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The Santa Lucia copper-gold deposit lies in the southeastern portion of the Carajas
Mineral Province, along NW-SE splays of the Carajas Fault. The deposit is hosted by a
rhyolitic subvolcanic rock, which is crosscut by pegmatite intrusions. The paragenetic
evolution at Santa Lucia encompasses an early stage of chlorite alteration, followed by
potassic alteration with microcline, greisenization (quartz-muscovite-tourmaline),
copper-gold ore precipitation and late sericite and hematite vein formation/fracture infill.
Copper mineralization is dominantly represented by chalcopyrite-sphalerite-pyrrhotite-
pentlandite-pyrite breccias, which are spatially associated with greisen alteration and
characterized by the enrichment of light rare earth elements (LREE), Ni, Co, and Cr.
The alteration types, mineralization styles and ore assemblage suggest that the Santa
Lucia deposit could represent a member of the Paleoproterozoic (ca. 1.88 Ga) granite-
related copper-gold systems of Carajas (e.g., the Breves and Estrela deposits).
However, the in-situ U-Pb analyses of ore-related monazite yield a weighted average
207 Pb/ 206 Pb age of 2688 + 27 Ma, thereby constraining the timing of
mineralization at Santa Lucia to the Neoarchean. Moreover, tourmaline from the
pegmatite and within the ore zones have a range of 8 11 B values from -3.7 to -0.6%o,
therefore linked to a magmatic boron source. Collectively, these results indicate that
the Santa Lucia deposit is the first reduced magmatic-hydrothermal, iron oxide-poor
system formed in the Neoarchean, coeval with the 2.72-2.68 Ga metallogenic event
responsible for the genesis of important iron oxide copper-gold (I0OCG) deposits in the
Carajas Mineral Province.
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Abstract

The Santa Lucia copper-gold deposit lies in the southeastern portion of the Carajas Mineral Province, along NW-SE
splays of the Carajas Fault. The deposit is hosted by a rhyolitic subvolcanic rock, which is crosscut by pegmatite
intrusions. The paragenetic evolution at Santa Liicia encompasses an early stage of chlorite alteration, followed by
potassic alteration with microcline, greisenization (quartz-muscovite-tourmaline), copper-gold ore precipitation and
late sericite and hematite vein formation/fracture infill. Copper mineralization is dominantly represented by
chalcopyrite-sphalerite-pyrrhotite-pentlandite-pyrite breccias, which are spatially associated with greisen alteration
and characterized by the enrichment of light rare earth elements (LREE), Ni, Co, and Cr. The alteration types,
mineralization styles and ore assemblage suggest that the Santa Lucia deposit could represent a member of the
Paleoproterozoic (ca. 1.88 Ga) granite-related copper-gold systems of Carajas (e.g., the Breves and Estrela deposits).
However, the in-situ U-Pb analyses of ore-related monazite yield a weighted average 2°’Pb/?*Pb age of 2688 + 27
Ma, thereby constraining the timing of mineralization at Santa Lucia to the Neoarchean. Moreover, tourmaline from
the pegmatite and within the ore zones have a range of 8''B values from -3.7 to -0.6%o, therefore linked to a magmatic
boron source. Collectively, these results indicate that the Santa Lucia deposit is the first reduced magmatic-
hydrothermal, iron oxide-poor system formed in the Neoarchean, coeval with the 2.72-2.68 Ga metallogenic event

responsible for the genesis of important iron oxide copper-gold (IOCG) deposits in the Carajas Mineral Province.
Keywords Santa Lucia  Granite-related Cu-Au deposits * Carajas Domain ¢ U-Pb geochronology ¢ Boron isotopes
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Introduction

The Carajas Mineral Province (CMP), in the Amazonian Craton, is among the best-endowed metal provinces in
the world. It hosts an extensive number of copper-gold deposits that may be separated into world-class (100 Mt — 1,1
Bt) iron oxide copper-gold systems (or IOCG; e.g., Salobo, Igarapé Bahia/Alemao, Cristalino, Sossego-Sequeirinho)
and granite-related Cu-Au-(W-Bi-Sn) systems (e.g., Breves, Aguas Claras, and Estrela), generally of smaller tonnage
(< 50 Mt) (Xavier et al. 2012; Pollard et al. 2019). Geochronological data indicate that the IOCG deposits formed in
multiple episodes during the Neoarchean (2.72-2.68 Ga and 2.57 Ga) and Paleoproterozoic (1.90-1.87 Ga).
Conversely, the Cu-Au-(W-Bi-Sn) deposits are typically shallow hydrothermal systems whose origin has been
particularly linked to the widespread Paleoproterozoic (ca. 1.88 Ga) A-type granite magmatism event registered in the
province (Grainger et al. 2008; Moreto et al. 2015a, b).

There is enough evidence that the Paleoproterozoic copper-gold deposits, regardless of their class, were formed
synchronously with the voluminous ca. 1.88 Ga A-type granites recognized in the Amazonian Craton (e.g., Central
Carajas, Breves, Pojuca, and Young Salobo; Wirth et al. 1986; Machado et al. 1991; Tallarico et al. 2004). Similarly,
the ca. 2.5 Ga IOCG deposits (e.g., Salobo, Igarapé Bahia/Alemao, Grota Funda; Tallarico et al. 2005; Melo et al.
2016, 2019; Hunger et al. 2018) seem to be temporally coincident with the emplacement of ca. 2.5 Ga A-type granites
in the northern sector of the CMP (e.g., Old Salobo, Itacaiunas, and GT-46 granites; Machado et al. 1991; Souza et al.
1996; Toledo et al. 2019). Conversely, the mineralization event at 2.72-2.68 Ga, recorded in several IOCG deposits
of the Southern Copper Belt (e.g. Sequeirinho-Pista, Bacuri, and Bacaba; Moreto et al. 2015a, b), does not overlap
with the widespread ca. 2.76-2.73 Ga anorogenic granitic intrusions identified in the province, such as the Plaqué,
Planalto, and Serra do Rabo suites (Sardinha et al. 2006; Feio et al. 2012, 2013).

Collectively, these data point to a temporal coincidence between the formation of copper-gold deposits and events
of granite magmatism (i.e., ca. 2.5 Ga and 1.88 Ga) in the CMP, with an exception for the early Neoarchean (ca. 2.70
Ga). The genetic link between hydrothermal fluids of magmatic origin and copper mineralization, which seems to be
more straightforward for the Paleoproterozoic systems, has not yet been clarified for deposits formed at this particular
metallogenic epoch (Xavier et al. 2017). Consequently, the genesis of magmatic-hydrothermal copper systems in the
early Neoarchean still needs to be better substantiated.

The Santa Lucia deposit (5—-14 Mt at 1.4-2.0% Cu, 0.2-0.4 g/t Au; OZ Minerals 2019) lies within the Southern
Copper Belt, along with several 2.7 Ga IOCG deposits and in a region dominated by 2.76-2.73 Ga granite intrusions
(e.g., Plaqué and Planalto suites; Figs. 1 and 2). The deposit shares a number of similarities with the granite-related
copper-gold deposits of Carajas (e.g., Breves and Estrela), including the association with shear zones, intense greisen-

like alteration, and iron oxide-poor ore assemblage. However, the geological context of the Santa Lucia deposit,
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together with its anomalous Ni-Co-Cr-enriched ore signature, may suggest a distinct metallogenetic evolution from
those copper-gold deposits typically linked with granite-related systems.

This study aims to characterize the Santa Lticia host rocks, the spatial distribution and types of hydrothermal
alteration, the ore paragenesis, and its geochemical and boron isotope signatures. Furthermore, this study places
constraints on the age of the mineralization via SHRIMP II U-Pb geochronology. These data contribute new insights
into the timing of formation of the granite-related deposits in the CMP, revealing the existence of an older

(Neoarchean) mineralizing event also responsible for the genesis of this type of copper-gold systems in the province.
Geological Setting of the CMP

The CMP constitutes one of the best preserved cratonic nuclei in the world (Fig. 1A). Formed and tectonically
stabilized during the Neoarchean (Teixeira et al. 1989; Tassinari 1996; Tassinari and Macambira 1999, 2004), it
comprises two Archean domains: Rio Maria, in the south, and Carajas, in the north (Fig. 1B); separated by a regional
and geophysically constrained E-W tectonic discontinuity (Feio et al. 2013).

In the Carajas Domain (Fig. 1C), Mesoarchean (2974 = 15 Ma; Avelar et al. 1999) orthogneisses and migmatites
from the Xingu Complex, and the Chicrim-Cateté Orthogranulite (Ricci and Carvalho 2006; Vasquez et al. 2008)
encompass the oldest basement rocks. Additionally, a series of Mesoarchean (ca. 3.0-2.83 Ga) granitoids, including
the Bacaba and Campina Verde tonalites, the Rio Verde trondhjemite, and the Canad dos Carajas, Cruzaddo, Bom
Jesus and Serra Dourada granites (Moreto et al. 2011; Feio et al. 2013; Rodrigues et al. 2014), are also considered as
part of the basement.

Neoarchean (ca. 2.76-2.74 Ga) volcano-sedimentary sequences attributed to the Itacaitinas Supergroup (Wirth et
al. 1986; DOCEGEO 1988; Machado et al. 1991) and the Rio Novo Group (Hirata et al. 1982) overlie the basement
rocks of the Carajas Domain. The Itacaitnas Supergroup is divided into four units, designated as Igarapé Salobo, Grao
Para, Igarapé Bahia, and Igarapé Pojuca groups (DOCEGEO 1988). According to Tavares et al. (2018), these
sequences can be simply divided, from bottom to top, into volcanic rocks, banded iron formation, and clastic-
sedimentary association.

Apparently above an angular unconformity, the Aguas Claras Formation overlaps the Itacaitinas Supergroup and
represents its Archean unmetamorphosed, siliciclastic cover. It mainly consists of sandstones, siltstones, and
orthoconglomerates deposited in fluvial to shallow marine environments (Nogueira et al. 1995).

Mafic-ultramafic magmatism in the Carajas Domain is represented by the Luanga layered complex (2763 = 6 Ma;
Machado et al. 1991) and the Cateté Intrusive Suite. The latter is subdivided into the Serra da Onga, Serra do Puma,
Serra do Jacaré-Jacarezinho, Vermelho and Igarapé Carapand bodies (Macambira and Vale 1997; Macambira and

Ferreira Filho 2002; Ferreira Filho et al. 2007).
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Three main episodes of granitic intrusion have been identified in the Carajas Domain, represented by intrusive
bodies that cut both supracrustal sequences and the Mesoarchean basement rocks: (i) ca. 2.76-2.73 Ga syntectonic,
foliated, A-type subalkaline and calc-alkaline granite, comprising the Plaqué, Planalto, Estrela, Serra do Rabo,
Igarapé-Gelado and Pedra Branca suites (Avelar et al. 1999; Huhn et al. 1999; Barros et al. 2004, 2009; Sardinha et
al. 2006; Feio et al. 2012, 2013); (ii) ca. 2.57 Ga peralkaline to metaluminous granite, represented by the Old Salobo,
Itacaiunas and the GT-46 granites (Machado et al. 1991; Souza et al. 1996; Toledo et al. 2019); and; (iii) ca. 1.88 Ga
A-type alkaline to subalkaline and metaluminous to slightly peraluminous granite of the Serra dos Carajas Intrusive
Suite (Central de Carajas, Young Salobo, Cigano, Pojuca, Breves, and Rio Branco granites; Machado et al. 1991;
Tallarico et al. 2004).

At least three tectonic models have been proposed to describe the evolution of the Carajas Domain: (i) formation
of'a pull-apart basin (Carajas Basin) during a dextral transtension, subsequently tectonically inverted to positive flower
structures by sinistral transpression (Araujo et al. 1988); (ii) formation during continental rifting related to mantle-
plume activity (Tallarico 2003); and; (iii) formation in a volcanic arc setting related to subduction processes (Meirelles
1986; Dardenne et al. 1988; Meirelles and Dardenne 1991; Teixeira 1994; Lobato et al. 2005; Silva et al. 2005;
Teixeira et al. 2010). According to Tavares et al. (2018), the recurrence of collisional-extensional events taking place
from the Neoarchean (2.76-2.52 Ga) to the Paleoproterozoic (2.09—1.88 Ga) allowed the establishment of a rift-related
system and subsequent formation of volcano-sedimentary sequences in the Carajas Domain, which evolved upon a

previously stabilized basement substrate (ca. 2.87 to 2.83 Ga).
Overview of the Granite-related Cu-Au Deposits of Carajas

The Carajas Domain contains the largest concentration of high-tonnage copper-gold deposits of the world
(Monteiro et al. 2008; Xavier et al. 2012). The most economically important deposit-type in this domain is represented
by the world-class IOCG systems, that together with smaller targets and prospects comprise an estimated reserve of
more than 8 Gt of copper-gold ore (Xavier et al. 2017). Secondarily, there is a smaller group of deposits, all medium-
to small-sized (< 50 Mt), typically characterized by a polymetallic Cu-Au-(W-Bi-Sn) association. Representative
members of this class include the Breves (50 Mt @ 1.22 wt.% Cu, 0.75 g/t Au; Tallarico et al. 2004), Aguas Claras
(9.5 Mt @ 2.43 g/t Au; Soares et al. 1994; Silva and Villas 1998) and Estrela (30 Mt @ 0.5 wt.% Cu; DOCEGEO
2002) deposits, interpreted to be genetically associated with A-type Paleoproterozoic (ca. 1.88 Ga ) granitic intrusions.
Major differences from the IOCG deposits encompass: (i) lack or small concentration of iron-oxides (e.g., magnetite);
(i1) low fS, ore paragenesis (e.g., pyrite = pyrrhotite); (iii) discrete or absence of sodic-calcic alteration; (iv) pervasive
quartz and muscovite alteration zones; and; (v) geochemical signature suggesting more elevated values of granitophile
elements such as W, Sn, Bi, Be and Li (Tallarico et al. 2004; Grainger et al. 2008; Xavier et al. 2017; Pollard et al.

4
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2019). Previous genetic models proposed for these deposits include greisen-type systems associated with granitic
cupolas (Tallarico et al. 2004), intrusion-related systems (Xavier et al. 2005) and hybrid systems evolved from the
interaction of reduced magmatic and meteoric fluids with oxidized country rocks (e.g., alkaline A-type granites;
Botelho et al. 2005).

Comprehensive reviews of deposits from this class were conducted by Grainger et al. (2008) and more recently
by Pollard et al. (2019). According to the latter, the Gameleira, Alvo 118 and Sossego-Curral deposits could also be
included into this group of granite-related copper-gold systems, although being currently considered shallower and/or
magmatic end-members of the IOCG clan (Lindenmayer et al. 2001; Chiaradia et al. 2006; Monteiro et al. 2008;

Torresi et al. 2012).

Sampling and Analytical Methods

Field work, Petrography, and SEM

The study of the Santa Lucia deposit (6°29’S 49°42°W) involved the systematic description of samples from six
drill holes (PPCSLUC — FD034; FD014; FD022; FD026; FD028; FD030), to determine the nature of the deposit host
rocks, distribution and types of hydrothermal alteration, and modes of occurrence of the copper-gold ore. Detailed
petrographic analyses were performed in twenty polished thin sections and accessory mineral phases were identified
by Scanning Electron Microscope (SEM) coupled with EDS (Energy-Dispersive X-Ray Spectrometer). These studies
were respectively executed at the laboratories of Microscopy and Scanning Electron Microscope of the Institute of

Geosciences, University of Campinas (UNICAMP), Brazil.

Ore geochemistry

High-precision trace and REE analyses, using inductively coupled plasma-mass spectrometry (ICP-MS), were
carried out in five whole rock samples representative of the main ore zone of the Santa Lucia deposit. After being
crushed and ground, 100 mg of each sample was placed into individual cylindrical refractories containing a solution
of 1 ml of HNOj3 and 6 ml of HCI and subsequently submitted to a procedure of assisted reaction on a Multiwave PRO
(Anton Paar) microwave system, for total dissolution. The microwave power was initially adjusted to 850 W for a
period of thirty minutes. Subsequently, 0.5 ml of HF was added to the solutions and the samples returned to the
microwave, readjusted to 1500 W, for thirty additional minutes. Finally, 1 ml of H,O was added, and the previous
procedure was repeated. All dissolutions were conducted using ultra-pure water (18,2 MQ.cm), obtained from a Milli-
Q system. After total dissolution, elimination of concentrated acids was performed through evaporation. The analyses
were carried out in an ICP-MS XserieslI (Thermo), coupled with a CCT (Collision Cell Technology), at the Isotope

Geology Laboratory of the Institute of Geosciences, UNICAMP. The detection limit (DL) was determined as the

5
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average (x) plus 3 standard deviation (s) from ten blank samples (DL = x + 3s). Calibration of the instrument was
performed using multi-elementar solutions, gravimetrically prepared via 100 mg/L mono-elementary standard-
solutions (AccuStandards). Quality control was assured using the GS-N (granite — ANRT, France) standard reference

material.
SHRIMP II U-Pb analyses

The in-situ U-Pb SHRIMP II monazite isotopic analyses were performed using the SHRIMP 1I at the John de
Laeter Centre, Curtin University of Technology, Australia. A full description of the analytical procedure for the Curtin
SHRIMP II is reported in Fletcher et al. (2010). One carbon-coated polished thin section (sample FD022/80.10) was
imaged by an automated scanning electron microscope, and monazite crystals were identified using Backscattered
Electron (BSE) imaging on a TESCAN TIMA instrument and Energy-dispersive spectrometry (EDS) X-ray spectra.
The best monazite grains were then drilled out and mounted in epoxy discs, cleaned and gold-coated for imaging by
BSE on a Mira3 FESEM instrument. A 10—15 um diameter spot was used, with a mass-filtered O, -primary beam of
~ 0.6-0.7 nA. Data for each spot were collected in sets of 8 scans on the monazites through the mass range of
19%LaPO,", 283CePO,", 2%Pb*, Background, NdPO,", 20Pb", 207Pb", 208pPh?*, 232Th", 245YCeO", 2*UQ", 2%ThO," and
20U0,". The 2°°Pb/?*8U age and U-content standards are “French” (514 Ma and 1000 ppm U and 6.3% Th; Fletcher
et al. 2010) and the 2°’Pb/?%Pb standard used to monitor instrument induced mass fractionation corresponded to the
72908 (1796 + 2 Ma; Fletcher et al. 2010). A fractionated correction was applied to the standard monazite (French)
and unknowns, due to a slight discrepancy between the 2°’Pb/?°°Pb ratios obtained on Z2908 monazites during the
SHRIMP sessions and the 20’Pb/?°Pb TIMS ratios. Common Pb correction was based on the measured 2*‘Pb-

correction. Data were processed using the software package Isoplot 3.0 (Ludwig 2003).
Electron probe microanalyses

Electron probe microanalyses (EPMA) of tourmaline were performed on a wavelength-dispersive JEOLJXA-
8100 instrument at the Center for Material Research and Analysis, Wuhan University of Technology, China. Operating
conditions comprised a probe current of 20 nA, an accelerating potential of 15 kV and a beam diameter of 5 um.
Synthetic reference materials were used for calibration and include: almandine (Si and Al), rutile (Ti), rhodonite (Mn),
hematite (Fe), olivine (Mg), vanadium (V), chromite (Cr), albite (Na), apatite (Ca), sanidine (K), tuhualite (Cl) and
fluorite (F). Data were reduced on-line using a conventional ZAF routine. The structural formulae of tourmaline were
calculated using the WinTcac software (Yavuz et al. 2014). Normalization was made on the basis of 15 cations in the
tetrahedral and octahedral sites (T + Z +Y), following the suggestion of Henry and Dutrow (1996), and considering

(OH +F +Cl=4).
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Boron isotope determination

Boron isotope analyses were carried out in the State Key Laboratory of Geological and Mineral Resources
(GPMR), China University of Geosciences (CUG), China. Two double-polished thin sections containing tourmaline
samples were investigated by optical microscopy and SEM backscattered electron imaging, aiming to select spots for
laser ablation shots. Boron isotopic compositions of six tourmaline crystals were measured in situ using a Neptune
Plus Laser Ablation Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) and a
matching New Wave UP193 laser ablation system. Detailed analytical procedures and data reduction followed those
of Yang et al. (2015). Operating conditions consist of an energy density of 12 J/cm?, 8 Hz repetition rates and spot
diameters of 50 um. Data were collected statistically and simultaneously in 100 cycles. Mass bias of the instrument
and the fractionation of isotopes were calibrated using the standard-sample-bracketing method (SSB). The tourmaline
IAEA B4 (Tonarini et al. 2003) was used as an external standard. Instrumental mass fractionation (IMF) and analytical
quality were determined by replicate analyses of international tourmaline reference material IMR RB1 (Hou et al.
2010) and an in-house standard Dai (5!'B = -13.6%o). The internal precision for individual analyses was typically 0.3—
0.4%o (1rsd), and external repeatability on reference samples was around 0.8%o (1sd). The reported 5!'B results were

calculated relative to tourmaline IAE B4 of §''B = -8.71%o (Tonarini et al. 2003).
Geology, Hydrothermal Alteration Stages, and Mineralization

The Santa Licia deposit is located at the southeastern portion of the Carajas Domain, approximately 20 km
northeast of the Canad dos Carajas city, near the Serra do Rabo region. This region has a complex structural setting
that represents the eastern termination of the Carajas Fault, which configures a regional WNW-ESE-trending structure
that branches towards the south in NW-SE splays (Pinheiro 1997; Lima and Pinheiro 1999; Pinheiro and Holdsworth
2000; Lima 2002). In this context, the Santa Lucia deposit lies in a valley between two S45E- and S45W-oriented
plateaus, both formed by banded iron formations of the Carajas Formation (Fig. 2). Lithotypes characterized in the
deposit area comprise a felsic subvolcanic rock, host of the mineralization and correlated to the Grao Para Group, and
intrusive pegmatite bodies (Fig. 3).

The subvolcanic rock represents the main lithotype of the Santa Lucia deposit, given its wide spatial distribution.
This unit is extensively affected by hydrothermal alteration and is commonly weakly to moderately mylonitized (Fig.
4A-B), with deformation progressively intensified in zones proximal to the pegmatite and the ore. The subvolcanic
rock is greenish-to-greyish in color, and in the least deformed portions displays an aphanitic groundmass composed
of quartz, potassium feldspar, biotite and subordinate oligoclase (Fig. SA), that locally involves bipyramidal
phenocrysts of bluish quartz (Figs. 4C and 5B). Bulk mineralogy indicates a rhyolitic composition. Minor amounts

of zircon, monazite, and apatite are also recognized within this rock.
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The pegmatite of the Santa Lucia deposit is an intrusive body that cuts the subvolcanic rock, always defining
sharp contacts generally concordant with the foliation (Fig. 4D), but locally oblique (Fig. 4E). The pegmatite is mostly
pinkish-to-reddish in color, medium-to-coarse grained and displays a porphyritic texture evidenced by megacrysts of
muscovite and tourmaline (Fig. 4F-G), both up to 6 cm in length. The mineralogy comprises quartz, potassium
feldspar, plagioclase, muscovite, tourmaline (Fig. 5C-D) and minor amounts of molybdenite and allanite (Fig. SE).
Tourmaline crystals are generally poikiloblastic, riddled with fine-grained inclusions of quartz, potassium feldspar
and zircon aggregates (Fig. SF). Tourmaline-rich domains (up to 70 vol% tourmaline) are located within the pegmatite
intrusions (Fig. 5G). Microcline crystals are commonly grid-twinned and in places exhibit perthitic exsolution
lamellae (Fig. SH). Although relatively unfoliated, deformation microstructures are commonly recognized within the
pegmatite, such as quartz-subgrain formation, bent twins in feldspars and muscovite stretching and bending (Fig. 5I).

Indications of brittle deformation include crystal fractures, micro-faults and boudinaged tourmaline crystals (Fig. 4H).

Hydrothermal Alteration Stages and Copper-Gold Ore

Early Chlorite-(Epidote) Alteration

Chlorite (I) crystallization is the first stage of hydrothermal alteration observed in the Santa Lucia deposit. It
exclusively affects the subvolcanic rock and is primarily represented by the selective, partial, or total replacement of
igneous biotite by an early generation of chlorite (I). In this case, chlorite (I) generally retains the tabular form of the
replaced biotite and display dark purple interference colors (Fig. 6A). Chlorite (I) veins and fracture infill are also
commonly recognized (Fig. 6B). Clinozoisite aggregates and disseminated epidote (Fig. 6C) are common mineral

phases associated with this alteration stage.

Potassic Alteration

Potassic alteration is poorly preserved at Santa Lucia and spatially restricted to small-size (< 2 m) alteration fronts
in the subvolcanic rock. It is represented by the formation of medium-grained (up to 1 cm), hydrothermal microcline,
accompanied by subordinate quartz crystallization (Fig. 6D). Although relatively limited, this alteration is
conspicuous in drill cores due to its intense reddish color, which is a result of microcline coating by microcrystalline

hematite (Fig. 6E).

Greisen Alteration

Greisen alteration is widespread at Santa Lucia and overprints the early chlorite-(epidote) and potassic alterations
in the subvolcanic rock. The greisenization process is characterized by the replacement of igneous and hydrothermal
potassium feldspar, and biotite, by a quartz-muscovite-tourmaline-rich assemblage (Fig. 6F). In this case, the

alteration is marked by concomitant stages of muscovite and tourmaline (Fig. 6G), commonly aligned to the rock
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foliation (Fig. 6H), accompanied by a significant increase in quartz. Thin (< 6 cm) tourmaline-muscovite alteration
halos are generally observed at the contact zones between the pegmatite and the subvolcanic rock (Fig. 6I).

Chlorite (I) is also an important product of this alteration phase. Its timing relationship with muscovite in
greisenized domains is, however, ambiguous. Although they appear to locally display equilibrium textures, marked
by straight grain boundaries (Fig. 6J), incipient muscovite replacement by chlorite (II) is also commonly recognized,
mainly along the muscovite cleavage planes (Fig. 6K). Milky quartz veins (< 5 cm thick) containing tourmaline
aggregates, fine-grained muscovite crystals, chlorite (II) and minor chalcopyrite, are also associated with the

greisenization process (Fig. 6L).

Copper-Gold Ore

The copper-gold ore at the Santa Licia deposit is chiefly represented by mineralized breccia bodies (Fig. 7A) of
variable thickness (up to 6 m in drill cores), which are exclusively hosted by the subvolcanic rock (Fig. 7B) and
enveloped by zones of significant muscovite- and tourmaline-enrichment (Fig. 7C). Less commonly, mineralization
can occur in veinlets (Fig. 8A), disseminated (Fig. 8B) or associated with milky quartz veins. The breccias are
predominantly matrix-supported, although clast-supported zones are locally recognized. Clasts are mainly derived
from the host subvolcanic rock, previously affected by chlorite and potassic alteration, but commonly include milky
quartz crystals (Fig. 7D). Both are generally angular to subrounded and range from < 0.3 to > 4 c¢cm in diameter.

The ore breccia groundmass consists primarily of massive chalcopyrite (up to 75 vol% chalcopyrite; Fig. 7E),
followed by sphalerite and pyrrhotite that are commonly associated with fluorapatite, quartz, muscovite, chlorite (II),
carbonate, biotite, tourmaline and allanite (Fig. 8C-G). Sphalerite occurs as colloform (Fig. 8H) or acicular crystals,
commonly exhibiting chalcopyrite exsolution features (chalcopyrite disease; Fig. 8I). Pyrrhotite usually forms
xenoblastic crystals, which may contain fine-grained, pentlandite exsolutions along its rims (Fig. 8]J). Pyrite occurs
as idioblastic inclusions in sphalerite and chalcopyrite (Fig. 8K), and it may also form millimeter-sized veinlets that
crosscut zones containing other sulfide minerals. Minor molybdenite (Fig. 8L) is also observed in the ore samples.
Although most sulfides show no evidence of deformation, zones with high strained chalcopyrite, quartz and apatite
are observed in places (Fig. 7F). (La-Ce-Nd)-monazite, Y-xenotime, melonite, Ce-bastnaesite, Te-bismuthite (Fig.
8M) and cassiterite (Fig. 8N) represent accessory phases that mostly occur as tiny inclusions in chalcopyrite and

sphalerite.

Post-ore Veins and Fracture Infill

Post-ore hydrothermal activity at Santa Lucia is represented by millimeter-size veinlets filled with fine-grained,

greenish-to-yellowish sericite. These veinlets crosscut all previous zones of hydrothermal alteration and the pegmatite
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intrusions (Fig. 80), partially altering both igneous and hydrothermal potassium feldspar, as well as tourmaline
crystals (Fig. 8P).

The latest hydrothermal stage recognized at Santa Licia corresponds to the formation of distinct hematite-rich
zones. It is generally associated with fracture-controlled, millimeter-sized veinlets composed of microcrystalline
hematite + rutile, which appear to have preferentially developed over zones previously affected by potassic alteration
(Fig. 9A). The hematite veinlets crosscut both the pegmatite and the subvolcanic rock, occurring commonly aligned
to the rock foliation in the latter case (Fig. 9B). Hematite-rich zones are also recognized in breccia domains, in which
hematite forms a fine-grained groundmass that involves extremely angular fragments of the subvolcanic rock (Fig.

9C-D). Paragenetic associations at Santa Lucia are shown in Figure 10.

Ore Geochemistry

Trace elements and REE data of five samples from the main ore zone of the Santa Lucia deposit are shown in
ESM Table 1 (Electronic Supplementary Material). In general, the ore is characterized by low to moderate (< 15
ppm) HFSE (Nb, Ta, Th, U, and Hf) contents, except for Zr that may exceed 100 ppm. In terms of LILE, the ore shows
low Cs (0.07-0.29 ppm), low to moderate Sr (2.29-22.9 ppm), Rb (0.80-71.1 ppm) and moderate to high Ba (7.69—
635 ppm) contents. Among transitional elements, the deposit demonstrates high contents of Cu (90824-230237 ppm),
Zn (102—-10544 ppm), Ni (169-3213 ppm) and Co (59.4—1954 ppm). Noteworthy, Cr contents are remarkably high at
Santa Lucia, ranging from 108 to 479 ppm, whereas concentrations of other metals, such as Bi and Mo, are generally
moderate (few tens of ppm). Furthermore, the ore at Santa Liicia shows moderate contents of Sn (up to 80 ppm) and
very low (< 3 ppm) concentrations of W. However, one of the analyzed samples (FD22/73.45) contains more than
2500 ppm of tungsten, even though W-rich minerals, such as wolframite and scheelite, were not recognized during
petrographic and SEM analyses.

The ore at Santa Licia is also characterized by significantly variable and high total REE contents, (3> gtr = 1057—
2538 ppm, ESM Table 1), except for one of the samples (FD22/74.05) that displays extremely low total REE
concentrations (D grr = 3.15 ppm). This can be attributed to the higher amount of quartz associated with mineralization
in this case, over minerals such as apatite and monazite, which are the main carriers of REE in the ore assemblage.
Nevertheless, no substantial differences in chondrite-normalized REE patterns (Fig. 11) were observed between the
samples, which all show clear enrichment in LREE (Lan/Lun = 85.90-355.96) and prominent negative Eu anomalies

(Ew/Eu* =0.19-0.29).

Chemical and Boron Isotope Compositions of Tourmaline
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Six tourmaline samples were selected for EMPA analyses and their chemical compositions are shown in ESM
Table 2. Both pegmatite- and ore-related tourmaline are optically homogenous, with fractures commonly infilled by
sericite (Fig. 12A-E). Tourmaline within the ore zones generally displays equilibrium textures with chalcopyrite and
sphalerite (Fig. 12F). All the analyzed grains have low Ca contents (mostly below 0.1 a.p.f.u.) and plot in the alkali
field (Fig. 13A), according to the classification of Henry et al. (2011), with X-site vacancies ranging from near-zero
to 0.364 a.p.f.u. Contents of Cr,03, V203, F, and Cl are low and commonly below detection limits. Oxide totals vary
between ~ 84 and 89 wt.%. In the Al-Mg-Fe ternary plot of Henry and Guidotti (1985), the samples cluster in field 2
(lithium-poor granitoids, pegmatites, and aplites) of the Mg-poor side, evidencing a composition similar to schorl
(Fig. 13B). This is also illustrated by the Ca / (Ca + Na) and Fe / (Fe + Mg) ratios, which range from 0.092 to 0.189
and 0.608 to 0.910, respectively (Fig. 13C). Both tourmaline generations plot along the schorl to dravite trend, falling
approximately parallel to the MgFe_ exchange vector (Fig. 13D).

Tourmaline from the Santa Liicia deposit has a narrow range of 8''B values from -3.7 to -0.6%o (n = 18; Table 1
and Fig. 12A-F), with a mean value of -2.2%o. Tourmaline from the pegmatite body yielded 5!'B values spanning
from -3.7 to -1.7%o (n = 10), whereas tourmaline associated with the brecciated ore zone displayed slightly higher
3''B values between -2.0 and -0.6%o (n = 8). All the analyzed samples showed no internal zonation under transmitted

light or backscattered images, and no significant isotopic variation between core and rim was evidenced.
SHRIMP II U-Pb Results

Monazite crystals from the main brecciated ore zone of the Santa Lucia deposit are fine- to coarse-grained (few
ten microns to > 1 mm), white to light yellow in thin section, subhedral to euhedral, and display either prismatic shape
with pyramid terminations (Fig. 14A), or ovoid shape with rounded boundaries (Fig.14B). They occur predominantly
as fine-grained inclusions in apatite, commonly forming aggregates (Fig. 14C). Coarse-grained prismatic crystals may
show equilibrium textures with chalcopyrite, sphalerite, and pyrrhotite (Fig. 14D). No corrosion textures or internal
structures were observed in BSE images (Fig. 14E-H).

A total of 16 spots were analyzed in sixteen monazite grains from sample FD022/80.10 (Table 2). Seven monazite
grains yielded a concordant data (up to 10% discordant), from which five analyses clustered within a single population
with a weighted average 2°’Pb/>%Pb age of 2688 + 27 Ma (MSWD = 0.14), whereas two grains provided younger ages
of 2497 + 40 Ma and 2071 + 49 Ma, respectively (Fig. 15). All these grains displayed very low Th/U ratios, between

0.022 and 0.048. Seven discordant monazite grains displayed unreliable ages due to extreme Pb loss.
Discussion

Hydrothermal evolution of the Santa Licia deposit
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The Santa Lucia deposit displays similar hydrothermal alteration stages to those described in granite-related
deposits of the CMP. The evolution of its hydrothermal system is marked by an early event of chlorite alteration,
followed by potassic and greisen alteration stages that are interpreted to be genetically associated with the
emplacement of the pegmatite body in the deposit area. The identification of ductile-brittle fabrics in the pegmatite,
suggests that its emplacement was probably structurally controlled and may have occurred during a transition from
ductile to brittle deformation regimes.

The greisenization at Santa Lucia is mainly characterized by the development of a quartz-muscovite-tourmaline-
rich assemblage that replaces the feldspars and the chloritized biotite in the subvolcanic rock. The term greisenization
is generally applied to describe a late-magmatic metasomatic process that gives rise to leucocratic rocks (70-75% of
Si0,) due to the destabilization of biotite and feldspars of an igneous protolith, with consequent remobilization of
silica and alumina (Stemprok 1987). Moreover, greisen-like alteration assemblages are generally developed by high-
temperature (250° to 450°C; Stemprok 1987), volatile-rich acidic fluids (Shcherba 1970). Hence, the recognition of
muscovite- and tourmaline-rich alteration halos in the contact zones between the pegmatite intrusions and the
subvolcanic rock, suggest a metasomatic process triggered by a boron-rich volatile phase. A similar alteration pattern
has been recognized in the Estrela (Volp 2005) and Breves (Tallarico et al. 2004) deposits, although there are
divergences among authors regarding the usage of the term greisenization for the latter. Based on the poorly-evolved
nature of the granitic system, in addition to mineralogical and geochemical aspects of the Breves deposit, Botelho et
al. (2005) have reinterpreted the greisenization event described by Tallarico et al. (2004) and alternatively proposed a
stage of phengite-chlorite alteration.

Potassic alteration with microcline is also recognized at Santa Licia and could represent an evolutionary stage of
the greisenization process. Pollard (1983) and Stemprok (1987) argue that a microcline stage commonly precedes the
greisen alteration, as a consequence of fluids separated from a residual granitic melt. The destabilization of biotite and
both igneous and hydrothermal microcline during the greisenization is, therefore, evidence of fluid evolution towards
increasing acidity. This process has probably resulted from a decrease in the alkali/H" ratios of the hydrothermal
system, which consequently led to the precipitation of quartz and muscovite. It is noteworthy that, chlorite growth
may be facilitated under these relatively low pH conditions (Stemprok 1987). This would explain the incipient
alteration of muscovite crystals by chlorite (I) in the deposit. Moreover, acidic conditions must have prevailed even
after ore precipitation, as evidenced by the formation of late sericite veinlets and the destabilization of tourmaline
from the pegmatite.

Hematite formation represents the latest stage of hydrothermal activity observed at Santa Liicia, which developed

under a dominantly brittle deformation regime. According to Pirajno (2009), hematite dissemination and vein
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formation are commonly associated with the late hydrothermal stages in greisen-affiliated deposits, mainly due to the
opening of the system to oxidizing meteoric fluids. In fact, the recognition of hydrolytic alteration assemblages with
hematite and sericite in several other copper-gold deposits of the Southern Copper Belt, such as the Alvo 118, Bacaba,
Bacuri and Sossego-Sequeirinho IOCG deposits (Monteiro et al. 2008; Moreto et al. 2011; Torresi et al. 2012; Melo
et al. 2014), could indicate that such oxidizing fluids have broadly migrated through regional-scale structures.
Precipitation of massive chalcopyrite is conspicuous in the main breccia-hosted ore zone of the Santa Lucia
deposit. These ore breccias are spatially associated with greisen-altered domains and may locally contain highly
strained minerals, which could be an indication of continued deformation during mineralization. Although the
physicochemical conditions responsible for the ore genesis are still uncertain, due to the lack of microthermometric
data for the deposit, the sequence of hydrothermal events, combined with their correspondent mineral assemblages,
suggest a progressive temperature drop of the system, whereas the pH remained acidic (i.e., late sericite formation).
Although copper tends to remain in solution under low pH conditions, a considerable temperature decrease probably

represented the main mechanism that triggered the precipitation of chalcopyrite (Liu and McPhail 2005).

Geochemical ore signature and implications for the metallogenesis of granite-related systems at Carajas

In general, the granite-related copper-gold deposits of the CMP are characterized by geochemical ore signatures
with anomalous contents of granitophile elements, especially Sn, Bi, W, and Mo (Tallarico et al. 2004; Grainger et al.
2008). The ICP-MS analyses conducted in this study have revealed that the concentrations of these elements in the
main ore zone of the Santa Lucia are moderate (< 100 ppm) and compatible with data from mineralized bodies of the
Breves deposit (Botelho et al. 2005). Additionally, the ore also shows strong enrichment in LREE, which is
characteristic of the copper-gold systems of the Carajas Domain, especially those formed in the Neoarchean (Xavier
etal. 2012, 2017).

Despite all these facts, one of the most remarkable features of the Santa Lucia ore breccias is their surprisingly
high Ni (> 3000 ppm), Co (~ 1900 ppm) and Cr (~ 500 ppm) contents, which appears to be a distinctive characteristics
that sets it apart from other granite-related deposits, such as Breves. One possible explanation for this Ni-Co-Cr
enrichment may be the specific geological setting of the Santa Liucia deposit. Regional circulation of hydrothermal
fluids that had previously interacted with mafic-ultramafic sequences in the surrounding areas of the deposit (e.g.,
Santa Inés Gabbro, Vermelho Complex), could represent a major factor governing the elevated concentrations of these
transition elements at Santa Lucia. In addition, Ni, Co and Cr may have also been leached from lenses of
metamorphosed ultramafic rocks contained within felsic host rocks of the Neoarchean (ca. 2.7 Ga) Visconde (Silva et
al. 2015) and Sequeirinho (Pista orebody; Monteiro et al. 2008) IOCG deposits in the Southern Copper Belt.
Nevertheless, further studies should be conducted to investigate and confirm these hypotheses.
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Tourmaline compositions and sources of boron at Santa Licia

Tourmaline from the pegmatite and the breccia ore zone of the Santa Lucia deposit fall into the alkali group
and within the schorl field, displaying no substantial compositional variations. Both tourmaline generations have total
Al contents sufficient to account for full six cations in the Z site (> 6 a.p.f.u.; ESM Table 2). Thus, a significant
substitution of Al by Fe3* is unlikely to have occurred (Jiang et al. 2002; Henry et al. 2008). Conversely, the negative
correlation between Fe (a.p.f.u.) and Mg (a.p.f.u.), with all data plotting roughly parallel to the MgFe_; exchange
vector (Fig. 13D), suggests that the main mechanism of Mg incorporation into tourmaline was by substitution of Fe?*
in the Y site (Henry et al. 2008). Therefore, and considering the hydrothermal evolution of the Santa Liucia deposit,
the relative increment of Mg contents, in detriment of Fe, demonstrated by tourmaline from mineralized zones,
indicates that the hydrothermal fluids were more reducing, with considerably lower concentrations of Fe3* (Jiang et
al. 2002).

Tourmaline from the Santa Lucia deposit has boron isotopic compositions between -3.7 to -0.6%o.. Based on
the potential boron reservoirs (Barth 1993; Marschall and Jiang 2011), the homogeneous and negative 8''B values are
compatible with a magmatic boron source within the range reported for granite and pegmatite (Fig. 16). The small,
but significant, shift of boron isotope values in tourmaline from the pegmatite (-3.7 to -1.7%o) to those in the ore zones
(-2.0 to -0.6%0) may be linked to fractionation due to temperature decrease (Meyer et al. 2008; Marschall et al. 2009).

Notably, our data also overlap the range of 3!'B values obtained for tourmaline of the Breves deposit (-3.6 to
1.8%o0), which combined with hydrogen isotope data (6D = -116 to -99%o) is attributed to magmatic fluid sources
(Xavier et al. 2013). However, it is important to point out that Cl/Br and Na/Cl ratios recorded in inclusion fluids at

Breves indicate a contribution of bittern fluids to the hydrothermal system (Xavier et al. 2009).
Timing of ore formation and implications for the Cu-Au metallogeny of the Carajias Domain

Hydrothermal monazite grains within the main brecciated ore zone of the Santa Lucia deposit yielded a weighted
average 2*’Pb/?Pb age of 2688 + 27 Ma (MSWD = 0.14). The low Th/U ratios displayed by these grains, coupled
with the ore paragenesis, with monazite restricted to chalcopyrite-sphalerite-pyrrhotite-rich zones, indicate that this
age reflects the main mineralization event at the deposit.

The Santa Lucia deposit shares several similarities with the granite-related Cu-Au-(W-Bi-Sn) deposits of the
Carajas Domain. These deposits are regarded as typical shallow hydrothermal systems whose genesis has been
particularly associated with the widespread Paleoproterozoic (ca. 1.88 Ga) A-type granitic magmatism event recorded
in the Carajas Domain. The SHRIMP II U-Pb dating on zircon, monazite and xenotime crystals of the Breves deposit
placed the age of copper-gold mineralization at ca. 1.88—1.87 Ga (Tallarico et al. 2004). Similarly, ore precipitation

at Estrela was coeval with the emplacement of granitic intrusions at ca. 1.88 Ga (Lindenmayer et al. 2005), whereas
14
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a genetic link between the emplacement of the Serra dos Carajas granite in the Aguas Claras deposit area (ca. 1.88
Ga; Machado et al. 1991), and ore genesis, is suggested by Sm-Nd and Pb-Pb geochronological data (Mougeot et al.
1996; Silva and Villas 1998). Hence, our data clearly attest that the Santa Lucia deposit is so far the first iron oxide-
poor, copper-gold deposit formed during the Neoarchean in the Carajas Domain. Therefore, the deposit has likely
formed at the same metallogenetic epoch (ca. 2.72-2.68 Ga) that generated a broad group of IOCG deposits in the
Southern Copper Belt, including the Sequeirinho orebody at the Sossego deposit and the Bacaba, Bacuri and Visconde
deposits (Moreto et al. 2015a, b; Silva et al. 2015).

Hydrothermal alteration (i.e., greisenization) and copper-gold mineralization appears to be both spatially and
temporally associated with pegmatite emplacement at Santa Lucia. Despite lacking geochronological data, the
pegmatite body recognized in the deposit area may be regionally linked with the widespread ca. 2.7 Ga Planalto
Granite Suite, along the Canad Shear Zone. Although a crystallization age between 2740 and 2730 Ma has been
proposed for this unit (Feio et al. 2013), younger U-Pb LA-MC-ICP-MS zircon ages (2729 + 17 Ma, 2710 £+ 10 Ma,
2706 + 5 Ma; Feio et al. 2012) are also documented and overlap within error of the mineralization age obtained in this
study. According to Moreto et al. (2015a, b), these younger ages of the Planalto Granite Suite are similar to those of
the Neoarchean IOCG-forming system in the Southern Copper Belt (2.72-2.68 Ga), and could possibly imply a
magmatic origin for the mineralizing fluids. In this sense, monazite crystallization within the ore zones of the Santa
Lucia deposit could also have been synchronous and genetically correlated with a Neoarchean episode of granite
magmatism. This is further corroborated by the boron isotope compositions of tourmaline (3''B = -3.7 to -0.6%o),
which clearly indicate a magmatic source for boron, and possibly for the ore-forming fluids. However, little is known
about a significant granite magmatism event at 2.72—-2.68 in the Carajas Domain, as well as its possible implications
on the genesis of IOCG and granite-related deposits, especially in the Southern Copper Belt. Additionally, although
there is much evidence supporting that the Santa Lucia deposit evolved fundamentally in the Neoarchean, a
Paleoproterozoic age for the pegmatite cannot be completely ruled out. If this scenario is considered, the deposit would
have registered the overprinting of a Paleoproterozoic granite magmatism event over a previously established
Neoarchean, non-IOCG system.

Nevertheless, the 2688 + 27 Ma mineralization age presented here is not only important for the understanding
of the origin of granite-related copper-gold systems in the Carajas Domain, but also for the genesis of synchronous
IOCG deposits. Indeed, the existence of magmatic-hydrothermal systems at ca. 2.7 Ga may explain the participation
of magmatic fluids in the evolution of several IOCG deposits located in Southern Copper Belt, as indicated by fluid
inclusion and stable isotope data at Sossego, Castanha and Visconde (Chiaradia et al. 2006; Monteiro et al. 2008;

Pestilho 2011; Silva et al. 2015).
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Conclusions

The Santa Lucia deposit lithotypes and hydrothermal alteration patterns, combined with the geochemical and

geochronological data obtained in this study, provide a better understanding of the evolution of its hydrothermal

system:

A variably mylonitized and hydrothermally altered subvolcanic rock of rhyolitic composition represents
the deposit host rocks. This unit, which has been correlated to the Grao Para Group, is intersected by
relatively undeformed pegmatite intrusions.

The sequence of hydrothermal alteration stages recognized at Santa Lucia comprises (1) an early
chloritization, followed by (2) potassic alteration with microcline, (3) intense greisenization, with quartz,
muscovite and tourmaline precipitation, (4) copper-gold mineralization, and (5) late sericite and hematite
vein formation and fracture infilling.

Breccia-hosted ore bodies comprise the main style of copper-gold mineralization identified in the
deposit. They are spatially associated with greisen-altered domains and characterized by a relatively
reduced ore assemblage composed of chalcopyrite, sphalerite, pyrrhotite, pentlandite, and pyrite, with
minor molybdenite, REE-bearing phases, tellurobismuthite, and cassiterite. This ore paragenesis is
consistent with that presented by the Paleoproterozoic (ca. 1.88 Ga) granite-related copper-gold systems
of Carajas, including Breves and Estrela.

The geochemical ore signature of the Santa Lucia ore breccias points to a significant Ni, Co and Cr
enrichment, which could have been leached from ultramafic rocks present in surrounding areas of the
deposit or associated with Neoarchean (ca. 2.7 Ga) IOCG systems in the Southern Copper Belt.
Additionally, concentrations of granitophile elements (e.g., Sn, Bi, W, and Mo) are compatible with
those shown by other granite-related deposits of the CMP.

Tourmaline from the Santa Lucia deposit have a schorlitic composition with 8''B values ranging from -
3.7 to -0.6%o., which fall within the known range for magmatic boron sources.

Monazite from the ore breccias yielded a weighted average 20’Pb/?%°Pb age of 2688 + 27 Ma (MSWD =
0.14). This age, combined with the geological attributes and geochemical signatures of the Santa Liicia
deposit point to the genesis of a magmatic-hydrothermal system in the Neoarchean, due to coeval A-type
granite magmatism.

These results indicate that the 2.72-2.68 Ga metallogenetic event responsible for the genesis of important
IOCG deposits, especially in the Southern Copper Belt, should also be extended for the formation of

copper-gold systems without significant iron oxide content.
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Figure Captions

Fig. 1 a Location of the Carajas Province (black) within the Amazonian Craton (light gray), Brazil. b
Compartmentation of the Carajas Province into the Rio Maria domain (south) and the Carajas Domain (north), this
limited to the north by the Bacaja Domain. ¢ Simplified geological map of the Carajas Domain. Note the spatial
distribution of important cupriferous systems and the currently operating Cu mines, as well as the main regional
structures. The red box shows the location of the Santa Lucia deposit (modified from Costa et al. 2016). Abbreviations:

IOCG = iron oxide copper-gold, VMS = volcanogenic massive sulfide

Fig. 2 Simplified geological map of the Santa Lucia deposit area (modified from Lima 2002)

Fig. 3 Schematic stratigraphic sequence of the Santa Liicia deposit based on two representative drill cores (FD014

and FD022). Abbreviations: Ms = muscovite, Qz = quartz, Tur = tourmaline
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Fig. 4 Drill core samples showing the main aspects of the Santa Lucia deposit lithotypes. a Weakly to b moderately
mylonitized chlorite-altered subvolcanic rock. ¢ Bipyramidal phenocrysts of bluish quartz within a relatively isotropic
subvolcanic rock. Note its greenish-to-grayish color due to chlorite (I) alteration. d Pegmatite intrusive body with
quartz, microcline, muscovite, and tourmaline, intersecting the subvolcanic rock parallel and e oblique to its foliation.
f Undeformed pegmatite intrusion composed of quartz, microcline, muscovite, and tourmaline. g Coarse-grained
muscovite and tourmaline crystals within pegmatite. h Boudinaged tourmaline crystals intergrown with quartz and

microcline. Abbreviations: Chl = chlorite, Mc = microcline, Ms = muscovite, Qz = quartz, Tur = tourmaline

Fig. 5 Photomicrographs showing the main features of the Santa Liucia deposit lithotypes. a Least deformed
subvolcanic rock of rhyolitic composition, constituted of quartz, microcline and biotite (transmitted light/cross-
polarized light [XPL]). b Bipyramidal quartz phenocryst surrounded by a fine-grained groundmass of quartz,
microcline, and biotite, within the subvolcanic rock (transmitted light/XPL). ¢, d and e Pegmatite intrusive body with
quartz, microcline, muscovite, tourmaline, and minor allanite (transmitted light/XPL). f Poikiloblastic tourmaline
phenocryst riddled with quartz and microcline inclusions (transmitted light/XPL). g Tourmaline-rich domain
associated with the pegmatite intrusion (transmitted light/plane-polarized light [PPL]). h Perthitic exsolution lamellae
within microcline. Note the presence of muscovite (transmitted light/XPL). i Stretched muscovite crystal in
association with quartz (transmitted light/XPL). Abbreviations: Aln = allanite, Bt = biotite, Mc = microcline, Ms =

muscovite, Pl = plagioclase, Qz = quartz, Tur = tourmaline

Fig. 6 Main aspects of the chlorite and greisen alteration stages. a Photomicrograph of selective alteration of biotite
by chlorite (I) in the subvolcanic rock (transmitted light/XPL). b Photomicrograph of chlorite (I) veinlet intersecting
the subvolcanic rock (transmitted light/PPL). ¢ Photomicrograph of epidote aggregates associated with the early
chlorite alteration stage. Note the partial replacement of biotite by chlorite (I) (transmitted light/PPL). d
Photomicrograph of potassic alteration with microcline, overprinted by muscovite and quartz from the greisenization
stage. Note the presence of hematite mantling both microcline and muscovite (transmitted light/PPL). e Drill core
sample of reddish hydrothermal microcline coated by hematite. f Photomicrograph of hydrothermal microcline
partially altered by muscovite and quartz (transmitted light/XPL). g Photomicrograph of quartz-tourmaline-
muscovite-rich assemblage associated with the greisen alteration (transmitted light/XPL). h Photomicrograph of
greisenized domains with tourmaline, muscovite, quartz, and chlorite (II) formed parallel to the rock foliation
(transmitted light/PPL). i Drill core sample of muscovite/tourmaline-rich alteration halo in the contact between the
pegmatite and the subvolcanic rock. j Photomicrograph of muscovite and chlorite (II) in apparent equilibrium,
showing straight grain boundaries (transmitted light/XPL). k Photomicrograph of chlorite (II) infillings through

muscovite cleavage (transmitted light/PPL). 1 Drill core sample of milky quartz-tourmaline-muscovite vein
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crosscutting the subvolcanic rock. Abbreviations: Bt = biotite, Chl = chlorite, Ep = epidote, Hem = hematite, Mc =

microcline, Ms = muscovite, Qz = quartz, Tur = tourmaline

Fig. 7 Drill core samples displaying the main features of the brecciated ore zone of the Santa Lucia deposit. a
Mineralized breccia with massive chalcopyrite and subordinate pyrite, enclosing quartz crystals and fragments of the
subvolcanic rock. b Breccia-style chalcopyrite mineralization hosted by the subvolcanic rock. ¢ Tourmaline-
muscovite-quartz enrichment in the main ore zone with chalcopyrite. d Clast-supported mineralized breccia with
chalcopyrite and coarse-grained milky quartz crystals. e Massive chalcopyrite hosted in a breccia body with associated
sphalerite and apatite. f Highly strained apatite and chalcopyrite in ore breccia. Abbreviations: Ap = apatite, Chl =
chlorite, Ccp = chalcopyrite, LF = lithic fragment, Ms = muscovite, Py = pyrite, Qz = quartz, Sp = sphalerite, Tur =

tourmaline

Fig. 8 Photomicrographs showing the mineralization styles and the main aspects of the ore zone of the Santa Licia
deposit, as well as the late sericite vein formation. a Chalcopyrite veinlet crosscutting quartz-rich zone in the
subvolcanic rock (reflected light/PPL). b Chalcopyrite disseminations in the subvolcanic rock (reflected light/PPL). ¢
Chalcopyrite-sphalerite-pyrrhotite-apatite association in breccia ore type sample (reflected light/PPL). d Tabular
muscovite crystals in association with quartz and chalcopyrite (transmitted light/XPL). e Acicular sphalerite inclusions
in carbonate, both surrounded by chalcopyrite and in association with quartz (transmitted light/XPL). f Tourmaline-
chalcopyrite-allanite association in ore sample (transmitted light/PPL). g Allanite, muscovite and biotite inclusions in
chalcopyrite (transmitted light/XPL). h Colloform sphalerite crystal in association with chalcopyrite (reflected
light/PPL). i Xenoblastic sphalerite with chalcopyrite disease (reflected light/PPL). j Octahedral pentlandite
exsolution along pyrrhotite rim, in contact with chalcopyrite (reflected light/PPL). k Idioblastic inclusions of pyrite in
sphalerite (reflected light/PPL). 1 Tabular molybdenite crystal as inclusion in chalcopyrite (reflected light/PPL). m
and n Backscattered electron (BSE) images showing sphalerite, pyrite, tellurobismuthite and cassiterite inclusions in
chalcopyrite. o Sericite veinlet crosscutting pegmatite sample. Note the partial alteration of microcline by sericite in
the upper-left corner (transmitted light/XPL). p Partial alteration of tourmaline by sericite in the pegmatite. The cloudy
aspect of microcline (brownish color) is also due to incipient sericite alteration (transmitted light/PPL). Abbreviations:
Aln = allanite, Ap = apatite, Bt = biotite, Cb = carbonate, Chl = chlorite, Ccp = chalcopyrite, Cst = cassiterite, Mc =
microcline, Mol = molybdenite, Ms = muscovite, Pn = pentlandite, Po = pyrrhotite, Py = pyrite, Qz = quartz, Ser =

sericite, Sp = sphalerite, Tb = tellurobismuthite, Tur = tourmaline

Figure 9 Main aspects of the post-ore hematite vein formation and fracture infilling. a Drill core sample of potassically
altered zone with microcline, overprinted by hematite veinlets. b Photomicrograph of micro-faulted hydrothermal

microcline partially altered to quartz and muscovite, and later crosscut by microcrystalline hematite veinlets
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(transmitted light/XPL). ¢ Drill core sample and d Photomicrograph of breccia zone showing angular fragments of
the subvolcanic rock surrounded by a fine-grained hematite groundmass. Note the presence of hydrothermal
microcline and sericite within the rock fragments (transmitted light/PPL). Abbreviations: Hem = hematite, Mc =

microcline, Ms = muscovite, Qz = quartz, Ser = sericite
Fig. 10 Mineral paragenetic sequence of the Santa Lucia hydrothermal system

Fig. 11 Rare earth element (REE) distribution patterns for the mineralized breccias of the Santa Lucia deposit,

evidencing a clear LREE enrichment. Chondrite values are from McDonough and Sun (1995)

Fig. 12 Photomicrographs of the selected tourmaline grains for boron isotope determinations. All photographs except
f are under transmitted light/PPL. The yellow circles indicate spots of LA-MA-ICP-MS analyses and their
corresponding 3''B values. a, b, ¢, d and e Pegmatite tourmaline samples associated with quartz. Note sericite
occurring as fracture infillings. f Ore-related tourmaline in association with chalcopyrite and sphalerite (reflected

light/PPL). Abbreviations: Ccp = chalcopyrite, Qz = quartz, Ser = sericite, Sp = sphalerite, Tur = tourmaline

Fig. 13 Plots of chemical compositions of tourmaline from the Santa Lucia deposit expressed in terms of atomic ratios
and atoms per formula unit (a.p.f.u.). a X-site vacancy-Ca-Na ternary diagram after Henry et al. (2011). b Al-Fe-Mg
ternary diagram modified after Henry and Guidotti (1985). Numbers identify the following fields: (1) Li-rich granitoid
pegmatites and aplites; (2) Lithium-poor granitoids and their associated pegmatites and aplites; (3) Ferric iron-rich
quartz-tourmaline rocks (hydrothermally altered granites); (4) Metapelites and metapsammites coexisting with an Al-
saturating phase; (5) Metapelites and metapsammites not coexisting with an Al-saturating phase; (6) Ferric iron-rich
quartz-tourmaline rocks, calc-silicate rocks and metapelites; (7) Low-Ca metaultramafics and Cr, V-rich

metasediments; (8) Metacarbonates and meta-pyroxenites. ¢ Fe/(Fe+Mg) versus Ca/(Ca+Na). d Mg versus Fei

Fig. 14 Photomicrographs showing the textural relationships between monazite and other ore-related mineral phases
from the mineralized breccia zone of the Santa Liicia deposit. a Prismatic-shaped monazite grains surrounded by
chalcopyrite (transmitted light/XPL). b Oval-shaped monazite grains within apatite (transmitted light/XPL). ¢
Monazite aggregates within apatite (transmitted light/XPL). d Prismatic-shaped monazite grain displaying equilibrium
textures with chalcopyrite and pyrrhotite (reflected light/PPL). e, f, g and h Representative BSE images of analysed
monazite grains. Locations of SHRIMP analyses are shown as yellow circles. All data are reported as 22’Pb/?*Pb ages

(up to 10% discordant). Abbreviations: Ap = apatite, Ccp = chalcopyrite, Mnz = monazite, Po = pyrrhotite

Fig. 15 2°Pb/238U vs. 207Pb/?*5U diagram for the monazite from the ore zone of the Santa Lucia deposit. The weighted

average 2O'Pb/2%Pb age (2688 = 27 Ma, MSWD = 0.14) of the main concordant cluster (light blue ellipses) is shown
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in the inset. The red ellipses represent younger, but still concordant ages (2071 + 49 Ma and 2491 + 44 Ma), also

recorded by the hydrothermal monazite grains

Fig. 16 Histogram of boron isotope compositions of tourmaline from the Santa Lucia deposit. Data for the Breves

deposit and IOCG systems of the Carajas Province (dark red lines) are from Xavier et al. (2013) and Xavier et al.

(2008), respectively. Ranges of 8!'B values for global reservoirs in nature (dark green lines) are also shown for

reference (Barth 1993; Marschall and Jiang 2011).
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Table

Table 1. Boron isotope data of tourmaline from the Santa Lucia deposit

Sample 1B/ 3'"'B (%o) Internal Precision (RSD, %o)
Pegmatite

FD14/113.30 - 1 4.5840 -2.6 0.3
FD14/113.30 -2 4.5801 -3.5 0.4
FD14/113.30 - 3 4.5841 -2.6 0.4
FD14/113.30 - 4 4.5795 -3.6 0.4
FD14/113.30 - 5 4.5794 -3.6 0.4
FD14/113.30 - 6 4.5790 -3.7 0.3
FD14/113.30 -7 4.5863 -2.1 0.4
FD14/113.30 - 8 4.5870 -1.9 0.4
FD14/113.30-9 4.5879 -1.7 0.4
FD14/113.30 - 10 4.5855 2.3 0.4
Ore

FD14/58.60 - 1 4.5885 -14 0.4
FD14/58.60 - 2 4.5871 -1.8 0.4
FD14/58.60 - 3 4.5866 -1.9 0.4
FD14/58.60 - 4 4.5900 -1.1 0.4
FD14/58.60 - 5 4.5924 -0.6 0.4
FD14/58.60 - 6 4.5871 -1.7 0.4
FD14/58.60 - 7 4.5861 -2.0 0.4
FD14/58.60 - 8 4.5863 -1.9 0.4




Table 2. SHRIMP II U-Pb monazite data from the main ore zone of the Santa Liicia deposit (sample FD22/80.10)

Spot U(ppm) Th(ppm) 22Th”SU  %2%Pb,  2%Pb/2ph 10 WpPhk20phk 1o WPh*ASU 1o PPb*ASU 1o Rho Ages (Ma) % Discordance
206pp238y  207pp,/238pY
Concordant data (up to 10% discordant)
N16-12.5-1 307 6.4 0.022 0.04 0.000031 45 0.186 1.8 12.1 2.8 0.472 2.1 076 2491+44 2704 +30 9
N16-12.8-1 181 7.5 0.043 0.05 0.000034 58 0.164 2.4 9.7 4.1 0.429 34 082 2303+66 2497 +40 9
N16-12.12-1 170 6.1 0.037 0.02 0.000012 101 0.184 2 12.1 2.4 0.475 1.4 059 2507+30 2692+32 8
N16-12.13-1 148 5.5 0.039 - -0.00000031 100 0.184 1.7 12.3 3.7 0.484 32 088 2543+68 2690 +29 7
N16-12.14-1 264 9.9 0.039 - -0.00000037  7.7E+09 0.128 2.8 6 3.7 0.342 25 0.68 1895+42  2071+49 10
N16-12.15-1 220 6.1 0.029 - -0.0000069 100 0.183 2 12.6 2.4 0.498 1.3 054 2604+27 2682 +33 4
N16-12.16-1 237 11 0.048 0.06 0.000043 41 0.182 1.7 11.9 3.6 0.475 3.1 088 2504+65 2674+29 8
Discordant and/or high common Pb data
N16-12.1-1 112 5.8 0.053 0.13 0.000096 41 0.168 1.8 9.1 3 0.39 24 079 2125+43  2541+31 19
N16-12.2-1 365 1.7 0.005 0.05 0.000038 41 0.185 2 11.1 2.4 0.437 1.5 0.6 2339+29 2694 +32 16
N16-12.3-1 390 18.7 0.049 0.01 0.0000058 103 0.146 1.7 7.7 2.4 0.381 1.7 071 2081+30 2298+29 11
N16-12.4-1 160 6.5 0.042 0.1 0.000073 45 0.188 1.8 12 2.8 0.463 22 077 2452+44  2723+29 12
N16-12.6-1 84 0.5 0.007 - -0.000000087 1414214 0.191 3.7 11.1 6.1 0.423 48 0.79 2275+93 2750+ 61 20
N16-12.7-1 8 28.7 3.559 2 0.0012 51 0.094 11.9 4 12.7 0.305 45 035 1714+68 1514+225 -15
N16-12.9-1 188 7.7 0.042 - -0.00000035 1414214 0.185 1.8 11.2 23 0.438 14 0.62 2343+28 2698 +29 16
N16-12.10-1 31 12.1 0.401 - -0.0000039 816497 0.117 5.6 5 6.1 0.308 23 038 1732+35 19104100 11
N16-12.11-1 310 21.7 0.072 - -0.0000076 100 0.182 1.7 11.5 2.4 0.458 1.6 0.68 2433+33  2670+29 11

% 206Pb. represents the proportion of 2°Pb from common Pb. Pb* indicates radiogenic Pb, corrected for common Pb.
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