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Abstract

4OAr-**Ar dating of biotite from IOCG and granite-related Cu-Au deposits in the Carajas Mineral Province provides evidence for
the timing of mineralization and constraints on genetic models of ore formation. Ages of biotite from greisen and quartz-rich vein
and breccia deposits, Alvo 118—1885+4 Ma, Breves—1886+5 Ma, Estrela—1896 +£7 Ma, and Gameleira—1908 +7 Ma,
demonstrate the close temporal relationship between Cu-Au mineralization and subjacent A-type granites. Mineralization is
hosted within granite cupolas (Breves) or in vein/breccia systems emanating from the cupolas (Estrela and Gameleira), consistent
with a genetic relationship of mineralization to the B-Li-F-rich granites. Plateau and minimum ages of biotite from IOCG
deposits, including Igarapé Bahia, Cristalino, Corta Goela, and GT34, range from 2537+ 6 Ma to 2193 £4 Ma. The 40730
Ar age of biotite from Igarapé Bahia (2537 + 6 Ma) is similar to a previous SHRIMP 2°’Pb-2**Pb age for monazite of 2575 +
12 Ma when the uncertainties in the respective analyses and standards are taken into account. The age spectrum for biotite from
Cristalino shows increasing ages for successive steps, consistent with post-crystallization Ar loss, and the age of 2388 =5 Ma for
the last three steps is considered a minimum age for Cu-Au mineralization. The age of biotite from the GT34 prospect (2512 +
7 Ma) coincides with a previously identified period of basement reactivation and may indicate the formation of Cu-Au miner-
alization at this time or resetting of biotite from an older mineralization event at this time. At Corta Goela, within the Canaa Shear
Zone, the biotite age of 2193 +4 Ma lies between the ages of IOCG (2.57-2.76 Ga) and granite-related Cu-Au (~1.88 Ga)
deposits elsewhere in the Carajas district but is similar to previously reported *°Ar-*Ar ages for amphibole from Sossego,
possibly indicating that mineralization at both Sossego and Corta Goela was affected by a thermal event at this time. The
Paleoproterozoic Cu-Au deposits are commonly hosted within Neoarchean IOCG alteration systems and the common occurrence
of potassic alteration (especially biotite) in both types of deposits means that special care is required in interpreting the paragen-
esis of alteration in both types of deposits. The Paleoproterozoic Cu-Au deposits are reduced, and sulfur- and quartz-rich deposits
lacking in major amounts of iron oxides and are therefore unlike IOCG deposits. Instead, they share many characteristics in
common with widespread Paleoproterozoic Sn-W deposits in the Amazon Craton, including close spatial and temporal relation-
ships with reduced A-type B-Li-F granites, and the occurrence of greisen and quartz-rich vein/breccia systems within and above
granite cupolas. The occurrence of sericitic alteration in the Paleoproterozoic Cu-Au deposits is not evidence for an upward
transition to sericitic alteration in IOCG deposits in the Carajas Mineral Province.
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Introduction

The Carajas Mineral Province is located at the southeastern
margin of the Amazon Craton, Brazil. Since discovery of the
Carajas iron deposits in 1967 (Tolbert et al. 1971) and the
Salobo copper-gold deposit in 1977 (Lindenmayer and
Teixeira 1999), Carajas has emerged as a world-class iron
and copper-gold province. In addition, the province hosts ma-
jor manganese (Azul), nickel (Vermelho, Luanga), and gold-
PGE (Serra Pelada) deposits (Fig. 1).

The Cu-Au deposits include large (>200 Mt) iron ox-
ide copper-gold deposits (e.g., Cristalino, Igarapé Bahia,
Salobo, and Sequeirinho; Fig. 1) as well as a group of
smaller (mostly <50 Mt) granite-related Cu-Au (W-Sn-
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Bi) deposits, including Aguas Claras, Breves, Estrela,
and Gameleira (Grainger et al. 2008). Copper-gold de-
posits are hosted mainly in volcano-sedimentary rocks of
the Itacaiunas Supergroup as well as in basement rocks of
the Xingu gneiss complex and Rio Maria granitoid-
greenstone terrain (Fig. 1).

Dating of Cu-Au deposits in the Carajas Mineral Province
indicates three main episodes of mineralization at ca. 2.7 Ga
(e.g., Sequeirinho, Moreto et al. 2015a), 2.57 Ga (e.g., Salobo,
Requia et al. 2003 and Igarapé Bahia, Tallarico et al. 2005),
and ca.1.88 Ga (e.g., Breves, Tallarico et al. 2004). Gameleira
has an Archean Re-Os molybdenite age (2614 + 14 Ma,
Marschik et al. 2005) and Lindenmayer et al. (2005) refer to
an unpublished Archean Re-Os molybdenite age for Estrela.
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Both deposits have strong geological and mineralogical affin-
ities with the Paleoproterozoic deposits.

We report *°Ar-*° Ar ages for biotite from eight copper-gold
deposits and prospects in the Carajas district. These results,
together with other geochronological data, help to constrain
the ages of the copper-gold mineralization and models for the
formation of the deposits. This raises questions concerning the
classification of the Paleoproterozoic Cu-Au deposits as mem-
bers of the iron oxide-copper-gold (IOCG) clan and suggests
the likelihood that they instead form part of a granite-related
group of Cu-Au deposits that are essentially greisen and
quartz-rich vein/breccia systems linked to Paleoproterozic B-
Li-F-Sn granites which are widespread in the Amazon Craton.

Regional geology

The Carajés Province includes basement gneiss and migmatite
of the Xingu Complex, granulite of the Pium Complex, and the
Bacaba tonalite with ages ~ 3.0 Ga (Pidgeon et al. 2000; Moreto
et al. 2011) and to the south, the Rio Maria Domain composed
of greenstone belts, granite, and mafic-ultramafic rocks. These
basement rocks are overlain by a 2.76-2.73 Ga (Machado et al.
1991; Tallarico et al. 2005) sequence of metavolcanic and
metasedimentary rocks and banded iron formations of the Rio
Novo Group and Itacaitinas Supergroup, and ~2.68 Ga
(Trendall et al. 1998) sandstone and siltstone of the Aguas
Claras Formation. The major units of the Itacaiinas
Supergroup comprise the Salobo, Igarapé Pojuca, Grio Para,
and Igarapé Bahia groups (e.g., Docegeo 1988). These se-
quences were deposited in a basin formed in an intracontinental
or continental arc setting (Dardenne et al. 1988; Machado et al.
1991) and have been deformed by major NW-trending
transcurrent fault systems including the Cinzento and Carajas
strike slip systems and the Carajas fault. These were reactivated
as transtensional and transpressional systems in the Late
Archean and as transpressional and extensional systems in the
Proterozoic (Pinheiro and Holdsworth 1997; Holdsworth and
Pinheiro 2000). The metamorphic grade ranges from
greenschist facies in the southern part of the Carajas domain
to amphibolite facies in the Salobo Group in the northern part of
the domain (Machado et al. 1991; Olszewski et al. 1989).
Four main episodes of granite intrusion can be recognized
within the Carajas Province: Mesoarchean (~3.0 Ga
Sequeirinho Granite and Bacaba Tonalite, Moreto et al.
2011, 2015a; 2.87-2.83 Ga Campina Verde tonalite complex
and Cruzaddo granite, Feio, 2013), Neoarchean A-type gran-
itoids (~2.75-2.70 Ga Estrela, Planalto, Serro de Rabo,
Sossego and Curral granites, Barros et al. 2009; Feio et al.,
2012; Huhn et al. 1999a; Sardinha et al. 2006), ~2.57 Ga Old
Salobo and Itacaiiinas Granites (Machado et al. 1991; Souza
et al. 1996), and Paleoproterozoic (~ 1.88 Ga) A-type granites
(e.g., Carajas and Cigano granites (Machado et al. 1991)). The

Luanga mafic-ultramafic complex was emplaced at ~2.75 Ga
(Machado et al. 1991).

Iron-oxide Cu-Au deposits

The main iron-oxide copper-gold deposits in the Carajas Mineral
Province include Salobo, Cristalino, Sequeirinho (part of the
Sossego-Curral-Sequeirinho group of deposits referred to collec-
tively as Sossego), and Igarapé Bahia (Table 1) as well as a
number of other deposits/prospects including Alvo GT46
(Silva et al. 2005), Bacuri (Melo et al. 2014), Bacaba (Augusto
et al. 2008), Visconde (Silva et al. 2015), and Castanha Jatoba
and Pedra Branca (Moreto et al. 2015b). Most deposits have
widespread early sodic and/or sodic-calcic alteration but this is
weakly developed or absent at Igarapé Bahia. The deposits have
major stages of K and Fe metasomatism represented by various
combinations of K-feldspar, biotite, fayalite, grunerite, actinolite,
magnetite, and chlorite (Table 1). This is typically overprinted by
breccia-, vein-, and replacement-style Cu-Au mineralization that
includes combinations of chalcopyrite, bornite, chalcocite, co-
baltite, molybdenite, gold, and a variety of minor phases that
are commonly accompanied by fluorite, apatite, and tourmaline
(Table 1). The deposits have sulfur-poor sulfide assemblages and
generally quartz-poor mineralization, with enrichment in LREE
and variable enrichment in Co, Ni, Pb, and Zn (Grainger et al.
2008). Minor Sn as cassiterite occurs at Igarapé Bahia and
Sequeirinho while Igarapé Bahia contains minor tungsten in the
form of ferberite and scheelite (Table 1).

The IOCG deposits appear to be contemporaneous with
high-K calc-alkaline to shoshonitic intrusions which were
emplaced during ductile deformation. The ages of mineraliza-
tion at Salobo (Re-Os molybdenite age 2576 = 8 Ma, Requia
et al. 2003) and Igarapé Bahia (**’Pb->"°Pb monazite age
2575+ 12, Tallarico et al. 2005) are similar to the 2.57 Ga
U-Pb zircon ages of the Itacaitinas and Old Salobo granites
(Machado et al. 1991; Souza et al. 1996). In the southern
copper belt, Pb-evaporation ages of 2733 £2 Ma, 2371 +
1 Ma, and 2736 +£4 Ma and U-Pb LA-MC-ICPMS ages for
the same samples of 2729+ 17 Ma, 2710 + 10 Ma, and 2706
+5 Ma have been obtained for the high-K calc-alkaline to
shoshonitic Planalto Suite (Feio et al. 2012). These ages are
similar to those of the nearby IOCG deposits including
Sequeirinho (U-Pb monazite age 2712+ 5 Ma, Moreto et al.
2015b) and Pista (Re-Os molybdenite ages 2685 + 11 Ma and
2710+ 11 Ma, Moreto et al. 2015b).

Cu-Au (W-Sn-Bi) deposits associated with ca.
1.88 Ga granites

This group of deposits includes Breves (Tallarico et al. 2004;
Botelho et al. 2005), Estrela (Lindenmayer et al. 2005; Volp
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Sequeirinho-Pista-Baiano

Cristalino

Igarapé Bahia

Summary data for selected IOCG deposits in the Carajas Mineral Province
Salobo

Table 1
Deposit

@ Springer

2710+ 11 Ma (Re-Os molybdenite);

2700 +29 Ma (Pb-Pb leaching of

2575+ 12 Ma (SHRIMP Pb-Pb

2576+ 8 Ma; 2562 +8 Ma

Age of mineralization

2712 +5 Ma (LA-ICP-MS monazite)

chalcopyrite and pyrite);

monazite); 2537 +6 Ma

(Ar-Ar biotite)
Volcano-sedimentary rocks of

(Re-Os molybdenite)

2388 +5 Ma (Ar-Ar biotite)
Mafic to felsic metavolcanic rocks

Granite, gabbronorite, and felsic

Xingu gneiss and volcano-sedimentary

Host rocks

metavolcanic rocks
Ab-hem and ab-act-mag-ap

and BIF of the Grao Para Group

Ab and scp

the Igarapé Bahia Group

None reported

rocks of the Salobo Group
No (minor ab with Fe-silicate

Sodic and sodic-calcic

alteration)
Kfs-bt-mag-Fe-Mg amp

alteration
K-Fe alteration
Ore mineralogy

Kfs-bio-mag

Kfs-bt-mag

Kfs-bt-mag

Ccp, mag, po, py and minor mol, sp.,

Ccp and minor py, bravoite, cobaltite,

Ccp, bn with minor mol, gn,

Ccp, bn, cct with minor

siegenite, millerite, Pd-melonite, gn,

cst, hessite, and gold

Thorianite

millerite, vaesite, bn, cct, and gold

cobaltite, hessite, altaite, cst,

ferberite, sch, and gold
Urn, uranophane, thr, thorianite

Fl, scp, ferropyrosmalite

mol, cobaltite, safflorite,
and gold

Urn

Um
Fl

U-Th
F-Cl

F1

Aln, ap, mnz

Tur

Aln, ap
Tur

Aln, parisite, bastnasite, mnz, ap

Tur

Aln, ap
Tur

REE-P

B-Li-Be

Monteiro et al. 2008a, b;

Huhn et al. 1999a, Ribeiro et al. 2009;

Tallarico et al. 2005;

Requia and Fontboté 2000;

References

Moreto et al. 2015a, b

Dreher et al. 2008 Soares et al. 2001; this study

Requia et al. 2003

ab albite, act actinolite, aln allanite, amp amphibole, ap apatite, bn bornite, bt biotite, ccp chalcopyrite, cct chalcocite, cst cassiterite, /I fluorite, gn galena, hem hematite, Kfs K-feldspar, mag magnetite, mnz

monazite, mol molybdenite, py pyrite, sch scheelite, scp scapolite, sp. sphalerite, thr thorite, fur tourmaline, urn uraninite

2005), and Gameleira (Lindenmayer et al. 2001; Pimentel
et al. 2003; Marschik et al. 2005) where mineralization occurs
in the altered roof zones of Paleoproterozoic A-type granite
cupolas and in related quartz + carbonate-rich vein and breccia
systems. Other deposits that appear to form part of this group
are the vein/breccia-hosted Alvo 118 (Torresi et al. 2012),
Aguas Claras (da Silva and Villas 1998), and Sossego-
Curral (Monteiro et al. 2008a, b; Moreto et al. 2015a) de-
posits. In addition to Cu-Fe sulfides, gold, and abundant
quartz, these deposits commonly contain a variety of B, Be,
F, Li, Sn, W, and Bi minerals (Table 2).

Sampled granite-related deposits: geology
and biotite paragenesis

Alvo 118

Cu-Au mineralization at Alvo 118 (Fig. 2a) occurs within
mafic-intermediate metavolcanic rocks (Grao Para Group),
gabbro, and granodiorite-tonalite (Torresi et al. 2012).
Dacitic and rhyolitic porphyry dykes crosscut mineralized
breccia zones at the gross scale, but locally contain magnetite
and chalcopyrite, suggesting they were present during part of
the alteration and mineralization (Torresi et al. 2012).

Torresi et al. (2012) recognized early alteration types in-
cluding sodic alteration (albite, scapolite + magnetite), potas-
sic alteration (K-feldspar and/or biotite + magnetite and
quartz), and later chlorite alteration which is the most perva-
sive and widespread alteration. Chlorite alteration is
succeeded by a second potassic alteration stage (K-feldspar,
biotite, and magnetite) and later quartz and carbonate infill in
breccias and veins which host the mineralization (Torresi et al.
2012). Chalcopyrite + magnetite + hematite and a variety of
minor phases (Table 2) occur as infill within the veins and
also as a separate vein stage where chalcopyrite is also abun-
dant as an alteration of earlier chlorite.

Tallarico (2003) used SHRIMP 2°’Pb->°°Pb dating of
xenotime from the sulfide-rich veins to date the mineralization
at 1868 =7 Ma (1o, n=12, MSWD = 1.3), with another sam-
ple from breccia-hosted mineralization at 1869+7 Ma (1o,
n=12, MSWD=1.2).

Breves

Breves (Tallarico et al. 2004; Botelho et al. 2005; Fig. 2b) is a
greisen- and vein-style Cu-Au-(W-Bi-Sn) deposit hosted within
a cupola of monzogranite to alkali feldspar granite and adjacent
sandstone and siltstone of the Aguas Claras Formation. The
granite has a range of textural types including biotite-
muscovite-bearing fine-grained, granophyric, and granular
hypidiomorphic types, and also has a minor episyenite zone
(Tallarico et al. 2004). The massive greisen zone occurs in the
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Fig. 2 Cross-sections of selected
Cu-Au deposits in the Carajas
Mineral province. a Alvo 118
(Grainger et al. 2008). b Breves
(Tallarico et al. 2004). ¢ Estrela
(Lindenmayer et al. 2005). d
Gameleira (Lindenmayer et al.
2001). e Igarapé Bahia (Galarza
et al. 2008). f Cristalino (Soares
etal. 2001)
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upper part of the granite and extends into the host rocks with
progressively decreasing alteration intensity. An early stage of
potassic alteration is composed mainly of K-feldspar and biotite,
together with fluorite, tourmaline, phenakite, cassiterite, and sul-
fides (chalcopyrite, pyrite, and pyrrhotite) (Botelho et al. 2005).
The main greisen stage is composed of quartz, muscovite (com-
monly replaced by chlorite), fluorite, tourmaline, and chalcopy-
rite with a wide variety of associated minerals (Table 2). Several
vein and breccia types have been recognized (Tallarico et al.
2004; Botelho et al. 2005) including (1) quartz veins that can
be vuggy or filled with chalcopyrite, ferberite, and chlorite; (2)
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fluorite, chalcopyrite, arsenopyrite, chlorite, and quartz veins; (3)
chalcopyrite-tourmaline veins; and (4) zoned veins with beryl-
rich rims and centers with tourmaline, fluorite, and arsenopyrite,
together with trace amounts of bismuthinite, ferberite, wolfram-
ite, monazite, galena, and spodumene.

The granite at Breves has a weighted mean SHRIMP
207pp-296ph zircon age of 1879+6 Ma (lo, n=33,
MSWD = 1.2) and mineralization has been dated by a com-
bined SHRIMP 2*’Pb-%Pb age of 1872+7 Ma (1o, n= 14,
MSWD = 1.2) for monazite and xenotime from a quartz-
arsenopyrite-chalcopyrite vein (Tallarico et al. 2004).
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Estrela

The Estrela Cu-Au deposit (Fig. 2¢) is situated near the faulted
contact between mafic-felsic metavolcanic rocks, banded iron
formation, and metasedimentary rocks of the Grao Para Group
and metarhyolite (Lindenmayer et al. 2005). This sequence has
been intruded by a porphyritic to equigranular alkali feldspar-
topaz-Li mica granite (Lindenmayer et al. 2005). The granite
contains abundant aplite, pegmatite, and stockscheider zones
together with unidirectional solidification textures (UST’s),
miarolitic cavities (Volp 2005), and episyenite (Lindenmayer
et al. 2005). Quartz-K-feldspar-biotite-chalcopyrite veins are
common in the granite (Lindenmayer et al. 2005), and the upper
part of the cupola consists of quartz-fluorite-mica-topaz-sulfide
greisen (Volp 2005).

Lindenmayer et al. (2005) recognize early sodic-calcic alter-
ation of the metaandesites at Estrela composed of quartz, albite,
hastingsite-pargasite, magnetite, and ilmenite. This is overprinted
by a potassic stage that includes biotite, albite, quartz, tourmaline,
chalcopyrite, pyrite, pyrrhotite, and molybdenite (Lindenmayer
et al. 2005). The main mineralization at Estrela consists of
millimeter- to meter-scale quartz-rich veins, breccias, and associ-
ated alteration within the host rocks above the granite cupola.
The main vein stage is composed of quartz-albite-biotite-fluorite-
chalcopyrite-pyrite-pyrrhotite veins with minor magnetite, ilmen-
ite, epidote, tourmaline, chlorite, and molybdenite (Lindenmayer
et al. 2005). It is uncertain whether chlorite and epidote are later
than albite and biotite. Later veins are composed mainly of
quartz-white mica with minor topaz, fluorite, tourmaline, chlorite
and sulfides, and late quartz-carbonate veins (Lindenmayer et al.
2005). Cassiterite, gold, and U-REE minerals are also reported
(Lindenmayer et al. 2005; Volp 2005).

The granite at Estrela has been dated at 1875+2 Ma and a
nearby quartz-diorite at 1880+5 Ma by the ID TIMS U-Pb
zircon method (Lindenmayer et al. 2005). Lindenmayer et al.
(2005) also report an unpublished Re-Os age for deformed
molybdenite of 2.7 Ga. Volp et al. (2006) used the U-Th-Pb
CHIME technique to date three monazites from aplite which
gave ages of 1886+ 19 Ma, 1827 +23 Ma, and 1716 +9 Ma.
Monazite from a quartz-green biotite vein and allanite from a
fluorite-sulfide vein gave ages of 1839+ 14 Ma and ca.
1850 Ma, respectively, (Volp et al. 2006). Volp et al. (2006)
noted that monazite from the quartz-green biotite vein showed
evidence of alteration, but did not specify the nature of the
alteration. Mineralized main stage veins (see above) have also
been dated at 1857 +£98 Ma using the Sm-Nd method on
whole-rock samples of vein material (Lindenmayer et al. 2005).

Gameleira
The Gameleira Cu-Au deposit (Lindenmayer et al. 2001;

Marschik et al. 2005; Fig. 2d) is essentially a vein and breccia
deposit situated above a cupola of syenogranite to alkali

feldspar granite which has been correlated with the nearby
Pojuca Granite (U-Pb zircon age 1874 +2 Ma (Machado
et al. 1991; Lindenmayer et al. 2001)). The host rocks at
Gameleira consist mainly of mafic to intermediate
metavolcanic rocks, metagabbro and banded iron formations
of the Salobo-Pojuca Group (Lindenmayer et al. 2001;
Pimentel et al. 2003). Lindenmayer et al. (2001) interpreted
bodies of banded rocks composed largely of quartz, magne-
tite, and grunerite as resulting from hydrothermal alteration.

Early alteration of the metavolcanic, metasedimentary, and
metagabbroic rocks at Gameleira consists mainly of widespread
brown to black biotite + scapolite alteration in mafic-intermediate
rocks that is accompanied in places by garnet (garnet-biotite-
scapolite schist). The banded magnetite-rich rocks are
overprinted by grunerite veins and associated alteration.

Pimentel et al. (2003) reported tourmaline, titanite, ilmen-
ite, magnetite, apatite, and uraninite in garnet-biotite-scapolite
schist. Grunerite-rich zones contain green biotite, magnetite,
chalcopyrite and minor bornite, pyrite, cobaltite, pentlandite,
and gold with accessory stilpnomelane, apatite, uraninite, and
fluorite (Lindenmayer et al. 2001). Re-Os molybdenite dating
(Marschik et al. 2005) indicates an age of 2614 + 14 Ma for
grunerite-related mineralization.

The granite contains tourmaline as a common accessory
mineral together with fluorite, chalcopyrite, molybdenite,
and gold (Lindenmayer et al. 2001), while the Pojuca granite
contains accessory topaz, tourmaline, and fluorite as well as
minor pyrite, chalcopyrite, and molybdenite (Villas 1999).
UST’s and miarolitic cavities are also present in the granite.
The quartz-rich vein system that emanates from the granite
cupola post-dates the grunerite veins (Marschik et al. 2005).
The quartz-rich veins contain green biotite, albite, chalcopy-
rite, and bornite with minor apatite, allanite, uraninite, fluorite,
tourmaline, muscovite, chlorite, molybdenite, cobaltite, Co-
pentlandite, carbonate, and gold (Lindenmayer et al. 2001;
Pimentel et al. 2003). Minor chalcopyrite extends from the
veins into the host rocks and is associated with minor alter-
ation of earlier magnetite and grunerite.

Sampled I0CG deposits: geology and biotite
paragenesis

Igarapé Bahia

The Igarapé Bahia Cu-Au deposit (Ronz et al. 2000; Tazava
and Oliveira 2000; Tallarico et al. 2000, 2005; Dreher et al.
2008; Fig. 2e) is hosted within breccia bodies within steeply
dipping metavolcano-sedimentary rocks of the Igarapé Bahia
Group. The latter comprise chloritized metabasalt, banded
iron formation, and chert in the footwall and coarse- to fine-
grained metaturbidites in the hanging wall. These rocks are in
faulted contact with overlying sandstone of the Aguas Claras
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Formation (Tallarico et al. 2000). A series of quartz diorite and
diabase dykes cut the metavolcano-sedimentary rocks and
Aguas Claras Formation sandstone (Tallarico et al. 2000).
The quartz diorites range from unaltered to highly altered,
veined, and/or brecciated, whereas diabase dykes are unal-
tered (Grainger et al. 2008).

Heterolithic breccias contain millimeter- to meter-scale an-
gular to rounded clasts consisting mainly of metabasalt, band-
ed iron formation, chert, and siliciclastic metasedimentary
rocks (Dreher et al. 2008). The breccia contains a rock flour
matrix (e.g., Fig. 4g of Dreher et al. 2008), which is strongly
overprinted by alteration/mineralization that also occurs in
veins. Breccia-hosted mineralization is composed mainly of
magnetite, siderite, chlorite, amphibole, tourmaline, quartz,
and chalcopyrite (Dreher et al. 2008) together with a range
of minor phases (Tallarico et al. 2000; Table 2). Tallarico
et al. (2005) dated monazite in the ore breccia at 2575 +
12 Ma (SHRIMP >*’Pb-2“°Pb age).

Cristalino

The Cristalino deposit (Fig. 2f) is hosted by mafic and felsic
metavolcano-sedimentary rocks and banded iron formations
of the Grao Para Group which have been intruded by gabbro,
diorite, and granite bodies (Huhn et al. 1999b). Alteration of
the host rocks includes sodic-calcic (albite, scapolite) and po-
tassic (biotite) assemblages which occur in veins, crackle net-
works, and as an overprint of earlier shear fabrics.
Hydrothermal intrusive breccias up to 100 m long and 30—
40 m wide (Ribeiro et al. 2009) contain rounded to angular
fragments of the host rocks (including albitized fragments)
with a rock flour matrix that is strongly overprinted by biotite
alteration. Actinolite is common in places in fault breccias,
veins, crackle networks, and overprinting shear fabrics and
biotite-altered intrusive breccia.

Cu-Au mineralization at Cristalino is associated with veins,
crackle networks, and breccia infill comprising early
carbonate-biotite-magnetite and later sulfides including main-
ly chalcopyrite, minor pyrite, and Ni-sulfides (Table 1). Soares
et al. (2001) provided a 2°’Pb-*"°Pb age of 2700 +29 Ma
(MSWD = 657) from leaching of chalcopyrite and pyrite.

Corta Goela

Corta Goela (Fig. 1) is garimpo (small mine or prospect)
hosted within foliated metaigneous rocks of the Xingu
Complex. Mineralization is hosted in foliated granodiorite
and mafic dykes within a broad zone (100-150 m scale) of
biotite alteration that extends mainly along the regional folia-
tion and associated 10 cm scale shear zones. The regional
foliation appears to form part of the Canad Shear Zone
(Fig. 1). Chalcopyrite mineralization is associated mainly with
biotite-apatite-fluorite + quartz veins and chalcopyrite-only
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veins. Chlorite alteration is widespread and commonly over-
prints the biotite alteration. No detailed studies have been
undertaken on this prospect.

GT34 Cu-Au prospect

The GT34 (Fig. 1) is a Cu-Au prospect that occurs within
variably foliated granitic rocks that are overprinted by scapo-
lite veins and alteration to the west of Sossego and Alvo 118.
The granitic rocks appear to be part of the Campina Verde
tonalite complex and Cruzaddo granite which both have
Mesoarchean ages (Feio et al. 2013). Mineralization is asso-
ciated with coarse-grained clinopyroxene-amphibole + biotite
bodies with crosscutting apatite veins and later pyrrhotite-
pentlandite = chalcopyrite mineralization. No detailed studies
have been undertaken at this prospect.

“OAr-*°Ar geochronology
Samples

Biotite samples were collected from drill core at eight Cu-Au
deposits and prospects including Alvo 118, Breves, Cristalino,
Estrela, Gameleira, Igarapé Bahia, Corta Goela, and GT34
(Fig. 2). All the analyzed samples (Fig. 3, Table 3) are
interpreted to have formed synchronous with, or earlier than,
the associated Cu-Au mineralization.

The biotite sample from Alvo 118 (Fig. 3a) is from a
quartz-biotite-carbonate vein which forms part of the main
Cu-Au mineralization stage. The biotite sample from Breves
(Fig. 3b) is from a biotite-chalcopyrite vein hosted within
biotite-altered Breves granite (**’Pb->"°Pb zircon age 1879
+6 Ma, Tallarico et al. 2004). Biotite from Estrela (Fig. 3c)
is from a quartz-biotite-chalcopyrite-pyrrhotite vein. The sam-
ple from Gameleira (Fig. 3d) is from a quartz-biotite-
chalcopyrite vein forming part the quartz-rich vein system that
overprints grunerite alteration. The Igarapé Bahia sample
(Fig. 3e) is from minor biotite veins that crosscut magnetite
and precede chalcopyrite mineralization in the magnetite-rich
breccia. The Cristalino sample (Fig. 3f) is from a biotite-
quartz-chalcopyrite-pyrite vein.

The sample from Corta Goela (Fig. 3g) is from a biotite-
quartz-chalcopyrite vein. The sample from GT34 (Fig. 3h) is
from a coarse-grained clinopyroxene vein with interstitial bi-
otite that also occurs in fractures in clinopyroxene. The biotite
appears to be partly earlier than sulfide mineralization.

Analytical techniques
Laser step heating and furnace step heating experiments were

carried out at the New Mexico Bureau of Mines, Socorro,
New Mexico. These instruments are used interchangeably
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Fig. 3 Samples used for “°Ar->°
Ar dating. a Alvo 118—biotite-
altered mafic volcanic rock cut by
a biotite-quartz vein (CJS7). b
Breves—biotite-altered granite
cut by a biotite-chalcopyrite vein
(CJS20). ¢ Estrela—part of a
biotite-quartz-chalcopyrite vein
(CJS4). d Gameleira—quartz-
biotite-chalcopyrite-pyrrhotite
vein (CJS12). e Igarapé Bahia—
magnetite with biotite veins and
later calcite-chalcopyrite. f
Cristalino—quartz-biotite-
chalcopyrite vein (CJS2). g Corta
Goela—quartz-biotite-
chalcopyrite vein (CJS16). h
GT34—-clinopyroxene vein with
interstitial and vein biotite (CJSS8).
bt biotite, cal calcite, ccp
chalcopyrite, cpx clinopyroxene,
mag magnetite, po pyrrhotite, py
pyrite, gz quartz

depending on scheduling and availability. Details of analytical
procedures and results are given in Appendix 1, Table 3 and
Fig. 4. Correction factors for interfering reactions are given in
Table 3 and errors are reported at +20. Data reduction and
preparation of graphs and data tables used Mass Spec software
(Deino 2001). The age spectra for some samples (e.g., Estrela,
Gameleira, and Cristalino; Fig. 4) show increasing ages for
successive steps which may indicate post-crystallization ther-
mal disturbance. In these cases, the ages have been calculated
from the higher temperature heating steps and are taken as a
minimum for the age of the sample.

Inverse isochron analysis has not been used as the
radiogenic yield (*’Ar*) is generally >99% (Appendix 1), and
thus, **Ar/** Ar will be near zero. This leads to clustered data and
linear regression will provide meaningless estimates of trapped
initial argon, and will not improve the estimate of preferred age.

Some samples have elevated MSWD (e.g., Igarapé Bahia and
Breves) which could result from a variety of causes including
post-crystallization thermal events causing partial resetting of the
age spectra or minor alteration leading to **Ar recoil redistribu-
tion that can lead to some age scatter. Relatively high MSWD
values are common for very old samples with high precision and
likely do not invalidate the age estimate (see Schneider et al.
2007; Amato et al. 2011). Where MSWD is > 1, the age error
has been increased by the square root of MSWD to provide a
more conservative estimate of age uncertainty.

The K/Ca spectra (Fig. 5) have some variability which may
stem from inclusions such as apatite and/or alteration by Ca-
bearing phases such as calcite. Comparison of the age spectrum

variation with the K/Ca spectrum variation shows no apparent
correlation between the two. Mineralogical complexity indicat-
ed by K/Ca variation can lead to *°Ar recoil redistribution and
consequently elevated MSWD as noted above.

Results

Ages for each sample (Fig. 4, Table 3) have been calculated from
the weighted mean of plateau segments except for CJS4 (Estrela)
where the oldest apparent age is given (Table 3). Plateau seg-
ments are a series of consecutive heating steps yielding similar
apparent ages and the number of steps and %’ Ar released for
each sample are given in Table 3. For samples which show
increasing ages for successive steps (e.g., Estrela, Gameleira,
and Cristalino), this means the preferred age is calculated from
only the highest temperature steps representing a small percent-
age (<20%) of the released **Ar and are regarded as minimum
ages. The age for the Alvo 118 sample has also been calculated
from a small percentage (35.2%) of the released 3 Ar, but in this
case, the calculated plateau age corresponds with the integrated
age. The high MSWD for samples from Breves (4.54) and
Igarapé Bahia (10.03) indicates statistically significant scatter
about the mean.

The *°Ar-** Ar ages fall into two groups, an older group com-
prising samples from Cristalino, Igarapé Bahia, Corta Goela, and
GT34 which have Paleoproterozoic to Neoarchean ages ranging
from 2.2 to 2.5 Ga and a younger group comprising samples
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Table 3  Summary of “°Ar-*°Ar results and analytical methods
Sample ID Deposit Location Age (Ma) Number % Ar39 Integrated age (Ma) Comment

MSWD of steps
CJS2 Cristalino FDI12483.0m 2388 +5 1.3 3 18.8 2350.5£3.5 Weighted mean
CJS4 Estrela FDI19 464.1 m 1896 +7 1880.4 £4.5 Oldest apparent age
CJS7 Alvo 118 FD68 246.8 m 1885 +4 1.92 3 35.2 1885.7+£2.9 Weighted mean
CJS8 GT34 GT342555m  2512+7 3.26 5 75.3 2506.5+4.0 Weighted mean
CJS12 Gameleira FD57 161.1 m 1908 =7 3.34 7 17.5 1822.1 £4.1 Weighted mean
CJSl1e Corta Goela FD02 119.0m 2193 +4 2.16 9 82.0 2178.1+£3.2 Weighted mean
CJS20 Breves FR98 441.1 m 1886 =5 4.54 8 67.1 1860.6 + 3.6 Weighted mean
CJS21 Igarapé Bahia ~ FDI14 445.5 m 2537+6 10.03 11 93.7 2520.3 +4.0 Weighted mean

Sample preparation and irradiation:

Mineral separates were prepared using standard crushing, heavy liquid and hand-picking techniques

The samples were loaded into a machined Al disc and irradiated. NM-140 for 100 h in L-67 position, Ford Memorial Reactor, University of Michigan

and NM-145 for 52.8 h at McMaster University, Hamilton, Ontario

Neutron flux monitor Fish Canyon Tuff sanidine (FC-2). Assigned age =28.201 Ma (Kuiper et al. 2008)

Instrumentation:

Mass Analyzer Products 215-50 mass spectrometer on line with automated all-metal extraction system

Biotite separates were step-heated with a 50 watt Synrad CO2 laser equipped with an integrator lens or Mo double-vacuum resistance furnace

Heating duration: 8 min for furnace analysis and 2 min for laser analysis

Reactive gases removed with 3 SAES GP-50 getters for furnace analysis, 2 operated at ~450 °C and

Reactive gases removed with 2 SAES GP-50 getters for laser analysis, 1 operated at ~450 °C and
1 at 20 °C. Gas also exposed to a W filament operated at ~2000 °C and a cold finger operated at — 140 °C

Analytical parameters:

Electron multiplier sensitivity averaged 9.15 x 1077 mol/pA for laser analysis and 1.54 x 10'® mol/pA for furnace analysis

Total system blank and background for the laser analyses averaged 273, 9.1, 1.5, 1.87,9.9 x 10" '® mol,
and for furnace analyses averaged 793, 4.8, 0.5, 1.0, 2.4, x 10"® at masses 40, 39, 38, 37, and 36, respectively
J-factors determined to a precision of +0.1% by CO2 laser-fusion of 4 single crystals from each of 4 or 3 radial positions around the irradiation tray

Correction factors for interfering nuclear reactions were determined using K-glass and CaF2 and are as follows:
NM-140: (** Ar/*® Ar)g = 0.021 £0.001; (° At/ Ar)e, = 0.00027 +0.000015; and (*° Ar/*7 Ar)c, = 0.0007 £ 0.00005
NM-145: (** Ar*® Ar)g = 0.031 £0.001; (*° Ar/*” Ar)c, = 0.00027 +0.000005; and *° Ar/*” Ar)Ca = 0.0007 + 0.00002

Age calculations:

Total gas age and error calculated by weighting individual steps by the fraction of > Ar released

Plateau age or preferred age calculated for the indicated steps by weighting each step by the inverse of the variance

Plateau age error calculated using the method of (Taylor, 1982)
MSWD values are calculated for n-1 degrees of freedom for plateau age
Decay constants and isotopic abundances after Min et al. (2000)

All final errors reported at +£20, unless otherwise noted

from Breves, Estrela, Gameleira, and Alvo 118 which have
Paleoproterozoic ages between 1.88 and 1.91 Ga.
Discussion

“°Ar-*°Ar ages

“9Ar-*’Ar ages represent the time when the host mineral

cooled below the blocking temperature for Ar diffusion,
which in the case of biotite and muscovite ranges from
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approximately 300-420 °C (Harrison et al. 2009;
McDougall and Harrison 1999). In several cases, this is sim-
ilar to, or higher than, the temperature of mineralization
interpreted from fluid inclusion and stable isotope data for
the Cu-Au deposits (Lindenmayer et al. 2001; Dreher et al.
2008; Torresi et al. 2012). Comparison of 40A 139 Ar dates with
U-Pb and Re-Os dates requires knowledge of the ages of the
primary and secondary standards used for “’Ar-*’Ar dating
accuracy, and decay constants for the decay of “°K to *“°Ar and
“0Ca (Renne et al. 1988). Uncertainties in the ages of the
standards and decay constants propagate into the calculated
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age and may be >2% (Min et al. 2000; Kuiper et al. 2008) Tallarico (2003) reported SHRIMP 2°’Pb-2"°Pb ages for
which is larger than the analytical uncertainty. xenotime of 1869 +7 Ma and 1868 =7 Ma for massive and
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Fig. 5 Age data for granites,
sodic-calcic alteration, basement
reactivation and Cu-Au deposits
in the Carajas Mineral Province.
Error bars include only analytical
uncertainty. a Paleoproterozoic
granite and mineral deposit ages.
Data from: Alvo 118—Tallarico
2003; this study; Breves—
Tallarico et al. 2004; this study;
Estrela—Lindenmayer et al.
2005; Volp et al. 2006; this study;
Gameleira—Pimentel et al. 2003;
this study; Sossego—Moreto

et al. 2015; Curral—Moreto et al.
2015; Granite—Machado et al.
1991; Tallarico et al. 2004. b
Neoarchean to Paleoproterozoic
ages for granites, sodic-calcic
alteration, hydrothermal minerals,
and basement reactivation. Data
from: Estrela—Lindenmayer
etal. 2005; Gameleira—Marschik
et al. 2005; Salobo—Requia et al.
2003; Igarapé Bahia—Tallarico
et al. 2005; this study;
Cristalino—Soares et al. 2001;
this study; Moreto et al. 2015a;
Moreto et al. 2015b;
Sequeirinho—Moreto et al.
2015b; Marschik et al. 2003;
Corta Goela—this study; GT34—
this study; Basement
reactivation—Machado et al.
1991; sodic-calcic alteration—
Moreto et al. 2015a; this study;
Granite—Auvelar et al. 1999;
Barros et al. 2009; Feio et al.
2012; Huhn et al. 1999a;
Machado et al. 1991; Sardinha
et al. 2006
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vein-style mineralization, respectively, at Alvo 118. These are
similar to the 1885+4 Ma “°Ar->Ar age reported here for
biotite from vein-style mineralization (Figs. 3a, 4a, and Sa).
The plateau age for this sample is the same as the integrated
age (1886 +3 Ma; Fig. 4a) consistent with a lack of significant
post-crystallization thermal disturbance.

The 1886 + 5 Ma *°Ar->* Ar age reported here for biotite from
a biotite-chalcopyrite vein at Breves (Figs. 3b, 4b, and 5a) is in
good agreement with the 1872+7 Ma SHRIMP *°’Pb-***Pb
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age for monazite and xenotime from a quartz-arsenopyrite-
chalcopyrite vein and 1879 +6 Ma SHRIMP 2*’Pb-°Pb age
for zircon from the host granite (Tallarico et al. 2004). This
indicates that biotite cooled through the blocking temperature
for Ar diffusion within a timeframe that is likely bracketed by
the analytical uncertainty.

The biotite granite which hosts quartz-mica-fluorite-topaz-
tourmaline greisen-style Cu-Au mineralization a Estrela has a
U-Pb zircon age of 1875+2 Ma (Lindenmayer et al. 2005)
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and a maximum monazite CHIME age of 1886 + 19 Ma (Volp
et al. 2006), which are similar to the 1896 +7 Ma OAr3Ar
age reported here for biotite from a mineralized vein (Figs. 3c,
4c, and 5a). This is consistent with vein formation being close-
ly linked to crystallization and fluid evolution from the gran-
ite. The 2.7 Ga Re-Os age for an older, deformed molybdenite
reported by Lindenmayer et al. (2005) may represent an earlier
episode of mineralization linked to the early sodic-calcic and
potassic (biotite) alteration. Younger monazite and allanite
ages ranging from 1850 to 1716 Ma reported by Volp et al.
(2006) probably reflect post-crystallization alteration which
they described from one of their samples and which also ap-
pears to have affected the biotite sample used for *°Ar->°Ar
dating in this study.

Gameleira has been the subject of several dating studies.
Machado et al. (1991) presented a U-Pb zircon age (ID-
TIMS) for the Pojuca Granite of 1874 +2 Ma and this has been
correlated with the alkali feldspar granite at depth in the
Gameleira deposit (Lindenmayer et al. 2001). The later
leucogranite at Gameleira has a zircon U-Pb age of 1583 + 9/
—7 Ma (Pimentel et al. 2003). Marschik et al. (2005) provided a
Re-Os molybdenite age of 2614 + 14 Ma for a quartz-grunerite
vein from Gameleira, while Pimentel et al. (2003) gave a Sm-
Nd whole-rock isochron age of 1839+ 15 Ma for a quartz-
grunerite vein. The later quartz-biotite-sulfide vein stage was
also dated by the Sm-Nd whole-rock (biotite-sulfide mixtures)
method at 1700+31 Ma and with *°Ar->°Ar biotite age of
1734 + 8 Ma (Pimentel et al. 2003). The “’Ar-*’Ar biotite age
for this vein type in the present study is 1908 + 7 Ma (maximum
age, Figs. 3d, 4d, and 5a) which is similar to the age of the
Pojuca Granite. Since the quartz vein system at Gameleira is
partly hosted within, and appears to be directly related to, the
underlying granite, this could indicate that the alkali feldspar
granite at Gameleira is similar in age to the Pojuca Granite. The
2614+ 14 Ma Re-Os molybdenite age for a grunerite vein
(Marschik et al. 2005) is considered the best age for the early
alteration and mineralization since molybdenite ages are very
resistant to post-crystallization disturbance (Stein 2014). The
Sm-Nd ages are calculated from whole-rock samples
(Pimentel et al. 2003) and may contain contributions from this
older alteration and mineralization event as well as the younger
vein system and therefore represent mixing between these com-
ponents rather than dating individual events.

The 2537+ 6 Ma “°Ar-**Ar age for breccia-hosted biotite
from Igarapé Bahia (Figs. 3e, 4e, and 5b) is comparable with
the 2575 + 12 Ma SHRIMP **’Pb->"°Pb age for monazite report-
ed by Tallarico et al. (2005). The “’Ar-**Ar age spectrum has a
stepwise pattern and high MSWD of 10.03 (Fig. 4¢) which may
reflect post-crystallization thermal disturbance and the calculated
age is considered a minimum estimate for biotite crystallization.
The age is indistinguishable from the SHRIMP Pb-Pb age when
the uncertainties in the analyses and standards used to calibrate
both techniques are considered.

The age spectrum for the Cristalino biotite has a stepwise
pattern with progressively older ages for higher temperature
steps (Fig. 4f). This suggests significant post-crystallization
thermal disturbance and that the age calculated from the
highest temperature steps (2357 +7 Ma, Figs. 4f and 5b) is a
minimum age for biotite crystallization. This is younger than
the Pb-Pb age of 2700 + 29 Ma from leaching of chalcopyrite
and pyrite (Soares et al. 2001) which is the only other estimate
for the age of mineralization at Cristalino.

Biotite from the Corta Goela Cu-Au vein system has an
“0Ar-°Arage 0f 2193 + 4 Ma (Figs. 3g, 4g, and 5b) which lies
between reported ages for Cu-Au mineralization elsewhere in
the Carajas region (e.g., Moreto et al. 2015a), but is similar to
minimum *°Ar->Ar ages (2199 + 13 Ma) of amphibole from
Sossego (Marschik et al. 2003; Fig. 5b). Additional work is
required to establish the full characteristics of the mineraliza-
tion at Corta Goela, but the widespread biotite and chlorite
alteration and low abundances of quartz and Fe-sulfides is
similar to some of the IOCG deposits in the Carajas domain.
The age of biotite from Corta Goela may indicate an episode
of previously unrecognized Paleoproterozoic mineralization
in the Carajas district. Alternatively, the *°Ar->°Ar age of am-
phibole from Sossego (2199 + 13 Ma, Marschik et al. 2003) is
considerably younger than the U-Pb LA-ICPMS monazite age
of 2712 +4.7 Ma (Moreto et al. 2015b) indicating a possible
younger thermal event which may also have affected miner-
alization at Corta Goela.

Biotite from the mineralized zone at GT34 has a “’Ar-*’Ar
age of 2512 =7 Ma which includes all but the first few heating
steps and overlaps the integrated age for the sample (Figs. 3h,
4h, and 5b). This is younger than U-Pb and Re-Os ages for the
Neoarchean Cu-Au deposits but similar to U-Pb titanite ages of
2497 + 4 Ma associated with K-feldspar alteration in the Salobo
Group near the Salobo deposit and 2519+ 5 Ma for Xingu
Complex amphibolite east of Curiénopolis (Machado et al.
1991; Fig. 5b). The latter were interpreted by Machado et al.
(1991) as part of a period of basement reactivation and the
GT34 biotite age appears to reflect a hydrothermal event during
this time. It is uncertain whether Cu-Au mineralization formed
at this time or during an earlier episode of mineralization.

Despite evidence for post-crystallization thermal distur-
bance, the *°Ar->°Ar biotite dates presented here for
Paleoproterozoic granite-related Cu-Au deposits in the
Carajas domain are in good agreement with dating of the
host granites and/or mineralization by other techniques. The
“OAr-**Ar biotite ages for the interpreted IOCG deposits are
more problematic. The age spectra for the Igarapé Bahia and
Cristalino deposits appear to have suffered from post-
crystallization thermal disturbance and the ages can only be
regarded as minimum estimates of the formation age. The age
of the Corta Goela biotite may have been entirely reset during
a post-crystallization thermal event which may also have af-
fected the age of actinolite from Sossego. The age the GT34
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biotite corresponds with that of a previously identified thermal
event and it is uncertain whether Cu-Au mineralization oc-
curred during this time or during an earlier event.

Models for ore genesis

Geochronological evidence in the Carajas Mineral Province
has defined three main periods of Cu-Au mineralization at
2.72-2.68 Ga, 2.57 Ga, and 1.90-1.88 Ga (Grainger et al.
2008; Moreto et al. 2015a, b). The Neoarchean deposits are
generally accepted as part of the IOCG group of Cu-Au de-
posits as described by Hitzman et al. (1992) and Williams
et al. (2005). The main features Williams et al. (2005) consid-
ered as important characteristics of IOCG deposits include:
the presence of low-Ti iron oxides, a hydrothermal origin with
breccia, vein and replacement textures and specific structural
control. Other common, but not essential, features include:
space-time association with intrusions, association with wide-
ly metasomatized crust (Na, Na-Ca, K), and variable enrich-
ment in F, P, Co, Ni, As, Mo, Ag, Ba, LREE and U (Williams
et al. 2005). Grainger et al. (2008) described several features
they considered diagnostic of the IOCG deposits in the
Carajas Mineral Province including: (1) intense Fe metasoma-
tism leading to the formation of grunerite, fayalite and/or iron
oxides, (2) the extent of carbonate alteration (mainly siderite),
at least in the lower temperature deposits, (3) the sulfur-poor
nature of the sulfides (chalcopyrite, bornite and primary chal-
cocite), (4) the quartz-deficient nature of the ore systems, (5)
extreme LREE enrichment (approximately 10* x chondrite
values), and (6) variable enrichment in Co, Ni, Pb, Zn, As,
Bi, W, and U. In addition, several of the deposits also have
widespread biotite and/or chlorite alteration of the host rocks,
including Igarapé Bahia (Tallarico et al. 2005), Cristalino
(Ribeiro et al. 2009), Sequeirinho (Monteiro et al. (2008a,
b), Gameleira (Lindenmayer et al. 2001) and Alvo 118
(Torresi et al. 2012).

The association of Paleoproterozoic Cu-Au deposits with
granites of similar age is generally acknowledged and they
have been variously described as IOCG deposits (Moreto
et al. (2015a, b), Cu-Au (W-Sn-Bi) deposits (Grainger et al.
2008), or as transitional deposits in the case of Alvo 118
(Grainger et al. 2008). Moreto et al. (2011) and Toressi et al.
(2012) have interpreted Sossego and Alvo 118 to represent
successively higher structural levels within an IOCG system
where deeper alteration represented by deposits such as
Sequeirinho passes upward to K-feldspar alteration at
Sossego and muscovite-hematite alteration at Alvo 118.

Several of the Paleoproterozoic Cu-Au deposits (Breves,
Gameleira, Estrela) have close spatial relationships with cu-
polas of F-, Li-, and/or B-rich granites of similar ages to the
Cu-Au mineralization (Lindenmayer et al. 2001, 2005; Volp
2005; this study). The granite cupolas exhibit a variety of
magmatic and hydrothermal features that are typical of
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crystallization and fluid saturation in volatile-rich magmas,
including aplitic and pegmatitic zones, episyenite, UST’s,
and miarolitic cavities (Tallarico et al. 2004; Volp 2005; this
study). Similar textures are a common feature of granite cu-
polas in Li-F-B tin-tungsten systems (Beus and Zalashkova
1964; Scherba 1970; Pollard 1983; Cern}'l et al. 2005;
Jarchovsky 2006) and are consistent with a direct link between
granites, massive greisens, and the overlying quartz-rich vein
systems. The Carajas Paleoproterozoic granites and associated
Cu-Au deposits also contain a variety of Li, F, B, P, Be, and
REE phases (Table 2) that are typical of rare-element granites
and pegmatites (Pollard 1995; Cerny and Ercit 2005) and
serve to reinforce this genetic link.

Apart from Sossego-Curral (Moreto et al. 2015a), a feature
of the Paleoproterozoic Cu-Au deposits that appears to have
received little attention is their common occurrence within
large volumes of alteration and mineralization which form part
of the Neoarchean IOCG systems. This association is best
illustrated by Sossego-Curral and Alvo 118 that occur on the
same regional structural system as Cristalino and Sequeirinho
(Torresi et al. 2012) and is most likely due to reactivation of
older structures during Paleoproterozoic transpression and ex-
tension. Paragenetic and geochronological data discussed
above indicate that the ca. 1.88 Ga quartz vein systems at
Gameleira and Estrela are hosted within broad zones of so-
dic(-calcic), K-Fe metasomatism, and possibly Cu-Au miner-
alization with Re-Os molybdenite ages of 2.6 and 2.7 Ga,
respectively (Pimentel et al. 2003; Lindenmayer et al. 2005).
The ca. 1.88 Ga Sossego-Curral deposits are hosted within an
earlier alteration system associated with the 2.71 Ga
Sequeirinho IOCG deposit (Moreto et al. 2015a). Alvo 118
is also hosted within an extensive system of sodic(-calcic) and
K-Fe alteration including widespread chlorite alteration that is
earlier than the quartz-carbonate-rich breccias and veins, and
is hosted within the same regional-scale shear system that
hosts Sossego and Cristalino (Torresi et al. 2012) where sim-
ilar alteration is older than 2.71 Ga (Moreto et al. 2015a) and
2.39 Ga (minimum age, this study), respectively. Sodic alter-
ation associated with the Bacaba IOCG deposit between
Sossego and Cristalino has also been dated at 2.72 Ga
(Moreto et al. 2015b).

The occurrence of the Paleoproterozoic Cu-Au deposits
within Neoarchean IOCG-related alteration systems indicates
that special care must be taken in interpreting paragenetic data
for the deposits as well as models for the generation of alter-
ation and Cu-Au mineralization in both types of systems. This
is particularly important with respect to potassic alteration,
especially biotite alteration, which is a feature of both types
of deposits in association with Cu-Au mineralization. The
Paleoproterozoic Cu-Au deposits are best considered as
granite-related Cu-Au deposits that range from the granite-
hosted Breves deposit, through the cupola-related Gameleira
and Estrela deposits to more distal vein- and breccia-style
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deposits including Alvo 118 and Sossego-Curral. The Aguas
Claras vein-style Cu-Au deposit (da Silva and Villas 1998)
also likely forms part of this spectrum (Grainger et al. 2008),
although this has had less detailed published work than the
other deposits.

Are the Paleoproterozoic Cu-Au deposits
of 10CG-style?

Pollard (2006) proposed an intrusion-related origin for
copper-gold mineralization in IOCG deposits, including those
in the Carajas Mineral Province, based on a combination of
mineralogical and geochemical features of spatially and tem-
porally related intrusive rocks, and isotopic evidence for the
involvement of magmatic fluids in alteration and mineraliza-
tion. The intrusive rocks typically range in composition from
diorite to monzogranite and are high-K calc-alkaline to
shoshonitic, magnetite-series rocks. In contrast, apart from
diorite reported from Estrela, the intrusive rocks associated
with the Paleoproterozoic Cu-Au deposits in the Carajas
Mineral Province have a restricted compositional range from
monzogranite to alkali feldspar granite, and based on the min-
eralogy of the granites and endogenous greisens, are variably
enriched in F, Li, B, and a variety of rare elements. This is
markedly different to the Lightning Creek deposit in the
Cloncurry District, Australia (Perring et al. 2000), which is
the only well-documented proposed source of Cu-rich fluids
for the formation of IOCG mineralization. At Lightning
Creek, fluids retained in granite sills from which they evolved
formed albite-clinopyroxene-magnetite zones, with quartz-
magnetite + clinopyroxene + albite veins where the Cu-rich,
S-poor fluids escaped along fractures (Perring et al. 2000).
The Paleoproterozoic deposits in the Carajas Mineral
Province formed massive quartz, biotite, K-feldspar, (Li)-mi-
ca, fluorite, sulfide greisens where fluids were retained in the
granite (Breves, Estrela), and sulfide-rich quartz+ carbonate
vein systems where they escaped along fractures (Estrela,
Gameleira). The Paleoproterozoic mineralization is more re-
duced and sulfur-rich than typical IOCG deposits.

The granites associated with the Paleoproterozoic Cu-Au
deposits have much in common with A-type granites of sim-
ilar, and younger, age which are widely associated with tin-
tungsten mineralization in the Amazon Craton (Dall’Agnol
et al. 1994, 2005; Bettencourt et al. 2005), and are generally
more reduced than the magnetite-series Neoarchean granit-
oids. As pointed out by Grainger et al. (2008), the associated
Cu-Au deposits differ significantly from the Neoproterozoic
IOCG deposits in their lack of abundant Fe-oxides, S-rich Cu-
Fe sulfide assemblages and their quartz-rich character. If, in
addition, the components of the Neoarchean alteration sys-
tems are removed, the Paleoproterozoic deposits are essential-
ly greisen and quartz 4 carbonate-rich vein and breccia sys-
tems with little similarity to IOCG deposits. However, as with

the IOCG deposits, when the fluids moved from their source,
they potentially interacted with the host rocks and other fluids
leading to the range of isotopic and geochemical characteris-
tics that have been interpreted to implicate fluids from mag-
matic and non-magmatic sources and exchange with host
rocks of different compositions (e.g., Lindenmayer et al.
2001; Chiaradia et al. 2006; Monteiro et al. 2008a, b; Dreher
etal. 2008; Xavier et al. 2008, 2009, 2010; Ribeiro et al. 2009;
Torresi et al. 2012). A good example is the enrichment of both
Sequeirinho (~2.71 Ga) and Sossego-Curral (~1.9 Ga) in a
variety of Ni sulfides and tellurides (Monteiro et al. 2008a, b;
Tables 1 and 2), with Ni (Cu, Co, Pd) possibly sourced partly
from meta-ultramafic rocks that occur as mylonites along
nearby shear zones (Moreto et al. 2015b). However, the high
Nb, Sn, W, Be, Bi, and Y contents of mineralized zones at
Sossego-Curral are consistent with derivation of the ore fluids
from the Paleoproterozoic granites (Monteiro et al. 2013).

The occurrence of Paleoproterozoic Cu-Au mineralization
within older alteration systems raises the possibility that some
components of the Paleoproterozoic systems may have been
derived from the Archean IOCG systems. This possibility
cannot be evaluated with present data and remains an area
for future research.

Conclusions

4OAr-**Ar dating of biotite from Cu-Au deposits in the Carajas
Mineral Province is consistent with previous geochronologi-
cal work in indicating the presence of Neoarchean and
Proterozoic mineralization. The *“’Ar->’Ar data have rein-
forced the close temporal association between
Paleoproterozoic Li-F-B granites and mineralization hosted
within granite cupolas and associated vein and breccia sys-
tems (Breves, Gameleira, Estrela), and also supports previous
work in viewing Alvo 118 and Sossego-Curral as more distal
parts of these systems. The “’Ar-**Ar data suggest these de-
posits formed between 1908 +7 and 1885+4 Ma. The
Paleoproterozoic deposits are mostly hosted within rocks
which have been affected by Neoarchean Na(-Ca) and K-Fe
alteration systems, and their location is likely influenced by
reactivation of the controlling structures during
Paleoproterozoic transpression and extension.

In terms of genetic models, the Paleoproterozoic deposits
are best seen as granite-related Cu-Au deposits and share
many features in common with the styles of mineralization
seen in Sn-W deposits elsewhere in the Amazon Craton.
Sericitic alteration associated with Cu-Au mineralization at
Sossego and Alvo 118 is considered to be part of the
granite-related Cu-Au systems rather than the older IOCG
systems and therefore they are not evidence for an upward
transition of the IOCG-related system to sericite-hematite al-
teration in the Carajas Mineral province.
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