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Abstract

The AN-34 and QT-02 iron oxide—copper-gold (IOCG) prospects are located in the northern portion of Carajés Mineral Province (CMP),
where important copper IOCG deposits occur. This region lacks basic geological information on the outskirts of the large IOCG deposits,
and these small prospects might provide information regarding fluid-rock interaction and alteration-mineralization styles. In these prospects,
banded iron formations (BIFs), basic volcanic rocks, and granitoids are variably deformed and hydrothermally altered. The hydrothermal
alteration evolved from early silicification, potassic alteration, and Fe enrichment. All these alterations are pervasive and linked to shear-
ing structure development. They are followed by late, ductile-brittle, chloritic alteration and sodic alteration. The quartz—magnetite oxygen
isotope geothermometry (518qulm ) and chlorite geothermometry reveal a decrease in the temperature of the hydrothermal system from
520°C +30°C to 273°C +20°C. The calculated 'O,  for silicification (6.6-5.8%o0) and Fe enrichment (9.2-10.47%o) suggest the involve-
ment of magmatic fluids. 8'*0,,, | values from 0.27 to 0.77%o and 1.7 to 3.3%o from late sodic alteration and hematite are compatible with
meteoric fluids. Our findings shed more light on the fluid-rock interaction, hydrothermal evolution, and mineralization styles in the IOCG
deposits of the northern sector of the CMP.
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1 INTRODUCTION Bear Magmatic Zone (Canada) have been discovered and

Iron oxide—copper—gold (IOCG) deposits have become reported around world-class IOCG deposits. They are cur-
important copper targets for mineral exploration and scien- rently under economic evaluation aiming to increase copper
tific research in the last three decades (Corriveau et al., 2016; reserves within these provinces (Kelly et al., 2020; Krneta
Hitzman, 2000; Williams et al., 2005). In the last years, a set etal, 2017). These prospects commonly have geological fea-

of new prospects including the Wirrda Well and Acropolis tures that allow an understanding of giant deposits formed
at Gawler Craton (Australia) and Nori and DeVries at Great and evolved over space and time.
The Carajis Mineral Province (CMP) comprises one of
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At the northern sector of the CD, the complex tecto-
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the stable isotope studies and geochronological data, which
reveals hybrid fluid sources and different episodes of copper
mineralization (Hunger et al., 2018; Melo et al., 2017; Melo
etal., 2019; Toledo et al,, 2019).

Within this sector, the Cururu Region hosts the AN-34
and QT-02 prospects, close to important IOCG deposits (e.g.,
Salobo, Furnas, and GT-46). These targets exhibit a particular
geological scenario, where the hydrothermal processes occur
over the host rocks, and changes in mineralogy, texture, and
color can be clearly seen. Banded iron formation (BIF), basic
volcanic rocks, and granitoids are variably deformed and hydro-
thermally altered. These rocks grade from unaltered rocks to
strongly hydrothermally altered ones with grunerite—alman-
dine—-magnetite-rich rocks and chlorite-rich rocks, but the pri-
mary features of the host rocks (i.e,, mineralogy and textures
of the hosts) are still recognized.

These findings contrast with the giant Salobo and Furnas,
where relicts of the hosts are scarce or absent and do not provide
much regional geological information about the country rocks
(Jesus, 2016; Melo et al., 2017). These changes in the hosts
and the hydrothermal mineral paragenesis reveal important
information on fluid-rock interaction in the northern sector
of the CD. In addition, the different styles of mineralization
observed within these prospects could reflect distinct periods
of ore formation in the northern sector for the CD.

In this study, we investigate the metallogenetic evolution
of the AN-34 and QT-02 prospects by identifying host rocks,
examining fluid-rock interaction, and characterizing the evo-
lution of hydrothermal alteration halos and distinct mineral-
ization styles. We employ chlorite chemistry and oxygen-sta-
ble isotope analysis to elucidate the sources and evolution of
the ore-forming fluids. The metallogenetic processes observed
both within and adjacent to these prospects enhance our under-
standing of regional-scale ore-forming mechanisms that could
guide future prospecting surveys in the area, particularly for
IOCG deposits.

2 CARAJAS MINERAL
PROVINCE GEOLOGICAL SETTING

The CMP represents the only Archean nucleus (Santos
etal,, 2000; Santos, 2003) in the Amazonian Craton (Fig. 1A).
The CP is divided into two tectonic domains: Rio Maria Domain
(RMD) in the south and CD in the north, revealed by trans-
lithospheric structures as a result of the collision between
these two terrains (Martins et al., 2017; Vasquez et al., 2008;
Figs. 1Band 1C).

The Mesoarchean (ca. 3.0-2.83) basement rocks of the CD
include gneisses, migmatites, granulites, a diversity of granit-
oids, and fragments of greenstone belt sequences (Vasquez
et al,, 2008, and references therein).

Basement rocks are overlain by a set of Neoarchean vol-
cano-sedimentary sequences. These sequences are mainly
represented by Aquiri, Liberdade, Sao Félix Groups, and
Itacaitinas Supergroup (ca. 2.76-2.73 Ga, Costa et al., 2016,
DOCEGEQ, 1988). The Itacaitinas Supergroup is the most

ubiquitous supracrustal in the central and northern parts
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of the CD. This supergroup is divided into lower mafic vol-
canic rocks, intermediate chemical sedimentary rocks, and
upper siliciclastic sedimentary rocks (Tavares et al., 2018).
Likewise, this supergroup can be divided into Serra da Bocaina
and Grio Para groups (Costa et al., 2016). Within the Serra
da Bocaina Group, the Salobo-Pojuca Formation, with BIFs
and basic volcanic and siliciclastic sedimentary rocks (Costa
et al., 2016), hosts most of the IOCG deposits in the north-
ern sector of the CD.

Mafic-ultramafic layered bodies include the Luanga
Complex, Vermelho, mafic rocks of the Santa Inés gabbro, and
the Pium diopside norite (Vasquez et al.,, 2008). Three granitic
magmatism events occurred in the CD. The first, from 2.76 to
2.73 Ga, generated syntectonic, foliated, alkaline, and metalumi-
nous granites (e.g., Barbosa, 2004; Barros et al., 2009; Estrela,
Planalto, and Igarapé Gelado suites; Feio et al., 2012). At ca.
2.57 Ga, there were several occurrences of peralkaline to meta-
luminous granitoids (e.g., Old Salobo and Buritirama granites,
Machado et al,, 1991; Salgado et al., 2019). The existence of
this granite magmatism, however, has been debatable in recent
works (e.g,, Toledo etal., 2023). In ca. 1.88 Ga, A-type anoro-
genic, alkaline to subalkaline, and metaluminous to slightly
peraluminous granites (e.g., Central de Carajés and Cigano)
are widespread (Machado etal., 1991). Paleoproterozoic silici-
clastic units partially cover the Itacaitnas Supergroup and
consist of Aguas Claras and Buritirama formations (Aratjo
Filho et al., 2020).

This complex evolution of the CMP gave origin to a set of
IOCG deposits during the Neoarchean (2.71-2.68 Gaand ca.
2.55 Ga) and Paleoproterozoic (1.88 Ga; Moreto etal.,, 2015b,
Trunfull et al., 2020). The deposits formed in the Neoarchean
commonly exhibit higher temperatures associated with duc-
tile deformation due to shearing, whereas those formed in the
Paleoproterozoic display lower-temperature conditions asso-
ciated with brittle deformation (Moreto et al., 2015a; Moreto
etal, 2015b). They can also be divided into the deposits located
in the Southern Sector (or Southern Copper Belt; e.g., Sossego,
Alvo 118, and Cristalino), along the Canaa Shear Zone, and
those at the Northern Sector (e.g., Salobo, Igarapé Bahia, and
Furnas; Xavier et al,, 2012), along the Cinzento Shar Zone.

3 METHODS

This research has been primarily developed over drill
cores and local fieldwork in the AN-34 and QT-02 prospects.
Petrographic studies and scanning electron microscopy (SEM)
provided more detailed geological information for the depos-
its. The following methods included mainly mineral chemistry
and stable isotope analyses.

3.1 Drill core logging, petrography,
and scanning electron microscopy

A detailed description of two drill cores from the AN-34
(FD0003 and FD000S) and three from the QT-02 (FD004,
DHO007, and DHO018) prospects was made during field-
work. Polished thin sections were analyzed under trans-

mitted and reflected light under an optical microscope.
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Figure 1. (A) Location of the Carajs Mineral Province (CMP) within the Amazon Craton, Brazil. (B) Compartmentation of the CP into Rio
Maria Domain (RMD) in the south and the Carajis Domain (CD) in the north. (C) Simplified geological map of the CD with the location of
the main ore deposits and regional structures. Red boxes show the location of AN-34 and QT-02 prospects.

Complementary investigations on metalized thin sections
with a carbon coating using a Zeiss LEO 430i SEM coupled
with energy-dispersive X-ray spectrometer (EDS) were car-
ried out at the SEM Laboratory of the Geosciences Institute
of Universidade Estadual de Campinas (UNICAMP), Brazil.
This method was only used as a semi-quantitative analysis to

reveal the occurrence of minor mineral phases.
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3.2 Mineral chemistry

Chlorite mineral chemistry was performed in two repre-
sentative thin sections from the QT-02 and AN-34 prospects.
Electron microprobe analysis (EMPA) was performed using a
JEOL JXA-8230 microprobe, equipped with five wavelength-dis-
persive spectrometers (WDS) and with one EDS, in cooperation
with the Microscopy and Microanalysis Laboratory (LMic) of
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the Universidade Federal de Ouro Preto (UFOP). The operating
conditions were 15kV accelerating voltage, 20 mA beam current,
and 2 im beam diameter. The elements analyzed are followed by
the used natural standards (in parentheses): Na (anorthoclase),
F (calcium fluoride), Si (quartz), Al (anorthite), Mg (olivine),
Zn (gahnite), Fe (magnetite), Cl (scapolite), Cr (chromite),
Ni (Ni), P and Ca (fluor-apatite), Mn (Mn), Ti (rutile), and K
(microcline). The total iron content was taken as FeO.

From a total of 83 microprobe analyses of chlorite, 16 were
excluded due to their anomalous Si weight percent (wt%).
The WinCcac software (Yavuz et al., 2015) was used to calculate
the chlorite cationic distribution, based on 18 cation formulae
(ie, O,,(OH), =14 equivalent oxygen), according to Association
Internationale Pour I'Etude des Argiles [AIPEA], Guggenheim
etal, 2006). This software estimates H O (wt%), Fe,O, (wt%),
and FeO (wt%) amounts of chlorite analyses obtained from
electron microprobe FeO,_ (wt%). Temperatures of chloriti-
zation were calculated based on empirical equations proposed
by several authors using the same software. The graphics were
made using the software Grapher 14, from Golden Software.
The analytical results are included in the Supplementary Data.

3.3 Oxygen-stable isotope analyses
Oxygen-stable isotope analyses (3'*O) were performed on

different quartz, magnetite, hematite, and albite generations

of the AN-34 and QT-02 prospects. Minerals were extracted

from drill core samples, crushed into an agate mortar, and then

586000

594000

taken to mineral separation under a binocular loupe (hand
picking), separating approximately 2-S mg of pure mineral
concentrates. Oxygen isotopes were measured using a laser
fluorination procedure, which involved the sample reaction
with excess CIF, using a CO, laser at temperatures around
1,500°C (Sharp, 1990). Oxygen isotopic composition was
determined on cryogenically cleaned CO, ata VG SIRA I spec-
trometer at the Scottish Universities Environmental Research
Center, University of Glasgow, Scotland. The values of 8O
were expressed in permil delta notation (8, %o), relative to the
Vienna Standard Mean Ocean Water (VSMOW).

4 GEOLOGY OF THE AN-34
AND QT-02 I0CG PROSPECTS

The AN-34 and QT-02 copper prospects are located in
the Cururu Region, in the north most part of the WNW-ESE
Cinzento Shear Zone (Figs. 1 and 2A). In this region, volca-
no-sedimentary rocks from the Salobo-Pojuca Formation,
Itacaitinas Supergroup, and granitoids from the Igarapé Gelado
suite are the main hosts of the mineralization (Fig. 2). In the
prospects’ area, the sequence consists of BIFs and basic volcanic
rocks. In addition, foliated to isotropic monzo- to syenogranite
also hosts copper mineralization (Figs. 2B and 2C).

The original features of the main host rocks were partially
obliterated by hydrothermal alteration and deformation due to

shearing (Figure 3). Intense hydrothermal alteration over the
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Figure 3. Main aspects of the AN-34 and QT-02 prospects’ lithotypes. (A to E) Drill core samples. (F) Transmitted light/plane-polarized
light and (G to K) transmitted light/cross-polarized light photomicrographs. (A) The BIF consists of alternating layers of quartz I and
magnetite I. (B) Deformed basic volcanic rock showing amygdaloidal texture filled with quartz II. (C) Isotropic and (D) foliated portions
of monzogranite at the AN-34 prospect. (E) Weakly altered granitoids from the QT-02 prospect cut by quartz I1I and biotite I1I veinlets.
(F) Recrystallized quartz I and elongated magnetite I parallel to primary compositional banding. (G) Quartz I ribbon with recrystallized
envelope. (H) Amygdale filled with quartz II surrounded by a mixture of chlorite I, quartz II, and sericite. (I) Quartz I sigmoid contoured with

chalcopyrite inclusions immersed in chlorite I+magnetite IT+sericite-rich matrix. (J) Potassium feldspar phenocryst surrounded by subgrains
of quartz and potassium feldspar. (K) Coarse-grained plagioclase with bent twinning associated with biotite II- and hematite-rich zones.

hosts gave origin to extremely altered and sheared lithotypes,
such as grunerite—almandine-magnetite-rich and chlorite-rich

rocks, which envelop the copper ore zones.

4.1 Banded iron formations

BIFs can be found in both prospects. At the AN-34, BIFs
display discontinuous bands of variable thickness interleaved
with chlorite-rich rocks. On the contrary, in the QT-02, a thick

5/19

pack of preserved BIFs interlayered with lenses of basic volca-
nic rocks is broadly recognized.

In the most preserved zones, the BIFs are fine- to medi-
um-grained, with layers ranging from 0.5 to 2.5 cm in thick-
ness, and the compositional layering is typically marked by the
alteration of quartz (50%) and magnetite (40%) (Figs. 3A),
with small amounts (5%) of other minerals, including hema-
tite and carbonates. Locally, the BIFs exhibit folds, fractures,
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breccias, and stockwork zones. The quartz is fine-grained
(< 1.2 mm) with undulose extinction. In some portions
of the BIF, granoblastic texture and quartz ribbons can be
observed (Fig. 3G). Magnetite is fine-grained (< 0.5 mm),
is xenomorphic, and is commonly replaced by hematite.
Recrystallized quartz and stretched magnetite parallel to
primary compositional banding define the mylonitic folia-
tion (Figs. 3F and 3G).

With the increase of the hydrothermal alteration and defor-
mation features (i.e,, shearing), this lithotype grades into rocks
with hydrothermal minerals, such as almandine, grunerite, and
chlorite. In these zones, an anastomosed foliation overprints
primary bedding.

4.2 Basic volcanic rocks

The basic volcanic rock occurs as small wedges within the
AN-34, but its recognition is tricky, and primary textures are
poorly preserved. This rock commonly appears hydrothermally
altered with a greenish color and fine- to medium-grained and
mylonitized texture. It contains very fine-grained lamellar
chlorite I and sericitic foliated groundmass. Amygdales of up
to 1 cm are filled with fine-grained quartz I and chlorite I and,
locally, have pressure shadows (Figs. 3B and 3H). Primary igne-
ous minerals are completely replaced by hydrothermal min-
erals (i.e, chlorite).

Particularly at AN-34, this rock grades to zones where
a greenish-gray color and fine- to medium-grained texture
predominate with mylonitic foliation. These zones contain
fine- to medium-grained xenomorphic quartz I with undu-
lose extinction and lobate contact with minerals that comprise
the matrix. The matrix is composed of fine-grained magnetite
1, sericite, and chlorite I with minor tourmaline and biotite
I. These minerals define the mylonitic foliation and can be
locally observed in quartz sigmoids with minor chacopyrite
Linclusions (Fig. 31).

4.3 Granitoids

At AN-34, granitoids are reddish to gray, phaneritic,
equigranular, and fine- to medium-grained (< S mm).
Foliated portions with shear bands can often be observed
(Fig. 3C), although some portions are isotropic (Fig. 3D).
They are primarily monzogranites composed of magmatic
quartz (35%), plagioclase (30%), orthoclase (25%), biotite,
epidote, and allanite (5%). Carbonate and sericite (5%) are
also recognized. Hydrothermal chlorite I and stretched quartz
I can be observed in altered zones and define the foliation.

Quartz grains are fine- to medium-grained (< 2 mm),
are xenomorphic, and show interlobate boundaries with
plagioclase and potassium feldspar. Also, quartz crystals
in the granitoids show undulose extinction, subgrain for-
mation, and well-defined grain orientation. Plagioclase and
potassium feldspar are fine- to medium-grained (< 1.5 mm),
mostly xenomorphic with idiomorphic grains in less-de-
formed portions. Locally, potassium feldspar phenocrysts
can also be observed surrounded by fine-grained recrys-
tallized potassium feldspar and quartz (Fig. 3]), often with
kink bands.
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Granitoids at QT-02 display a stronger hydrothermal
alteration; nevertheless, some weakly altered portions can be
observed (Fig. 3E). These pink phaneritic rocks are medium-
to coarse-grained (< 4 mm). Primary mineralogy is partially
replaced by hydrothermal minerals.

5 HYDROTHERMAL ALTERATION

The styles and paragenetic evolution of the hydrothermal
alteration at AN-34 and QT-02 are quite similar (Figs. 4A and
4B). However, the reconstruction of the temporal evolution
of the hydrothermal system was individually described here
based on the different stages of alteration and deformation
structures (Figs. SA-SC).

The early stages of hydrothermal alteration are repre-
sented by (i) silicification, (ii) Fe enrichment (grunerite,
magnetite I, and almandine), and (iii) potassic alteration
with biotite zones, which enclose the copper mineraliza-
tion. A second stage of (iv) silicification is accompanied
by the second stage of mineralization. Intense (v) chloritic
alteration overlaps previous alterations. A (vi) second stage
of potassic alteration with biotite is better developed at the
QT-02 prospect. These alterations and the associated miner-
alization are related to the development of ductile structures
(ie., shearing), including shear bands and penetrative mylo-
nitic foliation. Whereas chloritic alteration can reach around
500 m away from the central zone of the prospects; the other
hydrothermal alterations are narrower and have inner halos,
with an envelope of 100-200 m around copper mineralization
(Figs. 2A and 2B). Fe enrichment is often developed over the
BIF and in its borders. Crosscutting relationships and tele-
scoping are commonly observed when younger hydrother-
mal alterations overprint older ones.

The late stage of hydrothermalism includes sodic alter-
ation zones with (vii) albite, which is mainly observed in the
QT-02 prospect. In these zones, hydrothermal biotite, hema-
tite, and chalcopyrite can be observed. Late (viii) veins and
veinlets (carbonate—chlorite—quartz—albite—chalcopyrite)
are also found. These late hydrothermal alterations affected
the inner zones of the deposit and crosscut the earlier hydro-
thermal alteration.

5.1 Silicification |

Silicification I is widespread in both prospects, in fronts of
replacement and veins. In basic volcanic rocks, silicification I is
pervasive, where quartz I constitutes the rock matrix (Figs. 6A
and 7A). In BIFs at the QT-02 prospect, quartz I grows along the
foliation and forms stretched bands. The quartz of silicification
Lis fine- to medium-grained, is subidiomorphic to xenomor-
phic, and concordant with the foliation. Undulose extinction,
subgrain formation, sigmoids, bands, and ribbons are frequent

in this generation of quartz.

5.2 Fe enrichment
The Fe enrichment zones appear as fronts and pockets
within the prospects. It encompasses early magnetite I+ quartz

I followed by grunerite+almandine % chlorite I, and it is best
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Figure 4. Paragenetic sequence of the AN-34 and QT-02 prospects, divided into (A) AN-34 and (B) QT-02 prospects showing the mineral

alteration sequence and mineralization stages.

seen at QT-02. In QT-02, the most preserved BIF and lenses
of basic volcanic rock grade to hydrothermally altered zones
with grunerite, almandine, and magnetite. At AN-34, relicts
of this alteration can also be present but strongly altered to
chlorite formation.

In the QT-02 prospect, magnetite I is fine-grained, often sub-
idiomorphic to idiomorphic, associated with quartz I+grunerite
crystals (Fig. 6B). The central domain of the AN-34 is marked
by intense Fe enrichment depicted by large amounts of massive
magnetite I + quartz I. In these zones, magnetite-rich lenses
define the mylonitic foliation (Fig. 6C) associated with chal-
copyrite (mineralization I; Fig. 8B).

Grunerite is oriented along quartz I- and magnetite I-rich

microbands (Figs. 6B and 7C). This is accompanied by a

gradual growth of almandine+magnetite I + chlorite I (Fig. 6D).
Almandine is essentially idiomorphic and rounded, consisting

of fine- to coarse-grained (< 1 mm-1.2 cm, Fig. 7D).

5.3 Potassic alteration

Potassic alteration with biotite I is restricted in both
prospects, particularly over the granitoids. It is represented
by biotite I £ quartz I + magnetite, defining planes of mylo-
nitic foliation. This is commonly replaced by pervasive chlo-
rite I (Fig. 7E). At AN-34, though partially replaced by later
chlorite, biotite is better developed close to mineralized
zones. Biotite I is fine-grained, is subidiomorphic to xenom-
orphic, and forms platy crystals up to 1 mm, associated with

quartz I ribbons.
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Figure S. Schematic stratigraphic sequence of the (A) AN-34 and
(B and C) QT-02 prospects based on four representative drill cores,
showing hydrothermal altered zones and copper mineralization.

5.4 Main copper mineralization

At least four stages of copper mineralization have been
identified in the prospects with different styles and structural
controls. The main stage of mineralization in terms of eco-
nomic importance (i.e., grades) is represented by mineraliza-
tion I It forms elongated lenses concordant to the mylonitic
foliation. Zones of intense Fe enrichment and potassic alter-
ation with biotite I are the locus of the copper ore.

Mineralization I is more abundant in the AN-34 prospect
but also appears at QT-02. It consists chiefly of disseminated
to massive chalcopyrite I (45%) strongly associated with
magnetite (40%) and minor bornite I (5%) and pyrite I (5%)
(Figs. 8A and 8B). Chalcopyrite veinlets are also recognized.
Uraninite, Y-xenotime, allanite, apatite, and ilmenite are com-
mon accessory minerals within the ore zones and encompass
5% of the ore. They appear as inclusions within chalcopyrite
I and magnetite 1.

Chalcopyrite 1 is fine- to medium-grained (< 4 mm), is
xenomorphic, is granular to massive, and is mainly associated
with magnetite I crystals (Figs. 8F and 8G). Stilpnomelane
appears as acicular crystals included within chalcopyrite I

(Fig. 8H). Bornite I is fine-grained, xenomorphic, and granular.
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Minor pyrite I usually forms xenomorphic crystals associated
with quartz I and chalcopyrite I (Fig. 8I).

5.5 Silicification Il + mineralization Il

Thessilicification I with quartz ITis an incipient alteration,
mainly developed and associated with the granitoid observed at
the AN-34 prospect (Figs. SA, SC, and 6E). Quartz IT occurs as
medium-grained, idiomorphic to subidiomorphic with undu-
lose extinction and ribbons. The mineralization II is poorly
developed and is comprised of chalcopyrite I (85-95%)
and bornite II (5%) within quartz IL. In these zones, chalco-
pyrite Il and bornite are granular, are fine-grained, and fill the
spaces between quartz II crystals (Fig. 8C). This mineraliza-
tion is mainly observed near the granitic apophysis (Fig. 8D)
and subordinately can also occur in massive zones. Generally,
dendritic covellite replaces bornite II (Fig. 8K) where cobal-
tite can also be recognized.

5.6 Chloritic alteration

Chloritic alteration is the most important and extensive
type of hydrothermal alteration in both prospects and sur-
rounding areas. It is pervasive and mainly associated with
mylonitic zone development (Figs. 6F, 6G, 6H, and 6L) and
forms a proximal halo around the ore zones. It reveals fine-
grained (< 1 mm) lamellar, Fe-rich chlorite (i.e,, chamosite) and
minor sericite + epidote. Most of the previous alterations and
host rocks were overprinted by chlorite I formation. In mylo-
nitized zones, chlorite occurs as strongly selective alteration
fronts. In these zones, grunerite and biotite I are converted
into chamosite (Fig. 7E). At completely chloritized domains,
chlorite pseudomorphs after garnet are frequently observed
(Figs. 6G and 7G).

5.7 Potassic alteration Il

A second stage of potassic alteration with biotite can be
observed at the QT-02 prospect. It is represented by biotite
I1 + tourmaline I  apatite * (quartz II) and overlaps part of
the Fe enrichment assemblage (i.e., grunerite). The biotite IT
forms coarse lamellar crystals (0.5-1.4 mm) and defines the
mylonitic foliation. Furthermore, the biotite II surrounding
almandine crystals was replaced entirely or partially by chlo-
rite I (Figs. 6H and 7H).

Grunerite is commonly replaced by biotite II (Fig. 7F).
Subordinate amounts of quartz II, tourmaline I aggregates,
and apatite accompany the potassic alteration. Tourmaline
I crystals are medium- to coarse-grained (up to 4 mm long),
idiomorphic, and zoned (Fig. 71). In sheared zones, tourma-
line I crystals are fine-grained and stretched along the mylo-
nitic foliation.

5.8 Sodic alteration

The sodic alteration is recognized mainly in the QT-02
and in some portions of the AN-34. This is mainly developed
over the granitoids through the replacement of igneous feld-
spar where tiny hematite inclusions occur within the hydro-
thermal albite (Fig. 6I). This alteration marks the transition
of ductile to ductile-brittle deformation. These crystals differ
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Figure 6. Drill core photographs of hydrothermally altered rocks at AN-34 and QT-02. (A) Pervasive silicification I in basic volcanic rocks.
(B) Quartz I+magnetite I+grunerite formation parallel to the mylonitic foliation in the banded iron formation. (C) Strongly chloritized
rock with magnetite I fronts concordant with foliation. (D) Fe enrichment with the formation of almandine, magnetite I, and quartz I.
(E) Intensively silicified IT domain. (F) Chlorite-rich mylonitic rock showing mainly stretched quartz I. (G) Garnet xenoblastic crystals and
grunerite replaced by chlorite I. (H) Biotite I+ Tur I-rich zone with almandine crystals totally or partially replaced by chlorite I. (I) Granite
affected by pervasive Na alteration with hematite I inclusions. (J) Hydrothermal breccias with hematite I-rich matrix in granite affected by Na
alteration. (K) Stockwork zone in BIFs cut by late hematite veinlets. (L) Late chlorite II vein cutting massive magnetite I zone.

from preserved igneous feldspar crystals for showing chess- 1T are surrounded by a matrix of fine- to medium-grained (< 1
board twinning (Fig. 7]), undulose extinction, and bulging mm) specular hematite I crystals and fine (< 0.5 mm) brownish
recrystallization that cut the primary feldspar. lamellar biotite III (Figs. 6] and 7K). Occasionally, amounts of
granular and disseminated bornite IIT and chalcopyrite Il are

5.9 Late veins, breccias, also found dispersed in the hematite I-biotite III-rich breccia
and mineralization (Fig. 8M), which comprises mineralization ITI (Figs. SL-8N).
A diversity of late veins, veinlets, stockwork zones, and This breccia evolves to zones where veins larger than 2 cm of
hydrothermal breccias are observed at the AN-34 and QT-02 hematite I are observed in both prospects (Figs. 6K and 7L).
prospects and mark the latest stage of hydrothermal activity A set oflate veins and veinlets are filled with carbonate, chlo-
in the region. Late copper mineralization (mineralization I1I rite II (Fig. 6L), albite II, biotite III, quartz I1I, epidote II, and
and IV) is associated with brittle deformation. chalcopyrite IV (i.e., mineralization IV). At QT-02, veins and
Massive breccias comprised of magnetite I and quartz Il are veinlets of chlorite Iland carbonate are more frequent. At AN-34,
recognized within hydrothermally altered zones at basic vol- veins and veinlets of calcite, epidote II, and biotite III and milky
canic rocks and BIFs. In the granitoids, angular clasts of albite quartz veins containing tourmaline IT aggregates are predominant.
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Qtz: quartz; Ser: sericite; Tur: tourmaline.

Figure 7. Photomicrographs showing distinct stages of hydrothermal alteration in both prospects. (A) Strongly deformed idioblastic to
subidioblastic quartz I, concordant to mylonitic foliation. (B) Xenoblastic magnetite I stretched and associated with chlorite 1. (C) Twinned
coarse-grained grunerite crystal displaying foliation in BIFs. (D) Fractured almandine poikiloblastic involved by biotite II. (E) Biotite II
replaced by chlorite in quartz I mylonitic zones. (F) Biotite II replacing chloritized grunerite. (G) Garnet pseudomorphosed by chlorite
11 associated with magnetite I and quartz I. (H) Potassic alteration with biotite II surrounding idioblastic almandine partially chloritized.
(I) Zoned tourmaline associated with biotite II and minor quartz II. (J) Hydrothermal albite showing chessboard texture. (K) Specular
hematite I and biotite I1I in hydrothermal breccias at QT-02 granite affected by Na alteration. (L) Hematite I veinlets concordant to mylonite
foliation in quartz I-rich zone. (A, B, D to I, K, and L) Plane-polarized light and (C and J) cross-polarized light.

6 CHLORITE GEOTHERMOMETRY

Mineral chemistry analyses of chlorite associated with
mineralization I (i.e., chlorite I) from AN-34 and in late veins
in BIFs (chlorite IT) from QT-02 prospects were obtained and
are shown in Table 1. The classification of chlorite was based
on AIPEA (Guggenheim et al., 2006).

Chlorite from AN-34 and QT-02 does not display sig-

nificant variations in terms of Fe and Al contents, classified

as chamosite (Fe?*, Mg, and Fe3+)5Al (SiSAl) 0,,(0H, 0),
(Figs. 9A and 9B). In addition, there is no important vari-
ation in Fe/(Fe+Mg) ratios, from 0.58 to 0.64 in chlorite I
from AN-34 and 0.54 to 0.63 in chlorite IT at QT-02, showing
a slight negative correlation.

The Al" contents in chlorite I display a moderate-to-positive
correlation with Fe/(Fe+Mg) ratios, from 1.10to 1.38 (Fig. 9C).

Conversely, chlorite II presents a negative correlation, varying
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Figure 8. General aspects of the copper mineralization I and II. (A) Disseminated chalcopyrite I associated with magnetite I and chlorite
L. (B) Massive zone of chalcopyrite I with magnetite I and biotite II. (C) Chalcopyrite I-related silicification II zones and (D) granitic
apophyses. (E) Massive chalcopyrite I + bornite II associated with silicification Il zones. (F) Main ore paragenesis (chalcopyrite I+magnetite
I) associated with chlorite zones. (G) Octahedral magnetite I crystals with chalcopyrite I. (H) Stilpnomelane needles included in chalcopyrite
L. (I) Chalcopyrite I+pyrite I in silicified I domains. (J) Idioblastic granular chalcopyrite II in silicified II zones associated with granitic
apophyses. (K) Dendritic covellite with inclusions of cobaltite replacing bornite II. (L) Bornite III in hematite I hydrothermal breccias.
(M) and (N) Bornite I1I replacing chalcopyrite III associated with specular hematite I in hydrothermal breccias. Images F, G, L, J, L, and M
are photomicrographs under reflected light and plane-polarized light. Images H, K, and N are SEM backscattered electron images.

from 0.70 to 1.31, in relation to AN-34. Al/(Al+Mg+Fe) ratios In this paper, several geothermometers were applied to
show a small variation (0.33-0.39 at AN-34 and 0.24-0.37 at obtain the temperature formation of AN-34 and QT-02 chlorite
QT-02). Chlorine and fluorine contents in both chlorites are and included those from Cathelineau and Nieva (1985), Jowett
low, < 0.03 apfu and < 0.07 apfu, respectively. (1991), Kranidiotis and MacLean (1987), and Zang and Fyfe

11/19


https://creativecommons.org/licenses/by/4.0/

Braz. J. Geol. (2025), 55: €20240034

Table 1. Representative EPMA analyses of chlorite from the AN-34 and QT-02 prospects.

Prospect AN-34 QT-02
Sample DHO0003_143 FD007_175
T (CepLBal+biagl+ CHILE Qi) Banded iron formation
Mineral Chlorite I Chlorite IT
Sio, 24.81 25.03 24.57 24.77 25.22 24.41 25.50 27.68
TiO, 0.03 0.05 0.02 0.05 0.04 0.03 0.05 0.37
ALO, 20.24 1991 19.48 20.45 20.27 19.72 19.76 17.03
Cr,0, 0.06 0.15 0.01 0.03 0.01 0.03 0.05 0.02
FeO 29.63 29.60 30.44 28.86 28.40 29.69 31.14 29.18
MnO 0.30 0.35 0.42 0.23 0.41 0.50 0.58 0.48
NiO 0.00 0.00 0.04 0.08 0.02 0.00 0.04 0.01
ZnO 0.00 0.00 0.03 0.07 0.00 0.05 0.00 0.02
MgO 10.70 10.94 10.31 11.14 12.37 11.08 10.99 10.29
CaO 0.13 0.05 0.03 0.08 0.03 0.07 0.05 0.07
Na,O 0.07 0.10 0.04 0.13 0.06 0.07 0.09 0.10
K,0 0.12 0.10 0.05 0.06 0.02 0.08 0.12 2.34
F 0.02 0.09 0.17 0.14 0.00 0.09 0.00 0.06
Cl 0.05 0.02 0.01 0.06 0.05 0.08 0.07 0.19
O=F 0.01 0.04 0.07 0.06 0.00 0.04 0.00 0.03
0=Cl 0.01 0.00 0.00 0.01 0.01 0.02 0.02 0.04
Total 86.18 86.43 85.69 86.22 86.91 85.96 88.46 8791
Number of ions on the basis of 14 O
Si 2.7396 2.7574 2.7527 2.7283 2.7370 2.7173 2.7624 3.0303
Ti 0.0025 0.0041 0.0017 0.0041 0.0033 0.0025 0.0041 0.030S
Al 2.6340 2.5850 2.5722 2.6547 2.5926 2.5872 2.5229 2.1973
Cr 0.0052 0.0131 0.0009 0.0026 0.0009 0.0026 0.0043 0.0017
Fe?* 2.7362 2.7270 2.8521 2.6583 2.5775 2.7640 2.8212 2.6715
Mn 0.0281 0.0327 0.0399 0.0215 0.0377 0.0471 0.0532 0.0445
Ni 0.0000 0.0000 0.0036 0.0071 0.0017 0.0000 0.0035 0.0009
Zn 0.0000 0.0000 0.0025 0.0057 0.0000 0.0041 0.0000 0.0016
Mg 1.7614 1.7966 1.7220 1.8292 2.0013 1.8387 1.7748 1.6793
Ca 0.0154 0.0059 0.0036 0.0094 0.0035 0.0083 0.0058 0.0082
Na 0.0150 0.0214 0.0087 0.0278 0.0126 0.0151 0.0189 0.0212
0.0169 0.0141 0.0071 0.0084 0.0028 0.0114 0.0166 0.3268
F 0.0070 0.0315 0.0604 0.0490 0.0000 0.0317 0.0000 0.0207
Cl 0.0094 0.0038 0.0019 0.0112 0.0092 0.0151 0.0129 0.0352
OH 7.9836 7.9648 7.9377 7.9398 7.9908 7.9532 7.9871 7.9441
Total 17.9543 17.9574 17.9670 17.9571 17.9709 17.9983 17.9877 18.0138
Fe/(Fe+Mg) 0.6084 0.6028 0.6235 0.5924 0.5629 0.6005 0.6138 0.6140
Fe(total) 2.7362 2.7270 2.8521 2.6583 2.5775 2.7640 2.8212 2.6715

(1995). The calculated temperatures vary from 246 to 394°C in
AN-34and 231 to 370°C in QT-02 (Fig. 9D). No drastic vari-
ances are observed among the different authors and proposed
methods. We also show the R2+ vs. Si (apfu) diagram for chlo-
rite from the AN-34 and QT-02 prospects. Chlorite from both
deposits displays Tschermak as the main chlorite substitution
along the clinochlore (Daphinite)-Amesite end-member line
and plots around the zero vacancy line (Fig. 9E).

7 OXYGEN ISOTOPE COMPOSITION
OF HYDROTHERMAL MINERALS

The oxygen isotope composition of the main hydrothermal
alteration minerals at AN-34 and QT-02 were analyzed to con-
strain the ore-forming fluid evolution (Table 2). Analyses on
quartz IT (8"0,,,,,, = 8-3-9.1%0, n = 02) and hematite II
(80, o = -9-0%o0, n = 01) were carried out in AN-34.

At QT-02, in contrast, the isotopic analyses were developed
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Figure 9. (A) Compositional variation of chlorite from the AN-34 and QT-02 prospects (Zane & Weiss, 1998) showing chamosite
composition with richer Fe terms. (B) Chlorite distinction graph based on Fe/(Fe+Mg) and Si (apfu)) content by Ruiz Cruz and Nieto (2006).
(C) Relationship between Al" content and Fe/(Fe+Mg)-to-chlorite ratio from the AN-34 and QT-02 prospects. (D) Boxplot showing values
of chlorite crystallization temperature in the AN-34 and QT-02 prospects, according to the calibrations of Cathelineau and Nieva (1985),
Jowett (1991), Kranidiotis and MacLean (1987), and Zang and Fyfe (1995). (E) Chlorite from the QT-02 and AN-34 deposits plotted in
the R2+ vs. Si (apfu) diagram (Wiewidra & Weiss, 1990) with isotherms calculated based on the study by Bourdelle and Cathelineau (2015).

Table 2. Oxygen isotope composition of distinct minerals and associated hydrothermal fluids from the AN-34 and QT-02 prospects.

Prospect Sample no. Hydrothermal alteration Mineral Slsom T (°C) 5‘801_120
DHO03/174,60 Silicification II (Mineralization IT) Quartz 9.1 520£30 6.6 £0.29
AN-34 DHO03/296,00 Late hematite vein Hematite -9.0 273120 1.7 £0.21
DHO05/305,90 Silicification II (Mineralization IT) Quartz 83 52030 5.8 £0.29
FD04/284,00 Late hematite breccia Hematite 7.4 273+20 3.3+0.21
FD04/302,05 Na alteration Albite 7.1 273+20 0.27 £0.68
FD04/362,20 Na alteration Albite 7.6 273%20 0.77 £0.38
QT-02 FD07/193,40 Fe-enrichment Quartz 11.7 52030 9.2 £0.29
FD07/193,40 Fe-enrichment Magnetite 12 52030 7.25 £0.17
FDO07/272,40 Fe-enrichment Quartz 13.0 520130 10.47 £0.29
FD07/272,40 Fe-enrichment Magnetite 4.0 520+ 30 10.0§ £0.17
using quartz I (8"*0,, ., = 11.7-13.0%o, n = 02), magnetite was calculated using mineral chemistry from EPMA obtained
1(8"0 g, o = 1.2-4.0%0, n = 02), albite I (80, = 7-1- in this study. Two quartz—magnetite pairs provided a tempera-
7.6%o, n = 02), and hematite II (SISOstowz -7.4%o,n=01). ture of 550 and 490°C for Fe-enriched zones with magnetite

7.1 Temperature and oxygen
isotopic composition of the
associated hydrothermal fluids

The quartz—magnetite pair was used to calculate the tem-
perature, according to the oxygen isotope fractionation factors
of Matthews et al. (1983). In addition, chlorite temperature

I+quartz I at QT-02. Pervasive chlorite I showed a mean tem-
perature of 287°C in AN-34 and late chlorite IT of 273°C in
QT-02, both obtained by chlorite geothermometer proposed
by Cathelineau and Nieva (1985).

The temperature of 520°C represents the mean tempera-
ture value obtained for the quartz—magnetite pair from the Fe
enrichment stage at QT-02. An interval of 30°C was chosen to
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calculate the oxygen isotope composition of the fluid in equi-
librium with the hydrothermal minerals. The temperature of
273°C, obtained from QT-02 chlorite, is associated with min-
erals related to ductile-brittle deformation linked to the final
stage of the hydrothermal Cururu system. In this case, an inter-
val of 20°C was applied to calculate the oxygen isotope com-
position of the fluid. These data are summarized in Table 3.

The oxygen isotope composition of the hydrothermal
fluids (5180H20) was calculated using temperature intervals
estimated for each hydrothermal alteration stage and isotopic
fractionation factors for quartz-H,O (Clayton et al,, 1972),
magnetite-H, O (Bottinga & Javoy, 1973), albite-H, O (O’Neil
& Taylor Jr,, 1967), and hematite-H O (Zheng, 1991).

In QT-02, fluids in equilibrium with quartz I and magne-
tite I associated with the Fe enrichment stage at 520°C display
8'%0,,,, = 9.2%o, 10.47%o (quartz I) and 8"°0,,, = 7.25%o,
10.05%o (magnetite I) values. At the same temperature inter-
Lo Values
of 6.6 and 5.8%o. Fluids in equilibrium with sodic alteration
at 273°C £ 20°C present 80, , = 5.4 and 5.9%o (albite I)
values. Also, fluids associated with hematite II present values
of 80, = 1.7%o at AN-34 and 3.3%o at QT-02.

val, fluids associated with silicification IT have 6'*O

8 DISCUSSION

8.1 Fluid-rock interaction
and changes in the host rocks

The superposition of different styles/episodes of IOCG
mineralization in the deposit scale is a common feature in
the CD and worldwide (Skirrow et al., 2022, and references
therein). Along the Cinzento Shear Zone, magmatic, deforma-
tional, and hydrothermal events overlap most of the original
features of the host rocks of the IOCG deposits (e.g., Jesus,
2016; Salobo and Furnas; Melo et al., 2017). However, in the
AN-34 and QT-02 prospects, the host rocks are relatively pre-
served when compared to other deposits in the region (e.g,,
Salobo and Furnas deposits), and the transition toward hydro-
thermally altered lithotypes is clearly seen.

These prospects are chiefly hosted by BIFs and basic vol-
canic rocks with preserved primary structures (i.e., primary
bedding and amygdaloidal texture). These rocks are only
affected by dynamic metamorphism due to the shearing of
the Cinzento Shear Zone, but no regional metamorphism
was observed. Regional metamorphism over Neoarchean
rocks has been ruled out in the region by some authors (e.g.,
Hunger et al., 2018; Melo et al., 2017). However, dynamic

metamorphism has strongly affected the country rocks along
the Cinzento Shear Zone (Toledo etal., 2023). Although geo-
chronological data have not been obtained for the area, the
rocks of the Cururu Region can be attributed to the metavol-
canic sedimentary units of the Salobo-Pojuca Formation and
Itacaitinas Supergroup (2.76-2.73 Ga). The age of the granitic
rocks, however, remains unknown, but it might be from the
widespread Neoarchean granite magmatism (2.76-2.73 Ga;
e.g, Toledo et al., 2023) or of Paleoproterozoic age (1.88 Ga;
Vasquez et al., 2008).

Though there are small differences between both pros-
pects, they seem to have evolved from the same ore-forming
fluid. The hierarchy of hydrothermal paragenesis allowed us to
identify an initial stage of pervasive silicification. Following this
alteration, Fe enrichment (magnetite [+grunerite+almandine)
and potassic alteration with biotite, associated with shearing
development, are ubiquitous at the prospect. Fe enrichment
and potassic alteration are also widespread in other IOCG
deposits of the region, including Salobo, GT-46, Grota Funda,
and Furnas (e.g., Hunger et al,, 2018; Melo et al., 2017).

The mineralization I encompasses the main mineralization
stage at the Cururu Region, and it is represented by elongated
sheared lenses composed of chalcopyrite I+magnetite I +bor-
nite I £ pyrite coeval to potassic alteration and syn-shearing.
Minor occurrences of uraninite, Y-xenotime, allanite, apatite,
and cobaltite related to mineralization II reflect associations
with U, REE, and Co. The second stage of silicification (i.e.,
quartz IT) is coeval to the second episode of copper precipi-
tation. The mineralization IT with chalcopyrite II+quartz I1 +
bornite IT usually occurs close to granitic apophysis. This ore
mineralogy can be associated with the geochemical signatures
of the ore zones likely related to the Neoarchean ores of the
northern sector of the CD (Carneiro et al., 2023).

Chlorite I formation is the most pervasive alteration, syn-
to post-mineralization I, in both prospects. Chlorite alteration
zones are characteristic of shallow crustal level deposits, like
Sossego, Alvo 118, and Grota Funda (Hunger et al., 2018;
Monteiro et al.,, 2008; Torresi et al., 2012), representing the
latest cool stages of the hydrothermal systems.

The transition from an essentially ductile to a ductile-brittle
regime can be observed with the development of a pervasive
sodic alteration (albiteI) at the QT-02 prospect. This alteration
is poorly observed in the hydrothermal paragenesis at depos-
its of the northern sector. A ductile-brittle regime with brec-
cias, veins, veinlets, and stockwork zones followed the intense
chloritic alteration and sodic alteration. Hydrothermal brec-
cias with specular hematite II+biotite ITI-rich matrix occur in

Table 3. Temperatures estimated from oxygen isotope composition and mineral chemistry from the AN-34 and QT-02 prospects.

Prospect Mineral Hydrothermal alteration Oxygen isotopes Mineral chemistry
AN-34 Chlorite I Pervasive chloritization 287°C (Chlorite geothermometer)
550°C (Qtz-Mag pair)
Quartz I + Magnetite I Fe-enrichment 490°C (Qtz-Mag pair)
o Mean = 520+ 30°C
Chlorite IT Late veins 273 £20°C (Chlorite geothermometer)
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granitoids in QT-02. In addition to the brittle regime being
represented by hematite II rich-breccias, veins and veinlets cut
the hydrothermal lithotype sequence and granitoids. Also, chal-
copyrite IV (mineralization IV) occurs mainly in quartz I,
carbonate, and albite II veins and veinlets, similar to those
described in the Gameleira deposit, of Paleoproterozoic age
(Lindenmayer et al., 2001).

8.2 Origin of the ore-forming
fluids and temperature

The hydrothermal alteration halos at AN-34 and QT-02
point to a decrease in the temperature. This is evidenced by
hydrothermal alteration assemblages and confirmed by oxy-
gen-stable isotopes and chlorite geothermometry.

The isotopic temperature in the QT-02 prospect obtained
by the quartz—magnetite pair is quite similar to that calculated
for the quartz-biotite pair at the Salobo deposit of 565°C £
50°C for Fe enrichment and potassic alteration (Melo et al.,
2019). These temperature conditions might be very simi-
lar at the early stages of AN-34 as well. §'*O,, | values for
the hydrothermal fluids in equilibrium with Fe enrichment
(7.25-10.47%o), silicification II (5.8-6.6%o0) at 520°C +
30°C, indicating an essentially magmatic source for the flu-
ids (Fig. 10). Magmatic fluids were documented as the main
fluids in the IOCG deposits from the northern sector and
Southern Copper Belt of Carajis (Melo et al,, 2019; Monteiro
et al,, 2008; Pestilho et al., 2020).

The widespread pervasive chlorite I formation is the lat-
est stage of hydrothermal alteration in a ductile stage. At the

Salobo deposit, the temperature of syn- to post-mineraliza-
tion chlorite is 347°C (Réquia, 1995). However, Zang and
Fyfe (1995) suggest that the hydrothermal processes involved
chlorite occurred at a range 0of 200-270°C at the Igarapé Bahia
deposit. The Furnas deposit, in turn, presented a wide tempera-
ture range for chlorite formation, which must be interpreted
with caution (225-425°C; Jesus, 2016).

Values for 8'°0,,,  between 1.55 and 3.15%o for hema-
tite-rich breccias associated with mineralization III were cal-
culated at 273°C £ 20°C based on chlorite geothermometer.
This is linked to alow-temperature stage that takes place at the
later stages of the hydrothermal system due to interaction with
externally derived fluids depleted in '*O (Fig. 10). This alter-
ation of a ductile to ductile-brittle deformation regime and late
interaction of fluids with different sources was also observed at
Sossego, Alvo 118, Salobo, and Igarapé Bahia deposits (Melo
et al., 2019; Monteiro et al., 2008; Torresi et al., 2012).

The influence of high-temperature fluids (i.e., magmatic
fluids) associated with the ductile deformation regime gave
origin to specific temperature alterations, such as iron enrich-
ment. Temperature conditions decay from 520°C % 30°C
(magnetite—quartz pair in Fe enrichment) to 273°C £20°C
(chlorite geothermometer in pervasive chlorite I), which
suggests a fluid mixing for ore precipitation. Conversely, the
precipitation of minerals in breccias, veins, and veinlets
(hematite IT and chlorite II) points to a brittle regime and a
different style of alteration. The source of fluids, the defor-
mation regime, and the timing of this event must be inter-

preted with caution.
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1 1 T
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: |’| r’i
520 +30°C
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Figure 10. Oxygen isotope composition of hydrothermal fluids in equilibrium with silicates and oxides from the AN-34 (green symbol)
and QT-02 (black symbol) prospects. Seawater and magmatic water fields are from Taylor Jr. (1997) and the distribution of 3'*O values for
meteoric water and sedimentary, metamorphic, granitic, and basaltic rocks obtained from Hoefs (2009).
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8.3 The Cururu Region: Clues for
a complex metallogenic evolution

The metallogenic evolution of the Cururu Region is very
similar to that reported of the northern sector, like Salobo,
Igarapé Bahia, Furnas, GT-46, and Grota Funda (Hunger etal.,
2018; Jesus, 2016; Lindenmayer & Teixeira, 1999; Melo etal.,
2017; Melo et al., 2019; Toledo et al., 2019). These similari-
ties include early high-temperature hydrothermal alteration
evolving to lower-temperature hydrothermal halos, copper
mineralization associated with significant amounts of mag-
netite, and structural control of the hydrothermal alteration
associated with the development and/or reactivation of
Cinzento Shear Zone.

However, the hydrothermal alteration halos and the copper
mineralization seem to be weaker and localized at these pros-
pects. At the Cururu Region, chloritic alteration is stronger
than that reported at Salobo, Furnas, and GT-46, suggesting
an intense telescoping of the low-temperature hydrothermal
system over the high-temperature assemblage (i.e., gruner-
ite—almandine-biotite). Thus, with low temperature and low
salinity, Cu-poor hydrothermal fluids in a shallower level were
dominant in this region.

Almandine-grunerite (biotite)-magnetite-rich rocks have
been broadly described at Salobo, GT-46, Furnas, and Grota
Funda deposits. This mineral assemblage has been interpreted as
metamorphic paragenesis, strongly obliterated by pervasive and
recurring hydrothermal alteration stages at GT-46 and Furnas
deposits (Jesus, 2016; Toledo et al., 2019). On the contrary,
in Salobo and Grota Funda, they were assigned as hydrother-
mal alteration products due to intense fluid-rock interaction
(Hunger et al.,, 2018; Melo et al., 2017). At these deposits,
however, the fluid/rock ratio is high and the transitions from
the unaltered host to almandine-grunerite (biotite)—magne-
tite-rich rocks are not clear. At the Cururu Region, geologi-
cal evidence suggests a gradual transition from non-altered
lithotypes to grunerite—magnetite—almandine-biotite-rich
rocks, which is best seen at BIFs from the QT-02 prospect.
Therefore, this mineral assemblage could also be assigned as a
product of hydrothermal alteration, likely resulting from intense
fluid/rock interaction and deformation. Grunerite—magnetite—
almandine-biotite-rich rocks might be primary prospecting
guides for copper mineralization along the Cinzento Shear
Zone. Additionally, the strong Fe enrichment in AN-34 and
QT-02 could be related to iron leaching from BIFs and, thus,
BIFs might be a lithological control for the IOCG deposit
along the Cinzento Shear Zone.

This paragenesis can be linked with IOCG episode at
ca. 2.5 Ga, as reported for Salobo, Grota Funda, Furnas, and
GT-46 (Hunger et al., 2018; Jesus, 2016; Melo et al., 2017;
Melo et al.,, 2019; Toledo et al., 2019). The results of oxy-
gen isotope composition at the Cururu Region evidence the
importance of essentially magmatic fluids for the formation
of copper ore. In the Salobo and Igarapé Bahia deposits, the
isotopic results denote the influence of magmatic or metamor-
phic fluids for the genesis of the deposits (Melo et al., 2019).
However, the late stages of the evolution of the system are asso-

ciated with an externally derived source of fluids (Melo et al.,

2019). The link between Carajis IOCG deposits and granite
magmatism remains unclear, although some authors state an
obvious spatial relation between these deposits and magmatic
intrusions (Groves et al., 2010; Pollard, 2006).

A diversity of granite plutons has been recently recognized
in the deposit scale along the Cinzento Shear Zone. The ca.
2.5 Gamagmatism, represented by Old Salobo, Itacaitinas, and
undeformed granites at GT-46, is coeval with mineralization
at Salobo, Igarapé Bahia, and GT-46 deposits (Machado etal.,
1991; Melo et al., 2017; Réquia et al., 2003; Tallarico et al,,
2005; Toledo et al., 2019). On the contrary, recent studies of
trace elements in zircon suggested that these granitic bodies
could be products of a regional intense fluid-rock interaction,
in which fluids may have been derived from the mantle (Toledo
et al, 2023). In this case, there would be no 2.5 Ga granite
magmatism, and these ages would be hybrid ages caused by
isotopic disturbances due to a regional hydrothermal event
(Toledo et al., 2023).

Although not dated, the general aspects of host rocks at
AN-34 and QT-02, including hydrothermal alteration pat-
terns (grunerite—almandine-biotite), deformation features,
and alteration-mineralization styles, suggest that this system
may have formed at ca. 2.5 Ga. This is like the ages reported
at Igarapé Bahia, Grota Funda, and Salobo IOCG depos-
its (Hunger et al.,, 2018; Réquia et al., 2003; Tallarico et al,,
2005). However, the timing of mineralization in these pros-
pects deserves more investigation, and overprint events can-
not be ruled out.

Magmatic fluids were likely derived from deep-seated
sources (i.e., mantle-plume derived) and ascended through-
out translithospheric structures (Diniz et al., 2023; Teixeira
et al., 2020; Toledo et al., 2023), though this possibility
remains very speculative. Mantle-derived granites (Creaser
et al., 1996) are also proposed for the genesis of the giant
Olympic Dam (Courtney-Davies et al., 2020). At the Andean
IOCG deposits, arc magmatism with fluid sources at depth
has been deemed mainly responsible for IOCG genesis (Del
Real etal,, 2023; Rodriguez-Mustafa et al., 2022; Simon et al,,
2018). However, at Carajés, the source of these fluids remains
unknown and debatable.

The development of deformation zones and networks of
deformation zones due to the Cinzento Shear Zone creates fun-
damental structures that control fluid circulation and copper
mineralization (Blenkinsop et al., 2020; Xavier et al., 2012).
As the fluid ascended through crustal-scale shear zones, the
fluid—rock interaction increased and temperature decreased,
which might have triggered the formation of the hydrother-
mal alteration halos and ore precipitation.

The change in structural regime from ductile to duc-
tile-brittle and the participation of externally derived fluids
are recorded at mineralization III in hydrothermal breccias.
The interaction of external '*O-depleted fluids with primary
magmatic fluids is observed in the northern sector as in the
southern copper belt and assigned as the most important
process for ore precipitation (Melo et al., 2019; Monteiro
et al., 2008; Pestilho et al., 2020; Torresi et al., 2012; Silva

etal, 2015). Nevertheless, the influence of Paleoproterozoic
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granitic unit (e.g., 1.88 Ga, Cigano granite) emplacement as
heat and metal sources in the Cururu Region cannot be ruled
out. These younger granites could be responsible for another
hydrothermal event as a source of heat that caused the devel-
opment of shallow emplaced ore precipitation (mineralization
IV) at the AN-34 and QT-02 prospects.

Hence, the Cururu Region, with the AN-34 and QT-02
prospects, has some pieces of a complex puzzle of copper
metallogenesis in the northern sector of the CD. These pros-
pects, though not important in terms of ore tonnage, are
part of a wider mineral system at Carajis and share the same
ore-forming processes with the larger deposits in the region
(Skirrow et al., 2022).

9 CONCLUSIONS

Detailed characterization of the host rocks, hydrothermal
alteration halos, ore zones aligned with mineral chemistry,
and stable isotopes at the AN-34 and QT-02 prospects pro-
vided new insights for IOCG systems in the north of the CD:
*  BIF, basic volcanic rocks, and granite units are the main

host rocks in the Cururu Region. Intense hydrothermal

alteration over these rocks originated from high-tempera-
ture mineral assemblages such as grunerite, almandine, and
magnetite that evolves into mineral assemblages of lower
temperature represented by chlorite, hematite, and sericite;

*  Te enrichment (grunerite+almandine+magnetite) iden-
tified in the Cururu area and in other IOCG deposits
in the northern sector suggests a possible lithology over
these deposits;

*  Oxygenisotopes reveal fluids of magmatic origin with high
temperatures (520°C £ 30°C) evolving to lower-tempera-
ture (273°C £ 20°C) meteoric fluids;

* Based on the hydrothermal alteration assemblages and
development of ductile to ductile-brittle structural regime

ARTICLE INFORMATION

associated with an increase in the fO,, the AN-34 and
QT-02 prospects may be considered an IOCG system with
shallow-to-intermediate crustal-level evolution.

These findings shed light on the complex metallogenetic
evolution of the northern CD. The prospects reveal changes
in the mineralogy, texture, and deformation structures of the
host rocks, as a result of the development of the hydrothermal
system, whether through along-lived process (e.g., the Salobo
deposit; Melo et al., 2017) or via multiple stages (e.g., the
GT-46 deposit; Toledo et al., 2019). These insights are crucial
for advancing our understanding of IOCG mineral systems, as
prospects and satellite targets around large, world-class depos-
its offer key clues to the underlying ore-forming processes.
This can be seen in other important provinces, including the
Gawler Catron (Australia: Wirrda Well and Acropolis depos-
its), at Great Bear Magmatic Zone (Canada: Nori and DeVries
deposits; Kelly et al., 2020; Krneta et al., 2017). Thus, unrav-
eling the metallogenetic evolution of these small deposits and
prospects can help in the understanding of the ore-forming
processes and the development of mineral exploration cam-

paigns and enhance the cost-effectiveness of the area.
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