas Province. This trans-
formation varies from discrete zones that preserve magmatic textures to
more extensively altered domains where no primary features are pre-
served, and have been documented in detail in previous contributions
(Ferreira Filho et al., 2007; Rosa et al., 2014; Teixeira et al., 2015;
Mansur and Ferreira Filho, 2016; Siepierski and Ferreira Filho, 2020;
Mansur et al., 2021). However, the dissolution of magmatic sulfides and
remobilization of metals would be much more likely relative to the
direct leaching of Ni-bearing silicates (Keays, 1987), as also suggested
by other authors (LeVaillant et al., 2015, 2016; Holwell et al., 2017).
Although the behavior of the different metals varies, Lesher and Keays
(2002) suggested Pt, Pd and Ni to be more readily remobilized relative to
other PGE and chalcophile elements. Moreover, experimental studies
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support the transport of Pd in hydrothermal fluids (Sullivan et al., 2018;
Sullivan et al., 2022), which could explain the concentration of Pd (<2
ppm) in pentlandite from the Jaguar deposit (Figs. 6 and 7), and the
absence of the less mobile IPGE.

The remobilization of metals (e.g., Ni, Cu, Pd) and semi-metals (Se,
Te, Bi, As, Sb) during the hydrothermal alteration of magmatic sulfides
has also been proposed to take place in the Carajas Province. For
instance, Mansur et al. (2021b) investigated the distribution of a wide-
range of chalcophile elements in whole-rock and BMS from the PGE
deposit hosted within the Luanga Complex (Fig. 1). The authors argued
that Pd was leached from the deposit together with Se, Te and Bi during
the post-cumulus alteration of the Luanga layered intrusion. Therefore,
this supports the hypothesis that sulfide minerals from layered in-
trusions may be, at least partially, the source of some chalcophile metals
for hydrothermal systems in the Carajas Province. Moreover, the rela-
tively high contents of Te, As and Bi and their positive correlation with
Ni and S in the Jaguar deposit (Ferreira Filho et al., 2021), support this
hypothesis. Experimental studies (Liu et al., 2012; Tian et al., 2012;
Scholten et al., 2018) indicate that Cl-ligands would enhance the Ni
solubility because of higher HCl molarity. However, the fluids involved
in the Jaguar deposit genesis were remarkably F-enriched, which is
confirmed by previously published whole-rock analyses, and compatible
with the presence of F-apatite, F-rich biotite, F-rich amphibole and
fluorite within different ore types. (Oliveira, 2017; Ferreira Filho et al.,
2021). However, previous contributions in hydrothermal volcanogenic
massive sulfide deposits highlight that the presence of F-apatite in the
system is not unequivocal proof of low-Cl concentrations in the hydro-
thermal system (Genna et al., 2014; Kusebauch et al., 2015 and refer-
ences therein). Therefore, high F contents solely in apatite are not
straightforward for constraining the F content in the Jaguar deposit, but
higher F concentrations in other minerals and the presence of fluorite
also favour F-bearing fluids. Thus, although further studies may provide
better constraints for the composition of hydrothermal fluids in the
Jaguar deposit, a F-rich system is supported by current mineralogical
and mineral chemistry evidence (Oliveira, 2017; Ferreira Filho et al.,
2021), and F could also act as an important ligand for Ni during remo-
bilization by hydrothermal fluids.

The conceptual genetic model for the formation of the Jaguar deposit
presented by Ferreira Filho et al. (2021) proposes that the alteration
zones and the orebodies of the Jaguar deposit display an enrichment in
Ni, Bi, Te, Se, Cu, Zn, S, Fe, Mg, P, F, REE and U due to the interaction of
hydrothermal fluids with different rock types. In their model, Zn-
enriched zones resulted from interaction with volcanic-sedimentary
rocks, whereas REE-enrichments resulted from interaction with felsic
subvolcanic and granitic host rocks. The authors also indicate that the
abundance of REE is closely dependent on adjacent host rocks.
Following this model, the nearby mafic-ultramafic layered intrusions
Serra da Onga and Serra do Puma (Fig. 1b) would represent the best
candidates for leaching of metals for the formation of the Jaguar deposit,
especially Ni. Moreover, the layered intrusions may also be regarded as
Fe sources for the hydrothermal fluids. Alternatively, the BIF from the
Serra Arqueada nearby the Jaguar deposit could also represent a po-
tential Fe source for the mineralization, but extensive alteration is not
reported in the later, thus hampering this hypothesis at this stage of
knowledge. This process and the different sources for metals is under
investigation and will be better constrained by ongoing assessment of
different isotopic signatures in the Jaguar deposit.

6.2. The Jaguar deposit as part of a Ni-rich hydrothermal system

Although our findings support the interpretation of the Jaguar as a
hydrothermal deposit, its classification based on conventional genetic
models is not straightforward. Among most of the genetic models pro-
posed for different mineral deposits worldwide, it is noteworthy that the
association between abundant magnetite and apatite in hydrothermal
systems is typical of IOA and IOCG deposits (Hitzman et al., 1992;
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Hitzman, 2000; Williams et al., 2005; Chiaradia et al., 2006; Barton,
2013; Acosta-Gongora et al., 2015; Corriveau et al., 2016; Simon et al.,
2018). For instance, based on the association of magnetite and apatite in
the main mineralized zones of the Jaguar deposit, Ferreira Filho et al.
(2021) proposed that it may represent an IOA deposit. Nevertheless, the
Jaguar is a Ni deposit, and most IOA deposits studied to date do not host
large Ni resources. Indeed, several IOA deposits are commonly associ-
ated with intermediate-felsic rocks in an arc tectonic setting (Skirrow,
2022 and references therein), which is an unexpected scenario for the
formation of Ni deposits (Barnes and Lightfoot, 2005). Therefore, our
mineral chemistry results are compared with those from IOA deposits
worldwide in order to constrain better its association with IOA and IOCG
systems.

Recently, Huang et al. (2019) investigated the composition of iron
oxides from several IOA and IOCG deposits. The authors reported a wide
range of trace elements, which allow us to compare with our results for
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the Jaguar deposit. Fig. 12a shows a multi-element diagram comparing
our results with those reported for magnetite from other IOA deposits
(Huang and Beaudoin, 2019; Huang et al., 2019), which also plotted in
the high-T hydrothermal field of Dare et al. (2014). It is remarkable that
the patterns for oxides from the Jaguar deposit closely resemble those
from other IOA deposits, with a slightly positive slope from least
compatible to more compatible elements. A critical similarity is the
strong negative Cr anomaly relative to Ni (i.e. high Ni/Cr ratios) in
oxides from the Jaguar and IOA deposits worldwide. Moreover, the BMS
also display similar features between IOA and IOCG systems and the
Jaguar deposit as indicated by similar composition (Fig. 7) and zonation
patterns (Fig. 5).

Although magnetite composition from the Jaguar deposit displays
similarities with those from IOA deposits, a few differences are also
observed. For instance, magnetite from the Jaguar deposit yield anom-
alously higher Zn, V, Mg and Co and Ni contents relative to those from
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most other IOA deposits. Higher Mg, Co and Ni contents in magnetite
would be, to some extent, expected within a hydrothermal Ni deposit, as
these would reflect higher contents of these elements in the hydrother-
mal fluids. Moreover, as highlighted by Dare et al. (2014), magnetite
formed from fluids that likely leached Ni from ultramafic host rocks is
also richer in Mg, Co and Ni. For example, magnetite from the hydro-
thermal magnetite-apatite mineralization, hosted in the mantle shear
zone of the Othrys ophiolite in Greece, also displays anomalously high
Mg, Co and Ni contents (Mitsis and Economou-Eliopoulos 2001; Mitsis
and Economou-Eliopoulos, 2003), comparable to those from the Jaguar
deposit (Fig. 12a). The unusually high Mg, Co and Ni contents of
magnetite from Othrys ophiolite reflects the interaction of hydrothermal
fluids with ultramafic rocks (Dare et al. 2014). This agrees with our
hypothesis that hydrothermal fluids that formed the Jaguar deposits
have likely interacted with layered mafic-ultramafic intrusions in the
Carajas Province. The unusually high Zn content of magnetite from the
Jaguar deposit is compatible with sphalerite-rich zones that occur
within the deposit, indicating high Zn contents in the hydrothermal
system (Oliveira, 2017; Ferreira Filho et al., 2021).

In contrast, high V contents do not necessarily reflect high V con-
centration in the hydrothermal fluids but could rather relate to the fO,
upon the formation of the Jaguar deposit. For instance, V3*, V4 and v>*
are stable at terrestrial oxygen fugacity (Rammensee et al., 1983; Canil,
2002), and a reduced oxidation state would be more readily incorporate
V into the magnetite structure (Toplis and Corgne, 2002; Dare et al.,
2014; Nadoll et al., 2014; Sievwright et al., 2017; Sievwright et al.,
2020). Therefore, anomalously higher V contents in magnetite from the
Jaguar deposit could indicate lower fO, conditions upon the formation
of the deposit. Indeed, previous investigations of Ni-rich zones in IOCG
deposits in the Carajas Province suggest that these also formed under
relatively low fOy conditions (Siepierski, 2008; Garcia et al., 2020;
Pestilho et al., 2020; Veloso et al., 2020; Ferreira Filho et al., 2021). For
instance, Veloso et al. (2020) also proposed that high V concentrations
in magnetite from the Jatoba Ni-rich IOCG deposit resulted from
reduced oxygen fugacity during ore formation.

Overall, the mineral chemistry of BMS and magnetite from the
Jaguar deposit resemble those of other IOA deposits worldwide. How-
ever, several features are still lacking for an unequivocal classification of
the Jaguar as an IOA deposit. For instance, the Jaguar deposit does not
display extensive albitization, or association to intermediate intrusions.
Moreover, there is no current geochronological support for the temporal
association of the Jaguar with other IOCG deposits at Carajas. Further
work is required to constrain better the spatial and especially temporal
relationship between the Jaguar and the IOCG deposits. Even so, we
support the model that Jaguar was formed in a hydrothermal Ni-rich
system, likely genetically related to IOCG deposits, in which high-
temperature F-rich fluids remobilized Ni and other metal from mafic-
ultramafic layered intrusions.

Some possible analogues for the Jaguar deposit are the Ni-rich zones
of the IOCG systems from the Great Bear magmatic zone, located in the
Northwest Territories, Canada (Ootes et al., 2010, 2017; Montreuil et al.,
2013; Acosta-Gongora et al., 2014, 2015; Corriveau et al., 2016; Kelly
et al., 2020). In these systems, higher Ni and Co concentrations are
found associated with Ca-Fe alteration zones, interpreted as early hy-
drothermal stages of a large-scale system. The remobilization of a wide
range o metals, which also include Ni is driven by high-salinity fluids,
which could also potentially fit with the Jaguar deposit, although fluids
inclusion studies are likely to help constraining this hypothesis. The
distribution of trace elements in Fe-oxides from apatite-oxides-
occurrences associated with the IOCG deposits from the Great Bear
magmatic zone also display similarities with the Jaguar deposit (Acosta-
Gongora et al., 2014). Nevertheless, the presence of albitization pre-
ceding Fe-Ca alteration (e.g. Montreuil et al., 2013; Corriveau et al.,
2016), as observed in the Great Bear magmatic zone, has not yet been
described in the Jaguar deposit. We support that the Jaguar deposit,
which is also associated with Ca-Fe alteration, could be related to a
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larger scale IOCG mineral system.

6.3. The link between the Jaguar deposit and IOCG deposits in the
Carajas mineral Province

Previous studies have suggested that the Jaguar deposit may be
related to the IOCG hydrothermal systems in the Carajas Province
(Oliveira, 2017; Ferreira Filho et al., 2021). These studies highlight the
geological and geochemical similarities between the deposits thus
indicating that they are part of the same regional-scale hydrothermal
system. In a recent overview of the IOCG deposits in the Carajas Prov-
ince, Schutesky and de Oliveira (2020) interpreted Ni-rich hydrothermal
mineralization as deeper portions of the IOCG mineral system, possibly
linking a deep magmatic source to progressively shallower zones. In fact,
a connection between hydrothermal Ni and Cu-Au deposits in the
Carajas Province was originally proposed by Siepiersky (2008) for the
GT-34 deposit, but has gained recent support from contributions
investigating different Ni-rich mineralization zones found in IOCG de-
posits in the region (Garcia et al., 2020; Pestilho et al., 2020; Veloso
et al., 2020).

Following the common association in time and space of IOCG and
IOA deposits, recent contributions propose that IOA deposits represent
the deeper portions of IOCG systems (Knipping et al., 2015; Corriveau
etal., 2016). This interpretation is also supported by deep drill core from
individual deposits in Chile, where shallow IOCG mineralization grades
into IOA mineralization at depth (see Simon et al., 2018 and references
therein for a revision). Even though IOA deposits were not identified in
the Carajas Province, previous studies have characterized magnetite-
apatite-rich zones (Fe-Ca hydrothermal alteration) in IOCG deposits,
which are potentially comparable to IOA systems, such as in the
Sequeirinho (Monteiro et al., 2008a, 2008b) and Castanha (Pestilho
et al., 2020) orebodies.

Although there is no extensive data available on trace elements in
different minerals from IOCG deposits in the Carajas Province, the trace
element pattern of oxides available from Salobo, Igarape-Bahia, Alemao
and Sossego deposits (Huang et al., 2019) are compared with median
concentrations from the Jaguar deposit (Fig. 12b). The patterns for ox-
ides from the Jaguar deposit closely resemble those from IOCG deposits
from the Carajas Province. Some scattering is observed by comparing
magnetite from the Jaguar deposit and Igarape-Bahia, Alemao and
Sossego IOCG deposits, however, results for Jaguar are very similar to
those reported for magnetite from the Sossego deposit, including higher
Ni content than other IOCG deposits. It is noteworthy that the Sossego,
as for the Jaguar deposit, is part of the southern copper belt of the
Carajas Province and has a close spatial association to other hydro-
thermal Ni (e.g. GT-34) or Ni-rich IOCG mineralization, such as the
Castanha and Jatoba deposits (Fig. 1b; Garcia et al., 2020; Pestilho et al.,
2020; Veloso et al., 2020). The similarity in magnetite composition is
thus a favorable argument for the hypothesis that the Jaguar deposit is
genetically related to other IOCG deposits within the Carajas Province.

The hypothesis of a vertical continuum from Ni mineralization in
deeper portions towards IOCG deposits in shallower portions of the
hydrothermal system of the Carajas Province cannot be fully constrained
by our data. Nevertheless, it is noteworthy that a vertical connection is
not mandatory in these systems. The work of del Real et al. (2021)
proposes that IOA and IOCG deposits may represent different pulses of
hydrothermal activity, not necessarily at different depths. The authors
used textural and compositional variation in actinolite to demonstrate
that the Candelaria IOCG deposit in Chile records an earlier IOA
mineralization event overprinted by a later Cu-rich fluid forming the
IOCG mineralization. Different BMS generations, such as pyrite-I and
pyrite-II, observed at the Jaguar deposit support a dynamic system
affected by different hydrothermal pulses, thus suggesting the model
proposed for Ferreira Filho et al. (2021). For instance, pyrite-II displays
a higher concentration of mobile elements (e.g. Ag, Au, Bi, Sb, Pb, Te;
Fig. 7) that could have been more readily mobilized during the evolution
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of the hydrothermal system. Overall, our results from the mineral
chemistry strongly supports the model that the Jaguar deposit is part of
the same regional scale hydrothermal system as the other IOCG deposits
of the Carajas Province. However, further work is required to precisely
constrain the spatial and temporal relationship of these deposits within
the province.

6.4. Constraints for the formation of Fe-oxide- and apatite-rich mineral
systems

The temporal and/or spatial association of IOCG deposits with
apatite- and Fe-oxide-rich rocks, defining anomalously Fe-, P- and Ca-
rich zones has been extensively described worldwide. There is no
consensus about the genetic model for these apatite- and Fe-oxide-rich
rocks, neither if these are directly related to IOCG deposit. However,
three different models, ranging from magmatic to hydrothermal are
currently debated in the literature. Some support an initially magmatic
origin that further evolves into a magmatic-hydrothermal system via
magnetite and apatite floatation from an evolving silicate magma (e.g.
Knipping et al., 2015; Barra et al., 2017; Palma et al., 2019; Rodriguez-
Mustafa et al., 2020, 2022), whereas others argue for a dominantly
hydrothermal replacement model (Sillitoe and Burrows, 2002; Mon-
treuil et al., 2013, 2015; Acosta-Gongora et al., 2014; Dare et al., 2015;
Corriveau et al., 2016; Montreuil et al., 2016). Moreover, experimental
studies also suggest that magnetite-apatite ore bodies may represent an
immiscible Fe-P melt segregated during the evolution of a silicate melt
(Lester et al., 2013a, 2013b; Tornos et al., 2016, 2017; Velasco et al.,
2016; Hou et al., 2018; Bain et al., 2020). We briefly discuss the con-
straints that arise from our mineral chemistry results on these three
models and present some supporting and limiting points for each of
them.

6.4.1. Magmatic to hydrothermal model

In this model, magnetite first crystallizes from an intermediate to
mafic melt (i.e. igneous in origin) and serve as nucleation sites for fluid
bubbles upon volatile saturation (Knipping et al., 2015; Barra et al.,
2017; Reich et al., 2017; Simon et al., 2018 and references therein;
Palma et al., 2019; Rodriguez-Mustafa et al., 2020, 2022). The volatile
phase would then further coalesce and ascent through the crust during
regional extension. Upon ascension, magnetite would grow from the
cooling magmatic-hydrothermal fluid. Therefore, upon pressure
changes, magnetite would be precipitated in deep-seated crustal faults,
forming the IOA deposits, and the fluid would further ascend trans-
porting Fe, Cu, Au and S to shallower crustal levels to form IOCG de-
posits. The model is supported by trace elements in magnetite and
pyrite, Fe, O and H isotopes and re-Os systematics of magnetite. A
transition from higher to lower Ca, Al, Mn, Ti and V contents of
magnetite is interpreted to record a transition from purely magmatic
conditions to high-T magmatic-hydrothermal conditions, respectively.
This variation trend was identified within the Andean IOA-IOCG de-
posits (Palma et al. 2018; Simon et al., 2018).

A similar compositional trend varying from higher to lower Ca, Al,
Mn, Ti and V contents is also defined by magnetite from the Jaguar
deposit, with the higher values in magnetite from the host rocks (i.e.
associated within small pockets of hydrothermal alteration) and Bt-Chl
alteration, and lower contents, for magnetite within the Mt-Ap alter-
ation (i.e. associated with main Ni mineralization; Fig. 11d). However,
high-Ti contents in magnetite alone cannot be used to unambiguously
support a magmatic origin (Zeng et al., 2022). Furthermore, the overall
multi-element patterns are similar for the high- and low Ti-magnetite at
Jaguar and all show systematic depletion of Cr relative to Ni, distinctive
of hydrothermal magnetite (Fig. 10). In addition, the high-Ti magnetite
occurs mainly as disseminated grains associated with very local Bt-Chl
alteration, mainly in millimetre-scale veinlets and clusters, within the
host rocks of the Jaguar deposit. This is observed at different scales, but
mainly in millimetre-scale veinlets and clusters. This is difficult to
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resolve with a model of floatation of igneous magnetite by hydrothermal
magnetite. In contrast, magnetite associated with the Ni-mineralization
is lower in Ti displaying a characteristically hydrothermal signature
(Fig. 11d).

The mineralization at the Jaguar deposit also has much higher
apatite contents (usually higher than 10 %) relative to most other IOA
deposits, lacks a direct association with intermediate intrusions and
extensive albitization, and contains high proportions of Ni-bearing sul-
fides. Therefore, although the Jaguar deposit was formed in a Ni-rich
system hosted within apatite- and Fe-oxide-rich alteration zones,
spatially associated with IOCG deposits, its genetic classification as an
IOA deposit and the vertical connection within the IOCG system cannot
be fully supported here.

6.4.2. Fe-P immiscible liquid

An alternative model for the formation of apatite- and Fe-oxide-rich
rocks involves the formation of a Fe-P-rich immiscible liquid that would
separate from an evolving intermediate magma (Lester et al., 2013a,
2013b; Tornos et al., 2016, 2017; Velasco et al., 2016; Hou et al., 2018;
Coint et al., 2020). A variation of this model argues for the assimilation
of evaporite-bearing rocks upon magma evolution and consequently
segregation of a Fe-rich carbonate-sulfate immiscible melt (Bain et al.,
2020). It is noteworthy that experimental conditions required to attain
immiscibility for a Fe-P melt contain S and P concentrations in excess to
those found in natural silicate melts (Lindsley and Epler, 2017; Simon
et al., 2018). In contrast, recent contributions highlight that there are
still uncertainties in terms of the conditions that would promote the
formation of a Fe-P-rich liquid, especially regarding the role of Cl, F and
S in the Fe-P immiscibility field at different fO, conditions (Brenan,
2020). However, the experiments of Hou et al. (2018) demonstrated that
to form a silicate-free Fe-P-rich melt from which massive oxide-apatite
ores could form, high H»O contents in the host intermediate magma
are required. In addition, Mungall et al. (2018) also report experimental
results supporting the formation of an immiscible phosphatic Fe-oxide
magma based on unconsolidated Fe-P-oxide material collected at Laco
Sur, El Laco, thus favouring the immiscibility hypothesis.

In the case of the Jaguar deposit, the model would require not only
the formation of an immiscible Fe-P liquid, but also the segregation of an
immiscible sulfide liquid. For instance, experimental results by Lester
et al. (2013a) support the formation of an immiscible sulfide liquid
together with an immiscible Fe-P liquid, if sufficiently high S concen-
trations are present in the system. However, several limitations must be
explained prior to suggesting this hypothesis for the formation of the
magnetite-apatite-sulfide ores of the Jaguar deposit. First, the hydro-
thermal composition of most oxides would imply that these were later
altered by exsolving hydrothermal fluids after the crystallization of the
immiscible liquids (Bain et al., 2020). Moreover, the immiscible Fe-P
and sulfide melts would require an simultaneous upward transport,
eventually supported by fluid bubbles (Plese et al., 2018, 2019; Yao
et al., 2019; Blanks et al., 2020; Schoneveld et al., 2020). Perhaps even
more importantly, the system would require significant external addi-
tion of P and S to reach an atypical composition relative to most silicate
magmas. Although B-isotopes suggest the assimilation of evaporites
upon the formation of IOCG deposits in the Carajas Province (Xavier
et al., 2008; Riehl and Cabral, 2018; de Melo et al., 2021), which could
increase P contents, the extensive external addition of S would still be
required. Future contributions on different isotopic systematics in the
Jaguar deposit, and especially experimental constraints on the role those
different components may play in the immiscibility field for both Fe-P
and sulfide melts will surely improve this debate.

6.4.3. Hydrothermal model

Another model for the formation of apatite- and Fe-oxide-rich rocks
is dominantly through hydrothermal alteration. In this case, meteoric-,
metamorphic or magmatic-hydrothermal fluids would scavenge metals
from intermediate to mafic host rocks, or directly from magma, and
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further precipitate due to changes in physic-chemical parameters (Sil-
litoe and Burrows, 2002; Acosta-Gongora et al., 2014, 2015; Dare et al.,
2015; Montreuil et al., 2016; Corriveau et al. 2016; Tunnell et al., 2022).
A similar model has been supported for the formation of the Jaguar
deposit by Ferreira Filho et al. (2021), whereby they propose that the
deposit formed through the remobilization of Ni by high-salinity fluids
either from mafic-ultramafic layered intrusions or an originally
magmatic sulfide deposit in the southern portion of the Carajis Prov-
ince. High concentrations of P in the hydrothermal fluids could be
explained by the assimilation of evaporite deposits, similar to that
proposed for other IOCG deposits in the Carajas Province (Xavier et al.,
2008; Riehl and Cabral, 2018; de Melo et al., 2021). However, the role of
assimilation of evaporites in the genesis of the Jaguar deposit remains to
be assessed.

6.5. Implications for the use of mineral chemistry as a provenance tool

There has been an increase in the number of studies using the min-
eral chemistry of oxides and sulfides to investigate different mineral
systems over recent years, and it has consequently become an important
tool for understanding several ore-forming processes. This is because of
the advances and accessibility of micro analytical techniques, such as
LA-ICP-MS, that allows the measurement of a wide range of the trace
elements in various minerals (Cook et al. 2016; Sylvester and Jackson
2016). Therefore, given that the origin, composition and physico-
chemical conditions of fluids/melts are driven by geological settings,
and the chemical composition of minerals is a reflection of this, the
compositional variation of minerals has been used to discriminate be-
tween magmatic and hydrothermal environments (Dare et al. 2014,
2015; Huang et al. 2019; Mansur et al., 2020b), distinct deposit types
(Dupuis and Beaudoin 2011; Boutroy et al. 2014; Dare et al. 2012, 2014;
George et al. 2015; George et al., 2018; Makvandi et al. 2016; Mao et al.
2016; Gregory et al. 2019; Mansur et al, 2020b; Barnes et al., 2020;
Mansur and Barnes, 2020; Scibiorski and Cawood, 2022; Barnes et al.,
2022; Caraballo et al. 2022), hydrothermal alteration (Wilkinson et al.
2015), and mineralized and barren rocks (Canil et al., 2016; Cave et al.
2017; Ward et al.,, 2018; Gregory et al. 2019). Recently, mineral
chemistry has been applied to assess greenfield fertility during mineral
exploration under covered areas using stream sediments and glacial till
(Pisiak et al., 2017; Duran et al. 2019; McCurdy et al. 2022) and to
vector towards known ore bodies (Baker et al. 2020; Cooke et al. 2020;
Wilkinson et al. 2020; Rottier and Casanova, 2021). Although several
contributions provide useful discriminant diagrams for different min-
erals (e.g. Fig. 11 following Dupuis and Beaudoin, 2011; Dare et al.,
2014; Duran et al., 2015, 2019; Deditius et al., 2018) our results high-
light the risks of using these diagrams in an uncensored manner.

Magnetite is a common accessory mineral in hydrothermal, meta-
morphic, and magmatic ore deposits. It has several properties that allow
its use as an indicator mineral, such as a wide compositional range
(Dupuis and Beaudoin, 2011; Nadoll et al., 2014; Dare et al. 2014),
resistance to weathering, and occurrence in many geological settings.
Moreover, magnetic properties also allow for easy recognition and re-
covery of the mineral. Several studies demonstrate that magnetite
composition can be used as a tool for investigating petrogenetic pro-
cesses (Nadoll and Koenig, 2011; Dare et al. 2012; Nadoll et al., 2014;
Boutroy et al., 2014; Dare et al., 2014, 2015; Knipping et al., 2015;
Deditius et al., 2018; Huang et al., 2019; Duran et al., 2020). Moreover,
some contributions also highlight that magnetite composition can be
used to discriminate among deposit types (Dupuis and Beaudoin, 2011;
Dare et al., 2014; Nadoll et al. 2014 and references therein). However,
results for magnetite from the Jaguar deposit indicate that the classifi-
cation provided by discriminant diagrams is not unequivocal. For
instance, results for the Jaguar deposit span across several different
hydrothermal deposits following the classification by Dupuis and
Beaudoin (2011) as shown in Fig. 11d, as is typical for IOA and IOCG
deposits (e.g. Knipping et al. 2015).
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Although indicator mineral methods have included sulfide minerals,
the methods have not included systematic mineral chemistry of various
sulfide minerals. These are also important indicators as they are abun-
dant in several deposits and rare in most barren rocks, and they display
distinctive trace element signatures (Large et al., 2009; Dare et al.,
2010a, 2010b; Duran et al., 2015; Cook et al., 2016; George et al., 2017;
Mansur et al., 2021a; Caraballo et al. 2022). However, exposure to at-
mospheric conditions tend to oxidize sulfide minerals (Rosso and
Vaughan, 2006; Junge et al., 2019; Korges et al., 2021), thus their
preservation in surface and near-surface rocks is uncommon, particu-
larly in tropical supergene environments (Oberthiir and Melcher, 2005).
Nevertheless, fast burial rates in glaciated terrains and till matrix can
lead to relatively impermeable conditions, which results in limited
weathering. For instance, studies reported abundant sulfide minerals in
till samples (Peuraniemi, 1982, 1984; Nikkarinen et al., 1984; Sarala
and Peuraniemi, 2007; McClenaghan et al., 2011; McClenaghan and
Paulen, 2018; Peuraniemi and Eskola, 2013; Duran et al., 2019). How-
ever, a similar problem in using discriminant diagrams for verifying a
deposit type arises by considering the results for sulfides from the Jaguar
deposit. Results for pyrite and chalcopyrite from the Jaguar deposit plot
within fields for magmatic deposits in previously proposed discriminant
diagrams (e.g. Fig. 11a and 11b following Duran et al., 2015; 2019).
These diagrams were proposed under the lack of extensive data from
I0CG deposits, and thus cannot be used in an uncensored manner.

We acknowledge the use of discriminant diagrams as a powerful tool
for providing readily assessable information, especially applied to
greenfield exploration campaigns. However, our results also highlight
the risk of using only a few key elements to assess provenance, and that
more complex approaches may be required when using mineral chem-
istry for indicator minerals as a means for assessing a deposit type.
Although simple binary diagrams may provide means for separating
between magmatic and hydrothermal settings (Dare et al., 2014; Duran
etal., 2015, 2019; Deditius et al., 2018; Mansur et al., 2021a), these may
not always be sufficiently robust for allowing for a discrimination be-
tween several deposit types. For instance, results from the Jaguar de-
posit could potentially lead to a misleading classification if regarded
solely within binary discriminant plots. We have demonstrated that an
approach using a larger number of trace elements, i.e. multi-element
diagrams, is more useful to compare signatures of magnetite from
different rock types and geological settings, and moreover to interpret
the signature in terms of fluid composition (Fig. 11). Thus, multi-
element diagrams represent a powerful tool to support petrographic
descriptions, and consequently geological interpretations. In addition,
multivariate statistical methods, which allow simultaneously combining
a larger number of variables, are a potentially good complementary
approach to binary and multi-element diagrams. The number of studies
using this approach to refine discriminant diagrams for indicator min-
erals has increased over the past years (Sciuba et al., 2020; de Vazelhes
et al., 2021; Acosta-Gongora et al., 2022; Bédard et al., 2022; Caraballo
etal., 2022; Miranda et al., 2022), which is likely to help to improve our
understanding on the use of indicator minerals for mineral exploration
targeting.

7. Concluding remarks

We have measured the concentrations of trace elements in sulfides
(pyrite, pentlandite and chalcopyrite) and magnetite from different rock
types found at the Jaguar Ni deposit and surrounding areas to better
constrain the petrogenetic model for the formation of this enigmatic Ni
deposit. Our main findings are summarized as follows:

(1) Magnetite composition ranges from higher Ca, Al, Mn, Ti and V
contents from Bt-Chl alteration pockets in the host rocks (granitic
and felsic subvolcanic) and Bt-Chl alteration, into lower contents
in the Mt-Ap alteration, associated with the main Ni mineraliza-
tion. Combined with textural observations and multi-element
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signatures of magnetite, this compositional trend is compatible
with a hydrothermal origin indicating that the Bt-Chl alteration
and Mt-Ap-sulfide ores are related.

(2) Pyrite and chalcopyrite have compositions that plot within
compositional fields attributed to magmatic deposits in discrim-
inant diagrams, as is also the case for BMS from other IOCG de-
posits worldwide. Lower IPGE contents in pyrite from the Jaguar
deposit, and oscillatory zoning of Co, As and Se are also features
like those found in other IOCG deposits, and support a connection
between these deposits.

(3) The concentration of trace elements in magnetite associated with
the Jaguar deposit is similar to those from other IOCG deposits
from the Carajas Province, especially the Sossego deposit in the
southern copper belt. We suggest that the Jaguar deposit could
represent a Ni-rich member of the regional-scale hydrothermal
I0CG system of the Carajas Province.

(4) The Neoarchean mafic-ultramafic layered intrusions of the
Carajas Province represent potential Ni sources for hydrothermal
remobilization. Unusually high Ni, Co, Mg contents of magnetite
supports leaching of mafic—ultramafic source rocks.

(5) Results for magnetite and BMS from the Jaguar deposit indicate
that the classifications provided by available binary discriminant
diagrams are not unequivocal. Magnetite from the Jaguar deposit
span across several different hydrothermal deposit types in
discriminant diagrams, whereas BMS fall within compositional
fields for magmatic deposits. We suggest that multi-element di-
agrams could represent a complementary approach to binary
plots and provide more comprehensive classifications for the use
of indicator minerals.
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