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Abstract

The world-class Cuiabd orogenic Au deposit in the Quadrilatero Ferrifero is hosted at the base of the Archean Rio das
Velhas greenstone belt (RVGB) that contains an extensive volume of sedimentary rocks, being the largest underground
mine in Brazil (5.78 Moz resources of 10.26 g/t). The main host to gold is a carbonaceous, carbonate banded iron formation
(BIF), underlain by andesite and overlain by carbonaceous pelite (CP), along the reclined, isoclinal Cuiabd fold, with an
axis having a 116° azimuth dip direction and plunging between 35° and 12°. Andesite-hosted quartz vein mineralization
constitutes recently discovered orebodies at the mine, and fluid inclusion data (microthermometry, Laser-raman, LA-ICP-
MS, ion chromatography) of the VQZ orebody have constrained the physico-chemical nature of the ore-forming fluid. The
data were obtained on quartz types (Qz1, Qz2, Qz3, Qz5) from veins classified in four main generations, V1 shear vein, and
V2, V3, and V4 extensional veins (V1 and V2 mineralized), providing a chronological framework for the fluid evolutionary
history. Three fluid types are distinguished: i) aqueous of low salinity (2-4 wt % NaCl equiv), mean homogenization
temperature at 220°C; ii) aqueous of moderate salinity (6-12 wt % NaCl equiv), and mean homogenization temperature at
~260°C; and iii) aqueous-carbonic of moderate salinity (6-15 wt % NaCl equiv), with 30-91.4 mol. % CO; and 8.6-41.0
mol. % CHa, and up 28 mol. % N, and mean decrepitation temperature at 300°C. Since only one fluid inclusion assemblage
shows homogenization into vapour, and aqueous as well as aqueous-carbonic fluid inclusion assemblages are estimated to
decrepitate into the vapor phase, supporting arguments for phase immiscibility are insignificant. As a result, temperature
correction is applied, and calculated mean minimum trapping temperatures are 360°C in V1 shear veins, 330°C in V2
extensional veins, 300°C in V3 extensional array veins, and up to 270°C in late-stage V4 veins. All these temperatures are
in the range of the arsenopyrite geothermometer calculated at 300 - 390°C. Ion chromatography analyses on Qz1-V1 veins
reveal a Br/Cl range between 0.71 to 0.74 x 1073, 1.40 to 1.51 x 107 in Qz2-V2, 0.31 to 0.39 x 10in Qz3-V3, and 0.73 to
0.85 x 10 in Qz5-V4 veins. Base metals (Zn, Pb and Cu) are relatively enriched in the order of 100 to 1,000 ppm in
aqueous and aqueous-carbonic fluid inclusion assemblages trapped in all vein and quartz types at Cuiabd, similar to other
orogenic gold deposits hosted in the Rio das Velhas greenstone belt. This sediment-rich greenstone belt may have acted as a
potential base-metal source, explaining the elevated Zn and Pb signatures. Consideration of these physio-chemical fluid
inclusion data indicates the compatibility with metamorphic fluids. Although geochemical and isotope analyses may
implicate multiple fluid sources associated with the development of the Cuiaba deposit, the fluid inclusion data set does not
differentiate them in an absolute sense. A two-step model of hydrothermal fluid flow and gold precipitation at the Cuiaba
deposit is suggested to involve the development of the mineralised mineralized V1 shear veins up to V3 extensional array

veins by an early- stage, aqueous-carbonic, high temperature fluid. It encompasses a minimum Thrrap at 290°C (Qz2-V3) to
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maximum Thrgrap at 360°C (Qz1-V1), and the V4 extensional veins associated with an evolved, aqueous-carbonic, lower
temperature (mean Thrrap at 260°C), later-stage fluid, all developed during the Archaean D1 shear event. Fluid inclusion
trapping mechanism and interpreted gold precipitation processes may include 1) intermittent phase immiscibilty, and 2)
intermittent partial mixing of low and moderate saline, two or more fluids of aqueous and aqueous-carbonic nature.
Textural, chemical and multiple sulfur isotope analyses were conducted in sulfides from the BIF-hosted Fonte Grande Sul
orebody to track distinct trace element (TE) signatures from syngenetic to epigenetic pyrite types in different host units, and
to deduce the nature and source of the mineralizing fluids. Five pyrite types are classified based on textural relations as
spongy, syngenetic (Pyl, detected only in CP), porous early-(Py2, all 3 lithotypes), smooth main-(Py3, all 3 lithotypes) and
smooth isolated and overgrown late-stage (Py4 and PyS5, only BIF) variably present in metamorphosed CP, BIF and
andesite. The TE abundance maps and LA-ICP-MS analyses display that Pyl yields high As, Co, Ni, Pb and Ag values,
whereas Py2 (formed by agglomeration of Pyl) maintains high TE with slightly less of those elements. The TE
incorporation in Py3 is similar to Pyl in CP. The Py2 and Py3 in BIF and andesite have increased Co and Ni, but have less
Au and As. BIF-hosted late-stage Py4 is characterized by lower TE concentrations, whereas Py5 is further enriched in As,
Bi, Co, Ni and Pb. The study shows that CP is pre-enriched in Co, Ni and Pb, whereas certain elements like Ag, Au, Bi and
As are only hydrothermally concentrated during advanced stages in BIF and andesite, supporting a syngenetic versus
hydrothermal origin of distinct elements. Multiple sulfur isotopes suggest that mineralizing fluids reflect a complex mixing
of sulfur evolved from three possible sources: seawater, mantle, and reduced elemental sulfur. Syngenetic Pyl yields A33S
values ranging from —2.28 to —0.25 %o, separated into two ranges, (i) —2.28 to —1.97 %, (i1) —0.96 to —0.25 %o, whereby (i)
suggests the deposition in seawater environment. These pyrites probably mixed with later mantle sulfur or could have mixed
with fluids sourced from sedimentary rocks at depth carrying a positive A*S signature (ii). The second scenario is more
common in sedimentary/diagenetic pyrite. Early-, main- and late-stage pyrites in CP, BIF and andesite present a continuous
process of crustal assimilation towards positive §**S and A*S values. This confirms evidence for a sedimentary-derived
sulfur source as also indicated by FI data of the andesite-hosted VQZ orebody.

Finally we attempt to integrate the fluid-inclusion-based, two-step hydrothermal fluid evolution with that of the pyrite
evolution at Cuiaba. Both Py2 and Py3 represent the peak of Archaean gold mineralization event, and considered part of the
first hydrothermal pulse having evolved during the development of V2 and V3 veins, respectively. This takes into
consideration: (i) higher As and Au concentrations in Py2 than in Py3; ii) lower As and Au in FIAs of V2 veins compared to
V1 and V4 veins; and (iii) Ag values that increase in FIAs from V1/V2 to V3 veins, while Ag concentrations indicate a

decreasing tendency from Py2 to Py3. Both Py4 and Py5 are attributed to the second hydrothermal pulse, and the non-
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mineralized late-stage V4 veins by comparing the reverse trend of lower (decreasing) Pb and Mn concentrations in FIAs
trapped in V4 and higher (increasing) Pb and Mn in Py5. Gold in FIAs in V4, and the lack of Au in BIF-hosted Py4 and Py5
suggest that Au remained in the fluid and its precipitation conditions were not attained at this stage.

Both studies show clear geochemical influences of the ore-forming fluid by the sedimentary units of the Archaean RVGB,
indicated by 1) FIAs containing significant amounts of Pb and Zn; and 2) pyrite types that clearly demonstrate a

sedimentary-derived sulfur signature.
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Resumo

A jazida de classe mundial ouro orogénico Cuiabd, no Quadrilatero Ferrifero, encaixa-se na base do greenstone belt
arqueano Rio das Velhas (RVGB) que inclui um volume extenso de rochas sedimentares. A principal rocha hospedeira do
ouro € uma formacgdo ferrifero bandada (FFB), carbonitica e carbonosa, com andesito na base, recoberta por pelito
carbonoso (CP), ao longo da dobra Cuiab4, que € reclinada e isoclinal. Corpos de minério recentemente descobertos na mina
Cuiaba tém mineralizacdo hospedada em andesito, e corpos associados a veios de quartzo. Estudos de inclusdes fluidas
(microtermometria, laser raman, LA-ICP-MS, cromatografia de ions) realizados no corpo de minério VQZ mostram a
natureza fisico-quimica do fluido responsavel pela mineralizagdo de ouro. Os dados foram obtidos em tipos de quartzo
(Qz1, Qz2, Qz3, Qz5) das quatro geragdes de veios (V1 controlados por zonas de cisalhamentos, V2 a V4 veios
extensionais; sendo V1 e V2 mineralizados) que apresentam estrutura cronoldgica da histéria evolutiva do fluido
hidrotermal. Foram encontrados trés tipos de fluidos: i) aquoso de salinidade baixa (2-4 wt % NaCl equiv); temperatura de
homogenizacdo média de 220°C, ii) aquoso de salinidade moderada-alta (6-12 wt % NaCl equiv), temperatura de
homogenizacdo média de 260°C, e iii) aquo-carbdnico de salinidade moderada (6-15 wt % NaCl equiv) com 30-91,4 mol.
% CO; e 8,6-41.0 mol. % CHy, até 28 mol. % N», e temperatura de homogenizacdo média de 300°C. Considerando que
apenas uma FIA mostra homogenizacdo para a fase vapor, e FIAs aquosas e aquo-carbdnicas sdo estimadas de decrepitar
para a fase vapor, os argumentos para imiscibilidaden de fase sdo insignificantes. Como resultado, a correcdo de
temperatura precisou ser aplicada, e as médias calculadas de temperatura minima de aprisionamento ficam em 360°C para
os veios de cisalhamento V1, 330°C para veios extensionais V2, 300°C para veios extensionais V3, e até 270°C para os
veios tardios V4. Todas estas temperaturas estdo na faixa do geotermdmetro da arsenopirita, calculado entre 300 - 390°C.
Andlises de cromatografia idnica em Qz1-V1 revelam uma faixa de Br/Cl entre 0,71 a 0,74x103, 1,40 a 1,51x10 em Qz2-
V2, 0,31 20,39x10 em Qz3-V3, e 0,73 a 0,85x107* em Qz5-V4. Metais base (Zn, Pb e Cu) sdo relativamente enriquecidos,
na ordem de 100 a 1.000 ppm, nas FIAs aquosas e aquo-carbdnicas em todos os tipos de veios de quartzo em Cuiaba,
similar a outros depdsitos orogénicos de ouro hospedados no greenstone belt Rio das Velhas. O RVGB, rico em rochas
sedimentares, pode ter atuado como potencial fonte desses metais base, explicando as assinaturas elevadas de Zn e Pb. Os
dados fisico-quimicos das inclusdes fluidas indicam compatibilidade com fluidos metamorficos. Embora anélises
geoquimicas e isotopicas possam implicar miltiplas fontes de fluidos associadas ao desenvolvimento da jazida Cuiabd, o
conjunto de dados das inclusdes fluidas ndo os diferenciam em sentido absoluto. Sugere-se que um modelo de dois estagios
de fluxo de fluido hidrotermal e precipitacdo de ouro na jazida Cuiabd envolva desenvolvimento dos veios de cisalhamento

V1 mineralizados até veios extensionais V3, por um fluido aquo-carbdnico de alta temperatura em estdgio inicial. Esse
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envolve uma Thrrap minima de 290°C (Qz2-V3) até o maximo 360°C (Qz1-V1), enquanto os veios extensionais V4 sdo
associados ao fluido de estdgio tardio, aquo-carbonico evoluido, de temperatura baixa (Thrrap médio a 260°C), sendo
ambos desenvolvidos durante o evento arqueano D1. A interpretacdo acerca do mecanismo de aprisionamento por inclusdes
fluidas e precipitacdo de ouro podem incluir: 1) imiscibilidade intermitente de fase, e 2) mistura intermitente parcial de
solucdo salina baixa a moderada, de dois ou mais fluidos de natureza aquosa e aquo-carbOnica.

Estudos texturais, geoquimicos e multiplos de is6topos de enxofre foram realizados em sulfetos do corpo de minério
Fonte Grande Sul hospedado em FFB para monitar a assinatura de elementos traco em diferentes tipos de pirita nas rochas
hospedeiras, de singenética a epigeneticas, para inferir a natureza e fonte do fluido mineralizado. Cinco tipos de piritas sdo
classificadas com base em aspectos texturais em: esponjosa, singenética (Py1, apenas no pelito carbonoso-PC), cedo porosa
(Py2, nos 3 litotipos), lisa principal (Py3, nos 3 litotipos), e lisas e isoladas, tardias (Py4 e Py5, apenas na FFB). Mapas de
abundancia de elementros traco mostram que a Pyl tem altas concentragdes de As, Co, Ni, Pb e Ag, assim como Py2
(formada pela aglutinacio da Pyl no PC). As Py2 e Py3 da FFB e do metandesito t€m aumento de Co e Ni, mas menor Au e
As. A Py4 € caracterizada por concentragdes baixas de elementos traco, enquanto Py5 mostra novo enriquecimento. O
estudo mostra que o CP € pré-enriquecido em Co, Ni e Pb, enquanto elementos determinados como Ag, Au, Bi e As sdo
apenas concentrados hidrotermalmente durante estagios avancados na FFB e no andesito. Esse fato suporta origem
singenética vs hidrotermal para elementos diferentes. Miiltiplos isétopos de enxofre sugerem que os fluidos mineralizadores
refletem mistura complexa de enxofre que evoluiu a partir de trés fontes possiveis: 4gua do mar, manto e enxofre elementar
reduzido. A Pyl singenética do PC produz valores de A**S variando de -2,28 a -0,25 %o, separados em duas faixas: (i) -2,28
a -1,97 %o, (i) -0,96 a -0,25, sugerindo (i) deposi¢do em ambiente marinho. Estas piritas provavelmente misturaram-se
depois com enxofre mantélico, ou podem ter se misturado com fluidos provenientes de rochas sedimentares profundas de
assinatura positiva de A3*S (ii). Esses segundo cendrio é mais comum de se esperar para piritas sedimentares/diagenéticas.
Piritas de estdgio inicial, principal e tardio em CP, FFB e andesito indicam ter expwrimentado continua assimilagdo crustal
em dire¢dio a valores progressivamente mais positivos de 8**S e A*S. Isto confirma evidéncia de uma fonte de enxofre
derivada de sedimentos, o que também ¢ indicado pelos dados de inclusdes fluidas obtidos no corpo de minério VQZ
hospedado por andesito.

Finalmente deve-se tentar integrar a evolugdo proposta para do fluido hidrotermal, com base no estudo de incusdes fluidas
no corpo de minério de VQZ, com a evolugdo dos tipos de pirita do corpo de minério FGS hospedado por FFB em Cuiaba.
Ambas Py2 e Py3 representam o evento de pico da mineralizagdo arqueana, sendo considerado parte di primeiro puso

hidrotermal que se desenvolveu durante a formagdo dos veios V2 e V3, respectivamente. Isso leva em consideragio: (i)
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concentracdes mais altas de As e Au na Py2 do que na Py3; (ii) menores As e Au nas FIAs dos veios V2 em comparagio
aos veios V1 e V4; e (iii) valores de Ag que aumentam nas FIAs de V1/V2 a V3, enquanto que as concentracdes de Ag
indicam tendéncia decrescente de Py2 a Py3. Ambas Py4 e Py5 podem ser atribuidas ao segundo pulso hidrotermal, e aos
veios V4 de estdgio tardio ndo mineralizado comparando a tendéncia reversa de concentragdes mais baixas (decrescentes)
de Pb e Mn nas FIAs aprisionados em veios desse estdgio final V4, com concentragdes maiores (crescentes) de Pb e Mn nas
Py5. Concentracdes de ouro nas FIAs nos veios V4, e a auséncia de Au nos tipos de Py4 e Py5 hospedados em FFB em
estagio avancado sugerem que Au permaneceu no fluido e suas condicdes de recipitacdo ndo foram atingidas nesse estigio.
Ambos os estudos mostram influéncia geoquimica claras do fluido mineralizador pelas unidades sedimentares do RVGB
arqueano indicado i) por FIAs contendo quantidades significativas de Pb e Zn, 2) pelos tipos de pirita que demonstram

claramente enxofre de derivagdo sedimentar.
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Chapter 1

Introduction

Orogenic gold deposits are known for their variable host rocks, structures and geometries, and occur over a wide range of
crustal depths from about three to more than 10 km (Groves et al., 1998). They show consistent chemical compositions of
elevated Ag, As, Au, B, Bi, Sb, Te, and W (e.g., Goldfarb et al., 2005; Groves et al., 1998; Phillips and Groves, 1983).
Typically shear-hosted deposits developed along strike-slip fault systems (Groves et al., 1998, 2000), and most of them are
associated with greenschist facies rocks (Bierlein and Crowe, 2000).

The identification of the fluid sources for orogenic gold deposits is an enduring problem. Contrasting to other ore deposit
types, where fluids have been identified from direct sampling of modern, active systems, it is not possible to sample fluids
from actively forming orogenic gold systems. Nevertheless, extensive modern studies confirm the ubiquitous presence of
low-salinity H,O-CO, fluids associated with orogenic gold deposits (Yardley et al., 2014). Besides magmatic- and
metamorphic-derived fluids (e.g., Kerrich and Fyfe, 1981), deeply circulating meteoric water (e.g., Nesbitt et al., 1986) have
all also been suggested as the source of the ore-forming fluids, but a model based on fluids derived from metamorphic
devolatilization has gained wide acceptance. According to Ridley and Diamond (2000), it remains difficult to differentiate
between metamorphic dehydration-derived fluids or magmatic fluids derived from deep intrusions based only on fluid
inclusion studies from orogenic Au deposits. Therefore, investigations of host rocks and ore minerals associated with the
mineralization may provide detailed information on metal associations in sulfide minerals and the source of the mineralizing
fluid.

The world-class Cuiabd orogenic Au deposit, located in the northern part of the Quadrildtero Ferrifero district (QF), near
the town of Sabar4, southeastern Brazil, is hosted in banded iron formation (BIF). The QF is an area of approximately 7,000
square kilometers centered about latitude 20" 15' S and longitude 43 O 30' W in the Brazilian state of Minas Gerais (Dorr,
1969). As of 2015, it has produced five million ounces (Moz), with a further 7 Moz in reserve (AGA, personal
communication), making it the largest gold deposit in the QF. According to AGA, the deposit produces 1.2 million tonnes
of ore per year, with an average grade of 7.96 g/t Au, and by-product Ag and H,SOs. The district is famous for its gold
deposits hosted in an Archean greenstone belt sequence (RVGB), and its iron deposits within a Lower Proterozoic clastic-
chemical sedimentary unit displaying Lake Superior-type BIF sequences (Minas Supergroup). The RVGB is special insofar

that it is dominated by clastic, clastic-chemical and volcaniclastic sedimentary rocks (Baltazar and Zucchetti, 2007).



Despite the voluminous material of research on Cuiab4, questions regarding its genesis remain. For the preparation of this
work, contributions by Ribeiro-Rodgrigues (1998), Costa (2000), Martins (2000), Lobato et al. (2001a, b, c) and Ribeiro-
Rodgrigues et al. (2007) were the main source of information throughout. Most of these address structural, petrographic,
and geochemical studies, although fluid inclusion on BIF-hosted ores, and isotope data (stable and radiogenic) are also
provided by some.

To advance on the question of genesis, this work covers systematic studies on fluid inclusions and sulfide minerals,
integrating these data to contemplate a fluid model for Cuiabd, which may perhaps be extended to other Archean-hosted
gold deposits of the QF.

The present thesis is presented in form of two publications. The first comprises the comprehensive fluid inclusion study of
the andesite-hosted VQZ orebody. The second work considers the investigated BIF-hosted FGS orebody, including detailed
sulfide mineral and multiple sulfur isotope studies. In the final discussion and conclusion, both studies are linked to show

their importance for the Cuiabd orogenic Au deposit.

i. Motivation and Background

Although, the Cuiabd orogenic Au deposit is studied by many authors in past years, a systematic fluid inclusion study
including LA-ICP-MS analyses, and a detailed geochemical and isotopic study on sulfide minerals substantially contribute
to the understanding of the hydrothermal fluid evolution and gold mineralization at Cuiaba.

The PhD project emphasizes the Fonte Grande Sul (FGS) Footwall and VQZ orebody of the Cuiabd deposit. The
andesite-hosted VQZ orebody with its detailed quartz vein classification by Vitorino et al. (2017) supplies a thorough basis
for extensive fluid inclusion studies and interpretation. Detailed quartz and fluid inclusion petrography are essential for
microthermometry and LA-ICP-MS studies to integrate these results in relation to the ore-forming fluid. The interesting
aspects regarding the FGS orebody is the presence of gold-hosting massive sulfide orebodies associated with BIF, andesite
and carbonaceous pelites. Description including mineral paragenesis and textural features of main sulfide minerals such as
pyrite, pyrrhotite and arsenopyrite is required. This part includes basic macroscopically and microscopically petrography,
electron microprobe mapping, LA-ICP-MS analyses on sulfides and multiple sulfur isotope studies. The combination of
modern analytical methods with results from both orebodies help constrain the metal source and fluid reservoir to felsic
magmas, mantle-sourced, or metamorphic fluids. Further, multiple sulfur isotope analyses support to constrain the sulfur

source as essential processes such as mixing and interaction with the mantle, crustal magmas, hydrothermal fluids, and
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country rocks control isotopic signatures, and result in sulfide minerals with variable sulfur isotope compositions. Findings

of both studies build up a framework for the developement of the Cuiabd orogenic Au deposit.

ii. Detailed methodical description of Secondary Ion Mass Spectroscopy (SIMS)

The advance of in situ analytical techniques using large geometry secondary ion mass spectrometry (SIMS; see Farquhar
et al., 2013; Ireland et al., 2014; Ushikubo et al., 2014; Whitehouse, 2013) allows high-precision isotopic analysis of
multiple sulfur isotopes with spot sizes nearing ten microns. Since data on some sulfur isotopes are still relatively new in
metallogenetic studies, particularly orogenic gold, a brief review on this technique is presented.

Due to its ultra-high sensitivity, it is possible to measure the least common stable isotopes of sulfur, **S (0.75%) and *°S
(0.02%), together with the more abundant *2S (95.02%) and 3*S (4.21%) isotopes, simultaneously, and enables to identify
anomalous sulfur isotopic signatures, indicating mass independent fractionation process (MIF; A*S and A*S) together with
534S. Deviations from mass dependent fractionation (MDF) are typically caused by the presence of an oxygen-poor
atmosphere that existed before the Great Oxidation Event at ca. 2.4 Ga in which ultraviolet radiation was the driver for mass
independent photochemical separation of sulfur isotopes (e.g., Farquhar et al., 2000; Farquhar and Wing, 2003). For this
reason, the measure of **S has become essential to evaluate the full suite of isotopic features of Archean rocks (e.g., Biihn et
al., 2012; Farquhar et al., 2013), and those from younger terranes that might be sourcing Archean rocks (e.g., Cabral et al.,
2013). The least abundant 3°S sulfur isotope behaves similarly to **S, and has also become important for fingerprinting
Archean source rocks and understanding early Earth processes. The A3S/A3S ratio can elucidate between MDFV and
contributions from Archean MIF sources when magnitudes of MDF deviations are small (Farquhar et al., 2007; Johnston,
2011).

In-situ sulfur isotope measurements require careful standardization against a suitable matrix-matched reference material
(Eiler et al., 1997; Stern, 2008). The majority of reference materials for analysing in-situ 3- or 4-sulfur isotopes have been
acquired from the most common sulphide mineral, pyrite (Whitehouse, 2013; Ushikubo et al., 2014; Hauri et al., 2016).
With growing interest in the application of in-situ sulfur isotope analysis to variable mineral systems, there is an increased
need for reference material for a variety of common sulfide minerals, which presently remain scarce.

For sample preparation, sample mounts were made by coring 3 mm diameter pucks from rock fragments using a drill
press fitted with diamond drill bits, then mounted and cast in the central portion of a 25 mm in diameter epoxy mount
(LaFlamme et al., 2016). Standard blocks were made by mounting 1-2 grain fragments of pyrite, and 1mm diameter pucks

of rock fragments host to pyrrhotite. Reference materials were cast in epoxy ~8 mm from the edge of a mount. Sample
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mounts and standard blocks were trimmed to a thickness of 5 mm using a precision saw, coated with 30 nm of gold, and
mounted together (after being appropriately trimmed) in the sample holder. It is important to set the surfaces of the standard
and sample blocks at the same level in the sample holder. If necessary, a small amount of carbon paint has to be applied to
provide good conductivity between both pieces. To ensure that results are not a product of analytical artefacts due to X-Y-Z
positioning, a reference material is also mounted and cast with the sample block to compare with values generated from the
standard block.

In the present PhD study, in-situ sulfur isotope ratios were measured using a CAMECA IMS-1280, and Sierra pyrite (FeS2)
and Alexo pyrrhotite (Fe(1—x)S) as standard reference materials. The detailed measurement conditions are described in
chapter 3 included in the work “Sulfur isotope and metal variations in sulphides in the BIF-hosted orogenic Cuiaba gold
deposit, Brazil: implications for the hydrothermal evolution”.

Data processing and error propagation of SIMS measurements is detailed described by LaFlamme et al. (2016) in two steps.
At first, the Sierra pyrite standard is analysed once every five to eight analyses, regardless of whether the pyrite is being
used as the primary standard for that particular session, allowing for the assessment of the stability of the instrument during
the given analytical session, and correct for instrumental drift. At the second step, sample isotopic ratios are corrected for
instrumental mass fractionation using the correction factor a, determined by normalising the mean of all measurements on
the matrix matched reference material, Ryq, to the isotopic ratio of the reference material Rry as obtained by independent
bulk methods (e.g. fluorination gas-source mass spectrometry). The propagated uncertainty for the 6*S value of each sample
spot takes into account the internal error on the raw isotopic ratios, the uncertainty on the drift correction where necessary
and the uncertainty on the standard measurement, calculated as the standard deviation on the mean isotopic ratios measured

in the standards.
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Abstract

The world-class Cuiaba gold deposit of the Archaean Rio das Velhas greenstone belt in Brazil is hosted in banded iron formation
containing carbonaceous matter and carbonate, within the reclined, isoclinal Cuiaba fold. Mineralised quartz veins are hosted in
andesite in the stratigraphic footwall of the banded iron ores and form some of the more recently discovered ore bodies. Fluid
inclusion data of the quartz vein—associated “Veio de Quartzo” ore body are obtained from four quartz types (Qz1, Qz2, Qz3,
Qz5) in gold-mineralised V1 shear vein and V2 extensional veins, barren V3 extensional vein array, and V4 breccia-style veins,
all developed during the Archacan D1 event. Three fluid types are distinguished: (i) aqueous fluids of low salinity (1.8-3.8 wt%
NaCl equiv), homogenisation (into liquid) at 220 to 230 °C; (ii) aqueous fluids of moderate salinity (5.3—12.7 wt% NaCl equiv),
and homogenisation at 250 to 290 °C; and (iii) aqueous-carbonic fluids of moderate salinity (6.0-15.1 wt% NaCl equiv), with
30-91 mol% CO,, 841 mol% CH, and up to 28 mol% N, and decrepitation (into vapour) at 280 to 310 °C. Based on an
independent pressure estimate, a pressure correction was applied to aqueous fluid inclusions, resulting in minimum trapping
temperatures at 360 °C for V1 veins, 330 °C for V2 veins, 300 °C for V3 veins and 270 °C for the late-stage V4 veins. lon
chromatography analyses reveal a Br/Cl ratio of 0.7 x 10> in QzI-V1, from 1.4 to 1.5 x 10~ in Qz2-V2, 0.3 to 0.4 x 10> in
Qz3-V3 and 0.7 to 0.9 x 10 *in Qz5-V4 veins. Zinc, Pb and Cu are relatively enriched with ~ 100 to 1000 ppm in aqueous and
aqueous-carbonic fluid inclusion assemblages in all vein and quartz types, which is similar to other orogenic gold deposits hosted
in the Rio das Velhas greenstone belt. The fluid inclusion data are consistent with a model invoking a metamorphic origin for the
mineralising fluid. A two-step model of hydrothermal fluid flow and gold enrichment is suggested to have developed during the
Archaean D1 event, with an early, aqueous-carbonic fluid pulse of relatively high temperature (from V1 up to V3) and an
evolved, aqueous-carbonic fluid pulse of lower temperature (V4, breccia-style veins). The Rio das Velhas greenstone belt is
dominated by regionally metamorphosed metasedimentary rocks, resulting in a complex hydrothermal fluid evolution and related
gold mineralisation such as the shear zone—controlled Veio de Quartzo ore body.

The research forms part of the PhD thesis by the first author at the Federal
University of Minas Gerais, Brazil.
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Introduction

Orogenic lode-gold deposits are hosted in metamorphic ter-
ranes that typically contain rocks of lower to upper greenschist
facies metamorphic grade (Groves et al. 1998). Textural and
structural relationships are commonly well preserved allowing
important constraints on the deposit formation. Fluid inclusion
studies, summarised by Ridley and Diamond (2000) and
Goldfarb and Groves (2015), suggest that ore formation oc-
curred from aqueous-carbonic, CO,/CH, fluids of low to
moderate salinities. The source of gold is still debated
(Goldfarb and Groves 2015). As pointed out by Gaboury
(2013, 2019), the record of aqueous-carbonic and hydrocar-
bon gases in fluids from orogenic gold deposits confirms that
organic matter—rich sedimentary rocks, containing possible
gold-bearing pyrite, could be in part the source for gold in
many world-class gold deposits. However, sedimentary rocks
only form a small proportion of most Archaean greenstone
belts (Goldfarb and Groves 2015). Compositional microanal-
ysis of fluid inclusions using laser ablation inductively
coupled plasma-mass spectroscopy (LA-ICP-MS) has the po-
tential to provide new information on the origin and evolution

of crustal fluids (Marsala et al. 2013; Rauchenstein-Martinek
et al. 2014, 2016; Morales et al. 2016; Wagner et al. 2016;
Fusswinkel et al. 2017).

The Quadrilatero Ferrifero (QF) region is one of Brazil’s
most important gold provinces (e.g., Lobato et al. 2001a, b)
and hosts a range of Archaean to Cainozoic gold deposits. The
most productive deposits are hosted in banded iron formations
(BIF) of the Archaean Rio das Velhas greenstone belt (Lobato
etal. 2014) (Fig. 1). Some of the largest gold deposits, includ-
ing Morro Velho, Cuiaba, Sao Bento, and Raposos, are locat-
ed in the basal unit of this greenstone belt, referred to as the
Nova Lima Group (Ladeira 1991; Vieira 1991; Lobato et al.
1998). The Cuiaba deposit, situated ~ 40 km northeast of Belo
Horizonte (Fig. 1), is presently the major gold producer in the
QF. The total of the Cuiaba mine’s mineral resources, consid-
ering measured, indicated, and inferred resources, is 19.7 mil-
lion tonnes grading 10.58 g/t Au (AngloGold Ashanti 2018).

Previous fluid inclusion studies of orogenic gold deposits
hosted in the Rio das Velhas greenstone belt included those by
Xavier et al. (2000), Lobato et al. (2001a, b, ¢), Ribeiro et al.
(2015) and Morales et al. (2016). The study by Xavier et al.
(2000) showed that the mineralising fluids were dominantly

Fig. 1 Geological map of the Quadrilatero Ferrifero region. The inset shows the location of the Quadrilatero Ferrifero in Brazil (modified after Baltazar

and Zucchetti 2007)
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aqueous with a low salinity (3.0-6.0 wt% NaCl equiv) and
variable concentrations of CO, (0-11.4 mol%), CH, (1.5—
10.2 mol%), subordinate N, (0-0.7 mol%) and traces of H,S
and/or HS. The work of Lobato et al. (2001a, b, c¢) noted the
occurrence of aqueous and aqueous-carbonic fluid inclusions
with salinities ranging from 1.4 to 12.8 wt% NaCl equiv. and
inconsistent volatile compositions of CO, (3.5-90.5 mol%),
CH4 (64.0-94.5 mol%), N, (1.5-21.5 mol%) and H,S (~
1.3 mol%).

This contribution reports on a study conducted to deter-
mine the chemistry of the hydrothermal fluids that formed
the quartz vein—associated, andesite-hosted ore bodies at the
Cuiaba gold deposit. In contrast to previous studies, fluid in-
clusion assemblages (FIAs) were studied to provide meaning-
ful fluid inclusion data, as well as new geochemical data ob-
tained by LA-ICP-MS. Based on the vein and quartz classifi-
cation, new fluid inclusion data and spectroscopic investiga-
tions provide critical information on the mineralising process-
es at this world-class deposit.

Geology of the Quadrilatero Ferrifero
including the Rio das Velhas greenstone belt

The Quadrilatero Ferrifero (QF) is located in the southern Sao
Francisco Craton (Dorr 1969) and encompasses Archaean
gneissic trondhjemite-tonalite-granodiorite (TTG) terranes,
Archaean granite-greenstone belts of the Rio das Velhas
Supergroup, and Proterozoic sedimentary units of the Minas
and Espinhago Supergroups (Dorr 1969; Toledo 1997; Noce
2013). Banded migmatite gneisses make up the largest pro-
portion of the crystalline basement of the QF. They comprise
four main lithostructural domains, consisting of 3.2 Ga gran-
itoid gneisses and minor sedimentary rocks, which are intrud-
ed by 2.8-2.7 Ga old tonalites, andesites, granites, pegmatites
and Proterozoic mafic dikes (Noce et al. 2005; Moreira et al.
2016).

The Rio das Velhas Supergroup contains the Archaean Rio
das Velhas greenstone belt (3.0-2.7 Ga; Machado et al. 1989)
which comprises the Nova Lima Group at the base and the
overlying Maquiné Group (Fig. 1). The greenstone belt rocks
are regionally metamorphosed to lower greenschist facies.
The lower portion of the Nova Lima Group is composed of
lower komatiitic to tholeiitic volcanic rocks interlayered with
clastic and exhalative chemical sedimentary rocks (Vieira
1988). The middle mafic and felsic volcanic rocks are
interlayered with carbonaceous sedimentary rocks, and BIF
with felsic volcaniclastic rocks on the top. Clastic sedimentary
rocks interlayered with mafic and felsic volcaniclastic rocks
form the upper portion of the Nova Lima Group (Fig. 1).
Radiometric ages (U-Pb SHRIMP) of detrital zircons yield a
minimum age of 2.74 Ga for the volcaniclastic rocks (Schrank
and Machado 1996; Lobato et al. 2001a).

The Paleoproterozoic Minas Supergroup (2.6-2.1 Ga;
Babinski et al. 1991) represents a continental margin
sequence and comprises clastic and chemical sedimentary
rocks. More recently, however, Cabral et al. (2012) dated zir-
cons (U-Pb LA-ICP-MS) from a volcanic layer within Minas
Supergroup iron formation and proposed a 2.65 Ga
Neoarchaean age for the deposition of these rocks.

Geology of the Cuiaba gold deposit

The Cuiaba deposit is an Archaean (U-Pb SHRIMP age of
2672 + 14 Ma on monazite; Lobato et al. 2007) gold deposit,
presently exploited in an underground mine. The host rock
succession was first defined by Vial (1980) and consists of
volcanic, volcaniclastic and sedimentary rocks that form part
of the Nova Lima Group (Ladeira 1991).

At Cuiab4, the lowermost stratigraphic unit is characterised
by alternating units of chloritized, mafic volcanic, and pelitic
rocks, which are carbonate and sericite altered (Fig. 2c, ESM-
1), as well as interbedded lenses of carbonaceous pelite. The
volcanic and pelitic rocks are overlain by the Algoma-type
Cuiaba BIF. The Cuiaba BIF consists of rhythmic alternation
of dark, white, and ocher-coloured, millimetre- to centimetre-
thick bands, rich in carbonaceous matter and fine-grained
quartz and carbonate (ESM-1). Its lower portion is typically
banded and rich in Fe carbonate and carbonaceous matter. The
upper portion, separated by a 15-cm-thick mafic volcanic unit,
is a highly deformed ferruginous chert also containing carbo-
naceous matter. Overlying these chemical sedimentary rocks
is an upper mafic volcanic unit that displays a similar miner-
alogical composition as the lower, chloritized mafic volcanic
rocks. Metamorphosed andesite at Cuiaba consists of albite,
epidote, zoisite (clinozoisite), quartz, actinolite, carbonate and
chlorite (Vieira 1991). The rocks are characterised by a light
green colour and a fine-grain size, and are massive or foliated
(ESM-1). The absence of hornblende indicates that peak meta-
morphic conditions did not exceed the greenschist-
amphibolite facies transition (Spear 1995). This mineral as-
semblage is characteristic of metamorphic temperatures of
350 to 450 °C and is stable over a large pressure range of up
to 4 kbars (Spear 1995). The stratigraphic column is complet-
ed by an ~1000-m-thick section of volcaniclastic rocks
(Vieira 1991; Lobato et al. 1998; Xavier et al. 2000).

Structural setting

The rocks at the Cuiaba deposit underwent at least three defor-
mation events (Ribeiro-Rodrigues et al. 2007). The first two,
D1 and D2, developed under ductile to ductile-brittle condi-
tions of SE-NW-directed compressive stress, with tectonic
transport from SE to NW. The brittle-ductile D3 structures were
formed due to E-W-oriented compressive stress (Ribeiro-
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Fig. 2 Geology of the Cuiaba mine. a Geological map of the Cuiaba
mine, Level 11, with location of the main orebodies. b Geological map
of the VQZ orebody at Level 15. ¢ Lithostratigraphic section of sampled
drill cores with corresponding gold grades in ppm) (information provided
by AngloGold Ashanti. Legend in b also valid for a. Abbreviations: BIF-
hosted orebodies: FGS Fonte Grande Sul, SER Serrotinho, BAL

Rodrigues et al. 2007). All lithological units are overprinted by
apervasive axial planar foliation that is locally mylonitic (S, =
135/45). They show a prominent mineral stretching lineation
(LS =126/22-35) indicated by the preferred orientation of
elongated sericite, carbonates, and sulphide minerals. Late,
northwest-verging, sigmoidal thrust faults reactivated pre-
existing structures and caused folding, boudinage, and rotation
of the host rocks of the Cuiaba deposit (Vitorino 2017).

The Cuiaba fold is an anticline with the rock succession
inverted along the north limb (Fig. 2a). The N116° fold axis
plunges from 35° in the upper portion to 12° below level 18.
The plunge direction controls the geometry of the mineralised
ore bodies. Studies by Vial (1980), Toledo (1997), Ribeiro-
Rodrigues (1998) and Ribeiro-Rodrigues et al. (2007) consid-
ered the Cuiaba fold as a tubular structure, plunging southeast
at 30°. Recently published data for the nearby Lamego gold
deposit (Fig. 1) suggests that its fold geometry, which is com-
parable to that of the Cuiaba fold, represents a reclined,
isoclinal, cylindrical and rootless fold (Martins et al. 2016).

@ Springer

Balancao, GAL Galinheiro, GAL EXT Galinheiro extengdo, DDO Dom
Domingos, CGA Cantagalo, SUR Surucu. Quartz vein—hosted ore bod-
ies: VQZ Veio de Quartzo, GAL FW Galinheiro Footwall, Gal QTZ
Galinheiro Quartzo, SER FW Serrotinho Footwall, FGS FW Fonte
Grande Sul Footwall, VIA Viana

Gold mineralisation

Gold mineralisation at Cuiab4 is contained in six main BIF-
hosted ore bodies (>4 g/t Au) referred to as Balancio,
Cantagalo, Fonte Grande, Fonte Grande Sul (FGS),
Serrotinho, and Galinheiro (Fig. 2a). These ore bodies repre-
sent sulphide-rich segments of the Cuiaba BIF grading later-
ally into non-economic or barren iron formation. Quartz vein—
hosted ore bodies are named Veio de Quartzo (VQZ),
Galinheiro Footwall (GAL FW), Serrotinho Footwall (SER
FW) and FGS Footwall (FGS FW) (Fig. 2). The three main
mineralisation styles are (i) stratabound replacement with lo-
cally massive ores, commonly in BIF, (ii) disseminated in
volcanic and sedimentary rocks, related to hydrothermal alter-
ation in shear zones and (iii) quartz-carbonate-sulphide vein
hosted, related to shear zone in volcanic and sedimentary
rocks (Ribeiro-Rodrigues et al. 2007).

Decreases in gold grade from over 60 g/t Au to values
below the detection limit of the fire assay in sulphide-poor
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portions always indicate transitions from sulphide-rich to poor
BIF. Gold, ranging in size from 10 to 80 pum, is intergrown
with pyrite, pyrrhotite and arsenopyrite. It occurs in fractures
or along grain boundaries of pyrite and arsenopyrite. Pyrite is
the most common sulphide and accounts for > 90% by volume
of all sulphides. Most of the pyrite form porous grains that
may be zoned, displaying As-rich centres.

The Fonte Grande Sul ore body is located in the SE closure
of the Cuiaba fold (Fig. 2a). It is the largest and highest grade
ore body in the deposit. Resources are calculated at 4.91 mil-
lion tonnes grading 13.87 g/t Au, with additional reserves of
0.8 million tonnes grading 8.11 g/t Au (AngloGold Ashanti
2018). The thickness of the ore body varies between 4 and
6 m. The mineralised BIF is intensely sulphidised (ESM-1),
folded and disrupted, containing generally disseminated and
massive ores that lack banding.

The recently discovered VQZ ore body (Fig. 2a) has sig-
nificant gold grades associated with andesite-hosted quartz-
rich shear veins and is located between levels 9 and 17 in
the southeastern part of the Cuiaba fold hinge (Fig. 2b).
Mineralisation is predominantly controlled by a strike slip,
oblique shear zone, with native gold hosted in quartz-rich
shear veins, and disseminated sulphide minerals in hydrother-
mally altered country rocks. The Au grade reaches up to ~
500 g/t due to the presence of free coarse gold (Vitorino 2017).

Hydrothermal alteration studies at Cuiaba were carried out
by Vieira (1988, 1991), Ribeiro-Rodrigues (1998), and
Lobato et al. (1998, 2001a, b). These authors showed that
the carbonaceous pelites are only locally altered by sulphide-
quartz-carbonate veinlets and that the Cuiaba-BIF is strongly
sulphidised. Mafic volcanic rocks are overprinted by perva-
sive alteration, where distal alteration comprises an assem-
blage of chlorite, carbonate + sericite, and sulphide minerals,
intermediate alteration is characterised by an assemblage of
carbonates, chlorite, quartz, plagioclase and sulphide min-
erals, and the proximal alteration is composed of a quartz,
sericite, sulphide mineral and gold.

Materials and methods

Quartz vein samples for fluid inclusion analyses were taken from
drill cores CBABSDO007 and CBABSDO009 intersecting the
VQZ ore body at Level 17 (Fig. 2¢) and underground exposures
of shear and extensional veins of the andesite-hosted VQZ ore
body at Level 15 of the Cuiaba mine (Figs. 2b and 3g—i).

The fluid inclusion study was carried out on vein quartz of
the S, (mylonitic foliation)-related mineralised quartz-
sulphide and barren quartz veins. Nine doubly polished thick
sections were prepared and petrographically mapped in trans-
mitted light. Four of them were chosen for microthermometry.
Measurements were conducted using a Linkam THMSG 600
heating and freezing stage with a T95 temperature

programmer at the Laboratory of Metallogeny, Institute of
Geoscience, at the Federal University of Minas Gerais,
Brazil. The stage was calibrated with synthetic inclusions.
All measurements were collected by predetermined tempera-
ture profiles that include a sequence of step-by-step continu-
ous heating or cooling rates. Heating sequences have been
performed slowly to prevent decrepitation. Calculated salinity
(Wt% NaCl equiv) and bulk composition of all FIAs, as well as
pressure and temperature values to construct isochores, were
obtained using the MacFlinCor program (Brown and
Hagemann 1995). Eutectic temperatures of aqueous FIAs
range between — 45 and — 35 °C, indicating a mix of different
salts (Borisenko 1977; Goldstein and Reynolds 1994). For
measured FIAs that show final ice-melting temperatures
above the eutectic for H,O-NaCl (< —21.2 °C), the equation
of state by Bodnar and Vityk (1994) was used for the H,O-
NaCl-(KCI) system. In the case of clathrate-melting tempera-
tures, (Tmcy.g,) the equation of Jacobs and Kerrick (1981) for
the H,O-CO,-CHy4-NaCl was applied due to the presence of
CO, and/or CH4. Measurement of homogenisation tempera-
tures of the CO, phase (Thcq,) is limited to inclusions larger
than 10 um. The Thror.-v) values were obtained from Qz2 of
V2 extensional and V3 extensional vein arrays, as well as Qz5
from V4 late-stage veins. Measurements on various aqueous-
carbonic FIAs with probably higher proportions of volatile
phases (CHy4, H,S, N) did not allow salinity calculations with
Tmcypag, above 10 to 16 °C.

Raman spectroscopy investigations were carried out at the
Institute of Engineering at the Federal University of Minas
Gerais, Brazil. Raman spectra were obtained using a
JobinYvon/Horiba LABRAM-HR 800 spectrograph equipped
with a He-Ne laser (632.8 nm) and linked to a N liquid-cooled
CCD (charge coupled device) detector. The excitation and col-
lection of the scattered light were achieved using an Olympus
BHX microscope focused on single-fluid inclusions at high
magnification (x 50 or x 100 objectives). Acquisition times
varied between 10 and 30 s depending on the background
fluorescence of the fluid inclusions. Laser-Raman analyses
were applied to several types of aqueous and aqueous-
carbonic FIAs in different quartz types. Complex gas mixtures
of CO,, CHy, and N, and a limited set of solutes have been
detected within each non-aqueous phase at ambient P-T condi-
tions. Data processing of all Raman spectra was conducted
using the software LabSpec 5. Semiquantitative determination
of gas species (CO,, CHy, and N,) and their relative abun-
dances (in mol%) used the method of Burke (2001).
Wavelength-dependent relative Raman scattering cross-
sections (o 532 nm) for each gas species were determined by
interpolation from Burke (2001). The instrumental efficiency
for all components was set to 0.92 in all calculations based on
Garofalo et al. (2014). Uncertainties in calculated mole frac-
tions of species present in the carbonic phase of the inclusions
are within 20% relative.
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Fig. 3 Photographs of quartz veins, hand specimen, and drill core
sections of the andesite-hosted quartz veins forming part of the Veio de
Quartzoore body (after Vitorino 2017). a V1 shear vein, indicating pinch-
and swell structure (Level 15, VQZ ore body). b V2 extensional vein
(Level 15, VQZ ore body). ¢ V3 extensional vein arrays within V1 shear
vein (Level 15, VQZ ore body). d V4 extensional late-stage veins (Level

Ion chromatography was performed on quartz samples of
the andesite-hosted quartz shear and extensional veins at the
School of Earth and Environment, University of Leeds.
Quartz samples were reduced to a grain size of 0.5-1 mm
and contaminant minerals removed by picking under a binoc-
ular microscope. Quartz types of V1 and V2 veins were sep-
arated. However, mixing of several fluid inclusion populations
contained in the quartz cannot be ruled out. Samples and du-
plicates were cleaned three times with 18.2 MQ) Milli-Q water.
Dry samples were crushed to a fine powder in an agate pestle
and mortar and 7 mL of water was added to redissolve the
contents of the fluid inclusions. The solution was filtered
through a 0.2-pm nylon filter to remove any particles. Cl ,
Br, and SO,> were determined by using ion chromatogra-
phy. The leachates were analysed for cations such as Na*, K¥,
and Li* by atomic emission spectroscopy. As the amount of
fluid inclusions leached is unknown, molar ratios are used.

Laser ablation ICP-MS analyses on FIAs trapped in quartz
of shear and extensional veins were conducted at the School of
Earth and Environment, University of Leeds. The calibration
was performed using the standard NIST 610. Fluid inclusion
and standard measurements were conducted by using the
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15, VQZ ore body). e Hand specimen of V1 shear veins consisting of Qz1
(Level 15). f Drill core sections of V2 extensional veins (Qz2) (drill core
CBABSDO07, Level 17). g Hand specimen of V4 extensional veins (Qz5)
(Level 15). h Stope view and sample location of V3 extensional array
veins consisting of Qz3 (Level 15, VQZ ore body)

GeoLas Q Plus excimer laser (ArF, 193 nm, Microlas,
Gottingen, Germany). The optical system permits visual ob-
servation of the ablation process through a built-in LED
source and CCD camera. The material liberated during the
ablation is carried by He, purging the ablation cell, into the
Agilent 7500 quadrupole mass spectrometer. An octopole re-
action cell was used for analyses of *°Ca and *°Fe. A detailed
description of the LA-ICP-MS procedure is given in Allan
et al. (2005). Elements including Na, K, Ca, Mg, Mn, Fe,
Cu, Zn, Sr, Ag, Ba, Pb, As and Au were analysed. Arsenic
and Au were measured separately for each vein type to avoid
signal interference. Data reduction was conducted with the
MATLAB-based SILLS program (Guillong et al. 2008). LA-
ICP-MS intensity ratios for fluid inclusions were normalised
to Na and converted to concentration ratios by external cali-
bration against NIST 610 standard reference material. For the
determination of Na concentration, the average salinity of
each FIA was used. The analytical error of LA-ICP-MS mea-
surements and data processed required the use of average
salinity values for each analysed FIA. Detection limits vary
according to inclusion volume, but for most elements were
between 1 and 10 ppm.
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The Cuiaba quartz veins

In Cuiab4, the quartz veins hosted in andesite can be classified
as (1) fault-fill, (ii) extensional (oblique-extensional) and (iii)
breccia veins according to the criteria of Passchier (2001) and
Robert and Poulsen (2001) (Table 1; adapted from Vitorino
2017). Vein types are also subdivided based on their cross-
cutting relationships, relative chronology, and mineralogical
composition into V1 to V4 vein systems (Table 1). According
to Vitorino (2017), all vein types are related to Archaean D1
brittle-ductile shear zones and located in the mineralised zones
VQZ, SER FW and FGS FW. Shear veins are most common in
the studied VQZ ore body.

The VQZ ore body (Fig. 2a, b) is made-up of four vein
types (Table 1) with the following vein classification based
on the structural model proposed by Vitorino (2017). Both
shear and extensional veins show a similar paragenesis, but
differ in terms of relative proportions of quartz types, carbon-
ate, sulphide and accessory minerals (Table 1).

Vein type classification

Shear veins (V1), the most abundant in the VQZ ore body,
were emplaced during D1 shearing and are parallel to slightly
oblique to the main mylonitic S, foliation (Fig. 3a). They
extend ~ 30, 50-m-long strike and are up to 30 m in thickness.
Their long axis coincides with the mineral lineation Lminl.
They mainly consist of anhedral, smoky quartz (Qz1; Fig. 3g),
minor granoblastic, milky quartz (Qz2), ankerite, sericite,
chlorite and albite and contain fragments of host rocks.
Accessory minerals are pyrite, pyrrhotite, chalcopyrite, sphal-
erite and native gold. Wall rock fragments show ductile defor-
mation, are typically sericite-altered and sulphide-rich and
may contain significant gold.

The extensional V2 veins are hosted in andesite and con-
trolled by the compositional banding Sy, occurring either at a

high angle or subparallel with respect to the mylonitic S,
foliation (Fig. 3b). They represent the most abundant vein type
in the centre of the Cuiaba fold and may occur tens to hun-
dreds of meters from the D1 shear zone. Commonly continu-
ous along strike, they can extend for 200 m and range between
a few centimetres up to 2 m in thickness. There are mutual
cross-cutting relationships between V1 and V2 types. The V2
veins are mainly composed of Qz2, ankerite, sericite, chlorite
and minor pyrite, pyrrhotite and chalcopyrite (Fig. 3h).

The V3 extensional vein arrays are at a high angle with the
mylonitic Sy, foliation, having an average thickness from 5 to
30 cm. The V3 extensional vein arrays are mainly composed
of euhedral quartz (Qz3) (Fig. 3f inset) and are immersed
within the V1 shear veins (Fig. 3c, f; Table 1).

The V4 extensional veins (hereafter designated as V4 late-
stage veins) show massive and tabular vein geometries (Fig.
3d, e). Wall rock fragments are located in the inner part of the
veins and impose a brecciated structure. These are controlled
by flanking structures (flanking folds and flanking shear
bands, cf. Passchier 2001) and barren. They mainly consist
of Qz5, carbonate (ankerite, calcite) and locally pyrrhotite
and pyrite (Fig. 3d, i, Table 1); these sulphides are present as
centimetre- up to 10 cm-sized agglomerates and locally as
well-formed grains.

Quartz type classification

Four main quartz types (Qz1, Qz2, Qz3, and Qz5) are discrim-
inated mainly based on morphological characteristics. The
Qzl1 is typically smoky, anhedral, medium- to coarse-grained,
with strong wavy extinction; it is rich in fluid inclusions. The
grain boundaries of Qz1 are interlobate (Fig. 4c, d). The po-
lygonal granoblastic, fine- to medium-grained Qz2 developed
at the expense of Qz1 (Fig. 4a—d), mainly along crystal bound-
aries. The proportion of fluid inclusions is relatively low com-
pared with Qz1. Vitreous Qz3 is polygonal and shows well

Table 1 Classification of the Cuiaba quartz veins (adapted after Vitorino 2017)

Vein type Vein system Controlled by Mineralogical composition Vein geometry

Classification

after Passchier Main Accessory

(2001), Robert and

Poulsen (2001)

Fault-fill V1 (shear) Sm Qz1, Qz2, cb, ser, PY, PO, cpy, sph, Folded, pinch and
chl, plg free gold swell, boudins

a. Extensional V2 (a,b,c¢) Sp Qz2, Qzl, cb, Py, PO, Cpy; Tabular and folded;

b. Oblique extensional (extensional) ser, chl (free gold) boudins and

c. Fault-fill sigma shapes

Extensional vein array V3 (extensional) S Qz3, Qz4 - En-echelon

Extensional and V4 (late-stage, extensional) Flanking and cross- Qz5, cb py and po Tabular and massive

brecciated cutting Sy,

qz quartz, cb carbonate, ser sericite, chl chlorite, plg plagioclase, py pyrite, po pyrrhotite, cpy chalcopyrite, sph sphalerite
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Fig. 4 Photomicrographs of
quartz types. a Qz1 and Qz2 of
V1 shear veins (transmitted light)
(sample 009 7). b Qzl and Qz2
of V1 shear veins (transmitted
light, crossed nicols) (sample
009_7). ¢ Intergrowth of all quartz
types of V1 shear and V3
extensional vein arrays
(transmitted light) (sample
FICUO1). d Qz5 of V4 late-stage
veins (transmitted light) (sample
QZL 1)

defined limits of coarse- to very coarse-grained transparent
euhedral crystals that are locally transformed to granoblastic
Qz4 (Fig. 4e). The Qz3 and Qz4 contain a moderate amount of
fluid inclusions. Qz5 shows similar morphological features to

Qzl.

Fluid inclusion data of the VQZ ore body
Fluid inclusion classification and description

The results of detailed petrography constraining the size,
shape, and L/V phase ratio of fluid inclusions, their occurrence
as groups, and trails or individual inclusions are provided in
Table 2. Emphasis was placed on the identification of FIAs,
which are defined as the most finely discriminated fluid inclu-
sion trapping event that can be identified based on petrogra-
phy (Goldstein and Reynolds 1994). In total, 20 distinct FIAs
are observed and numbered (1-20, subscript is indicated by
subscript characters). The FIAs in internal trails and three-
dimensional groups, with respect to individual quartz grains,
are pseudosecondary in nature, whereas trail cross-cutting
quartz grain boundaries are determined as secondary in origin
(Sterner and Bodnar 1984; Wilkinson 2001). Secondary FIAs
and FIAs that appear randomly and cannot be constrained
with respect to their relative timing of trapping, defined as
indeterminate, are not further considered in this investigation.
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This study focuses on primary and pseudosecondary FIAs,
which are present in all vein and quartz types except Qz4
(Fig. 5, Table 2). Primary and pseudosecondary FIAs are de-
fined by (i) aqueous-carbonic fluid inclusions, irregular to
ovoid-shaped, 5-10 pum, locally up to 15 um in size, and
contain about 10 vol.% vapour; and (ii) aqueous fluid inclu-
sions, regular to ovoid-shaped, about 5-10 um in size and
contain about 5-10 vol.% vapour.

Microthermometry results
V1 shear veins

Aqueous fluid inclusions in Qz1 show eutectic temperatures
(T,) between — 43 and — 39 °C; Tm;, between (i) — 9.5 and —
5.1 °C, and (ii) —3.5 and — 1.1 °C. The Tpgcrep) ranges
between 220 and 250 °C (Fig. 6¢, Table 3). Salinity values
range from (i) 1.8 to 5.6 wt% NaCl equiv and (ii) 8.1 up to
13.4 wt% NaCl equiv (Fig. 6a).

Aqueous-carbonic fluid inclusions display Tmco, between
—61.7 and — 58.1 °C; Tmcy,g between (i) 1.2 and 3.6 °C and
(i1) 6.1 and 6.6 °C; Thco, between 25.1 and 30.4 °C; and
Torcrepcvy between 280 and 310 °C (Fig. 6¢, Table 4).
Aqueous-carbonic fluid inclusions indicate salinities ranging
from 7.2 to 12.7 wt% NaCl equiv (Fig. 6¢). The bulk density
varies between 1.02 and 1.05 g/cm’.
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Table 2  Summary of FIAs and their characteristics (e.g., chemical system, L/V ratio, shape, size and occurrence) based on quartz and vein types'

Vein type Sample Qztype FIA N Chemical LV Shape Size (in um) Occurrence
ID system ratio
V1 shear veins 009 7 Qzl 7 5 Aq 10 Ovoid-shaped and negative 5-10 Grouped
crystal
Qzl 8r 5 Aq 10 Irregular to ovoid-shaped 5-10 Grouped
Qzl 8 3 Aq 10 Irregular to ovoid-shaped 5-10 Grouped
Qzl 8¢ 4 Aqg-carb 10 Irregular to ovoid-shaped 5-10 Grouped
Qz1 8p 2 Aq 10 Irregular to ovoid-shaped 5-10 Grouped
Qzl 8 2 Ag-carb 10 Irregular to ovoid-shaped 5-10 Grouped
V2 extensional veins 007_2 Qzl 10 3 Ag-carb 10 Negative crystal 5-10 Isolated
Qz2 9 5 Aq 10 Regular to ovoid-shaped 5-10 Isolated
Qz2 11, 7 Aq 10 Regular to ovoid-shaped Grouped
Qz2 113 3 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 1Ic 5 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 11p 8 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 11 5 Aq 10 Regular to ovoid-shaped 5-10 Grouped
V3 extensional vein FICUOI  Qzl In 4 Aq 10 Irregular to ovoid-shaped 5-10 Grouped
arrays Qzl Ig 7 Aq 10 Irregular to ovoid-shaped 5-10 Grouped
Qz2 2o 5 Aq 10* Irregular to ovoid-shaped 5-10 Grouped
Qz2 25 4 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 2c 4 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 2p 3 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Q22 2 6 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 2r 4 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 2c 7 Aq 10 Regular to ovoid-shaped 5-10 Grouped
Qz2 3 6 Aq 10 Regular 5-10 Isolated
Qz3 45 3 Aq 10 Regular 5-15 Grouped
Qz3 4z 1 Ag-carb 10 Regular to ovoid-shaped 5-15 Isolated
Qz3 4c 2 Ag-carb 10 Regular 5-15 Isolated
Qz3 4p 3 Ag-carb 10 Ovoid-shaped to irregular 10-20 Isolated
Qz3 SA 5 Aq 10 Irregular 5-15 Grouped
Qz3 5 4 Aq 10 Irregular 5-10 Isolated
Qz3 6 5 Aq 10 Regular to ovoid-shaped 5-15 Internal trail
V4 late-stage veins QZL 1 Qz5 124 6 Aq 10 Regular to ovoid-shaped 1020 Grouped
Qz5 125 2 Ag-carb 10 Regular to ovoid-shaped 10-15 Isolated
Qz5 13 4 Aq 10 Irregular 10-15 Isolated
Qz5 14 7 Aq 10 Regular ovoid-shaped 10-15 Grouped
Qz5 15 5 Aq 10 Regular 5-15 Grouped
Qz5 165 6 Aq 10 Ovoid-shaped to irregular 10-15 Isolated
Qz5 l6g 5 Aq 10 Ovoid-shaped to irregular 5-15 Grouped
Qz5 16c 2 Ag-carb 10 Ovoid-shaped to irregular 5-15 Isolated
Qz5 l6p 3 Aq 10 Ovoid-shaped to irregular 10-15 Grouped
Qz5 174 2 Aq 10 Ovoid-shaped 5-10 Grouped
Qz5 17g 2 Ag-carb 10 Ovoid-shaped 10-15 Isolated
Qz5 18 8 Aq 10 Ovoid-shaped to irregular 5-15 Grouped
Qz5 19 2 Aq 10 Ovoid-shaped to irregular 5-10 Isolated
Qz5 20 8 Aq 10 Ovoid-shaped to irregular 5-15 Grouped

0z Quartz, N Number

!'Sample FICUO1 mainly consists of Qz3, but also describes Qz1 and Qz2, both corresponding to the V1 shear vein type
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Fig.5 Examples of representative FIAs of all vein types, Veio de Quartzo
ore body. a-d Qz1-V1 shear veins with small-sized, two-phase aqueous
(FIA8,), and aqueous-carbonic (FIA8¢)—grouped FIAs. e-g Qz2-V2 and
Qz2-V3 extensional veins showing, two-phase, aqueous, FIAs (FIA 2,
FIA 114, FIA 11¢). h-j Qz3-V3 extensional vein arrays displaying two-

V2 extensional veins

Aqueous fluid inclusions in Qz2 display T, between (i)
— 44 and —42 °C and (ii) — 45 to — 35 °C; Tm;.. between
—5.2and - 3.3 °C, Thror, from 260 to 290 °C (FIA 11p),
and Tpgcrepqy at 325 °C (Fig. 6b). Salinity values range
from 5.0 to 8.5 wt% NaCl equiv (Fig. 6a Table 3).
Aqueous-carbonic fluid inclusions in Qzl show Tmgja,
between 15.1 and 16.8 °C and Tpgcrepq) from 215 to
275 °C (Table 4).
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phase, grouped aqueous fluid inclusion (FIA4,) and two-phase, individ-
ual, aqueous-carbonic fluid inclusions (FIA 4¢) an internal trail of two-
phase, aqueous fluid inclusions (FIA 6). Photomicrographs taken under
transmitted light

V3 extensional vein arrays

Aqueous fluid inclusions in (i) Qz1 and (ii)) Qz2 show T,
between (i) —43 and — 39 °C and (ii) — 39 and — 35 °C respec-
tively; Tm;., between (i) — 8.9 and — 7.0 °C and (ii) — 5.5 and
—3.0°C; and Tpecrepa) between (i) 190 and 230 °C. Average
salinities of aqueous fluid inclusions in Qzl1 range from 10.5
to 12.7 wt% NaCl equiv. Homogenisation into vapour of FIAs
in Qz2 is observed at 220 °C and 230 °C (Fig. 6b). Average
salinities of aqueous fluid inclusions in Qz2 range from 4.9 to
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Fig. 6 Box and whisker plots of a salinity, b Thror, ¢ Tpgcrep and d
Thrrap for analysed FIAs. The central box is the middle 50% of the data
from 25% quartile (Q1) to 75% quartile (Q3); whiskers are extreme
values that are not outliers. Circles indicate outlier values. d Isochore
diagram of aqueous and aqueous-carbonic FIAs. The range of P,;, and

8.5 wt% NaCl equiv (Fig. 6a). Aqueous fluid inclusions in
Qz3 show T, between —35 and —30 °C, Tm;.. between
—6.3 and — 1.8 °C; Tpgcrepa) between 210 and 270 °C,
with outliers up to 350 °C(Table 3). Salinity values for
range between 3.0 and 9.5 wt% NaCl equiv (Fig. 6a,
Table 3).

Aqueous-carbonic fluid inclusions in Qz3 show Tmce, from
—61.0 to —57.2 °C; values of Tmgy,g, between 0.4 and 6.8 °C;
and Tpgcrepcy) between 220° and 290 °C (Fig. 6c, Table 4).
Salinity values of fluid inclusions vary from 6.0 to 10.1, with
outliers up to 15.1 wt% NaCl equiv (Fig. 6a, Table 4). The bulk
density of FIAs varies between 1.02 and 1.09 g/cm®.

V4 late-stage veins

Aqueous fluid inclusions display 7, between —44 and — 38 °C,
with Tmj, ranging between — 7.0 and — 3.9 °C. Homogenisation
temperatures (into L) vary from 175 to 195 °C (Fig. 6b).
Decrepitation temperatures (into L) are observed between (i)
210 and 220 °C and (ii) 220 and 260 °C (Table 3). Salinity values
range between (i) 6.2 and 8.0 wt% and (ii) 8.9 and 10.5 wt%
NaCl equiv (Fig. 6a, Table 3).

Prax 1s calculated based on the intersection points with the mean Thrrap
and calculated arsenopyrite formation temperature (Kresse 2018). The
bluish area indicates metamorphic greenschist facies conditions (Spear
1995)

Aqueous-carbonic fluid inclusions in Qz5 shows Tmco,
between —61.5 and —59.9 °C; and Tmcy,g, between (i) 0.3
and 3.6 and (ii) 6.1 and 8.1 °C (Table 4). The Thco, was not
observed due to the small size of the fluid inclusions. The
salinity ranges from 3.7 to 15.1 wt% NaCl equiv in fluid
inclusions in Qz5 (Fig. 6a, Table 4). The bulk density of
aqueous-carbonic fluid inclusions ranges from 1.01 up
to1.08 g/em® (FIA 125).

Raman spectroscopy

The majority of non-aqueous phases of FIAs in all quartz
and vein types are characterised by Raman bands of gas-
eous components such as CO,, CHy4, and N,. Methane
shows a constant and single symmetric stretching band
at approximately 2909 cm ' (5 cm ') (ESM-3). The
presence of CO,, located at 1281 em ' (3 em') and
1384 cm ' (+3 cm '), was detected in aqueous-carbonic
fluid inclusions trapped in Qz1-V1 shear veins (ESM-3).
Nitrogen (at 2324 +2 cm ') and dissolved HS™ (at
2574 cm™') have been recorded only in low intensity in
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Table 3  Summary of microthermometry results and calculated salinity values of aqueous FIAs trapped in quartz of andesite-hosted veins'
Sample Vein type Quartz FIphase FIA N Min-max Min-max Min-max Min-max salinity
ID type Tmjee Throt (°C) Toecrep (°C) (wt% NaCl equiv.)
(average salinity
value)

009 73e VI shear veins Qz1 Lag+Vaq 84, 5 —-35to—1.1 — 220t0 250 (intoL) 1.8t0 5.6 (3.8)
009_7 3b Qz1 Lag+Vaq 8 3 —-34 - 230 to 240 54
009 7 3b Qzl Lag+Vaq 8p 4 —95t0o—52 — - 8.1t0 13.4(12.4)
009 73a Qzl Lag+Vaq 7 5 —58t0o—42 — 235 to 245 6.4 10 8.9
007_2 la V2 extensional veins Qz2 Lag+Vaqg 9 5 —-52t0—33 - 325 5.0t0 8.5 (6.7)
007 21 Qz2 Lag+Vaq 11, 7 —4.1t0o—3.5 260t0290 (intoL) — 4.5106.6 (5.8)

Qz2 Lagq+Vaq 1l 3 -

Qz2 Laq+Vaq 1lc 4 -
00723 Qz2 Lag+Vaq 1lp 8 —50to—3.0 250t0270 (intoL) — 49

Qz2 Laq+Vaq 11g 5 230t0250 (intoL) — 8.0
FICU4a V3 extensional vein Qz3 Lag+Vaq 44 3 —49t0—-29 — 270 4810 7.8 (6.6)
FICU3a arrays Qz3 Lag+Vag 6 5 —62to—39 - 350 6.2t09.5 (8.3)
FICU3b Qz3 Lag+Vaq 5, 5 —-22t0—-18 — 210/220/230 3.0t03.6
FICU3c¢ Qz3 Lag+Vaq 5 4 —63 - - 9.2
FICU4d/e Qz2 Lag+Vaq 3 6 —5.5t0—3.3 220t0225(intoL) 270 to 320 5.5t08.5(5.8)
FICU2a Qz2 Lag+Vaq 24 5 —-3.0 - - 49
FICU2b Qz2 Lag+Vaq 25 4 —4.0to—3.8 220t0230(intoL) — 6.1t06.4(6.2)
FICU2c Qz2 Laq+Vaq 2¢ 4 —-42 - - 6.7
FICUla Qz2 Laqg+Vaq 2p 3 —5.5t0—3.3 220 (into V) - 5.8t08.5(7.2)
FICU1b Qz2 Lag+Vaq 2 6 —3.6to—3.5 — - 5.6t05.8
FICUlc Qz2 Laq+Vaq 2 4 —-35to—3.1 — - 5.0t05.6 (5.3)
FICU1d Qz2 Laq+Vaq 26 7 —4.6t0o—32 — - 53t07.1(6.5)
FICU1 Qz1 Lag+Vaq 1, 4 —80to—7.0 — 190 to 230 10.5 to 11.7 (11.0)
FICUIf Lag+Vaq 1z 7 —89to—7.0 — 10.5to 12.7
QZL la V4 late-stage veins Qz5 Lag+Vaq 124 6 —51t0o—39 — 250 to 260 6.2 t0 8.0
QZL 1a Qz5 Lag+Vaq 13 4 —-67t0o—56 — 8.7t010.1 (9.4)
QZL 1b Qz5 Laq+Vaq 14 7 —51to—24 — 220 to 240 3.91t0 8.0 (7.0)
QZL 1c Qz5 Lag+Vaq 15 5 —-63to—5.5 175(intoL) - 8.5t09.6 (9.1)
QZL 2a Qz5 Laq+Vaq 164 6 —7.0t0o—5.8 — - 8.9t0 10.5 (9.6)
QZL 2a Qz5 Laq+Vaq 16g 5 —64t0—4.0 195 (into L) - 6.4109.7 (8.2)
QZL 2a Qz5 Laq+Vaq 16p 3 —-44t0o—43 - - 6.8t07.2
QZL 2b Qz5 Laq+Vaq 17, 2 —-49 190 (into L) 210 7.7
QZL3 Qz5 Laqg+Vaq 18 8 —-63t0o—4 - 210 to 220 6.4109.6 (7.9)
QZL3 g Qz5 Lag+Vaq 20 8 —5.5t0—3.2 190 (into L) 215 5210 8.5 (7.6)
QZL 3f Qz5 Lag+Vaq 19 2 -22to—15 — - 2.5103.6 (3.0)

Numbering of FIA’s starts with FIA 8 in V1 shear veins due to preparation progress

! Sample FICU1 mainly consists of Qz3, but is in conjunction with QzI and Qz2 of V1 shear vein

aqueous-carbonic fluid inclusions in Qz3-V3 extensional
vein arrays (ESM-3). Aqueous fluid inclusions in Qz2-V2
and Qz2-V3 extensional vein arrays show significant low-
er amounts of CHy and no CO,. The Raman spectrum of
molecular CO, shows two strong bands at 1281 cm ' (+

3cm V) and 1384 cm™! (£3 ecm ') (ESM-3).

@ Springer

The calculations of the non-aqueous phase of individ-
ual fluid inclusions of FIA 8c.g, in Qz1-V1 shear veins,
resulted in 91.4 mol% CO, and 8.6 mol% CH,, whereas
the non-aqueous phase of individual fluid inclusions of
FIA4c in Qz3-V3 extensional vein arrays is composed

of 30.0 mol% CO,, 41.0 mol% CH,4 and 28.0 mol% N,.
The FIAs 11 in Qz2-V2 extensional veins display CHy
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Table4 Summary of microthermometry results and calculated clathrate salinity values of aqueous-carbonic FIAs trapped in quartz of andesite-hosted

veins

Sample Vein type Quartz  FI type FIA N Min-max Min-max Min-max  Min-max Min-max
ID type Tmcoz Tc (°C) Theoz Toecrer (°C) salinity
(wt% NaCl
equiv)
009 72 V1 shear veins Qzl Lag+Vcarb 8¢ 4 —61.7t0—58.1 12t03.6 25.1t0304 — 9.3to0 12.7
009 72 Qz1 Lag+Vcarb 8 3 —61.1t0—59.1 6.1t06.6 29.4t030.1 280t0310(nto V) 7.2
007 22 V2 extensional Qzl Laq+Vcarb 10 3 - 1520 16.8 - 215 to 275 -
veins
FICU4b V3 extensional Qz3 Laq+Vcarb 45 1 —574 6.8 - - 6.0
FICU4c  Vemarmays (573 Lag+Vcarb 4c 2 -574 0.41t0 3.6 - 9.2to 15.1
FICU4c Qz3 Lag+Vcarb 4 3 —61.0to—572 3.0t06.5 28.4t030.1 220 to 290 (into V) 6.5to 10.1 (8.2)
QZL 2b V4 late-stage Qz5 Laq+ Vcarb 16¢c 2 - 6.1t07.0 - - 5.7t07.2(6.4)
QZL 2¢  Vems Qz5 Laq+Vcarb 175 2 - 7.7 to 8.1 - - 37t04.4
QZL la Qz5 Laq+ Vcarb 125 2 - 0.3t03.6 - - 11.0to 15.1

fluid inclusions only with count rates between 400 and
880.

Trapping conditions

No petrographic evidence for phase immiscibility (cf. Ramboz
et al. 1982) has been observed in the samples analysed. Due to
the lack of independent pressure estimate and without observing
any homogenisation temperature for aqueous-carbonic fluid in-
clusions, the decrepitation temperatures are interpreted as mini-
mum trapping temperatures (cf., Roedder 1984). In the case of
the aqueous fluid inclusions, a temperature (pressure) cotrection
can be applied using an independent pressure estimate, the Potter
(1977) equation of state, and interactive graphs in the
MacFlinCor program (Brown and Hagemann 1995). The inde-
pendent pressure estimate of 1.5 kbars is derived from the meta-
morphic mineral assemblage that characterises the host rocks in

the Cuiaba gold deposit (Vieira 1991; Lobato et al. 2001¢). These
pressures are interpreted to reflect the approximate pressure con-
ditions at the time of mineralisation, which are compatible with a
mesozonal (1-2 kbars at 4-8-km paleodepth level assuming
lithostatic pressure conditions) crustal setting for Cuiaba (cf.
Hagemann and Brown 1996; Hagemann and Cassidy 2000;
Ridley and Diamond 2000).

Homogenisation and decrepitation as well as calculated
trapping temperatures of FIAs are shown in Table 5 and Fig.
6b/d. A possible indication for phase immiscibility is provided
by one aqueous, FIA 2p, trapped in Qz2-V3 vein. In this
assemblage, vapour-rich fluid inclusions all homogenised into
vapour at about 220 °C (Table 3). The majority of the FIAs in
Qz1-V1 shear veins and Qz3-V3 extensional vein arrays
decrepitated prior to homogenisation into vapour.

Based on the Thrrap of aqueous and minimum Thrgap of
aqueous-carbonic FIAs, isochores were calculated for aque-
ous FIAs 11, (5.8 wt% NaCl equiv), and aqueous FIA 9

Table 5 Homogenisation,

decrepitation, and trapping Vein type  FIA Homogenisation temperature ~ Trapping temperature (*decrepitation temperature)
temperatures based on pressure
(temperature) correction of FIAs. Qz1-Vl  FIA8,p - 220-250 °C*
ThTMp from 300 to 360 °C have FIA 8% _ 280-310 °C*
a smllar range as.those of the ar- Q2-V3 FIA2 220-230 °C 290-300 °C
senopyrite formation temperature o o
(300-390 °C) obtained from FIA 3 220-225 °C 250-295 °C
geothermometry in BIF-hosted Qz2-V2 FIA 11, 230-290 °C 300-360 °C
arsenopyrite (Kresse 2018) Qz3-V3 FIA 4p — 220-270 °C*
Qz5-V4  FIA 15 175 °C 245-265 °C

FIA 16 195 °C

FIA 175 190 °C

FIA 20 190 °C

* Decrepitation temperature

@ Springer
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(8.5 wt% NaCl equiv), both trapped in Qz2-V2 extensional
vein, and from aqueous-carbonic FIA 8g (7.2 wt% NaCl
equiv). Isochores were calculated based on the equation of
state of Bodnar and Vityk (1994) for aqueous FIAs and
Jacobs and Kerrick (1981) for aqueous-carbonic FIAs.
Using the intersection of the “maximum” isochores of aque-
ous FIAs 11_g and aqueous-carbonic FIA 8g with the
crystallisation temperature of 300-390 °C for arsenopyrites
in the proximal alteration zone (Kresse 2018), an average
pressure between 1.1 and 3.2 kbars is estimated (Fig. 6e).

lon chromatography

The ion chromatography data for all vein types show that
fluid inclusions are dominated by Na and K, with lesser
amounts of Li (Table 6). Chloride ion (C1") and SO4>~ are
the major anions in quartz-hosted fluid inclusions.
Significant SO4 values may be attributed to the presence
of sulphides and their subsequent oxidation and/or
leaching. Fluid inclusions of the V4 late-stage veins display
maximum chloride values of up to 32,600 ppb. Bromide
values are variable, but the highest are in fluid inclusions
of the V2 extensional veins (Table 6).

Laser ablation ICP-MS

Analytical results for FIAs trapped in quartz from V1, V2, V3,
and V4 veins show that Na*, Ca®*, K*, and Mg** are the
dominant cations and are discussed for each vein type below.
Analyses of As and Au (Fig. 7) were conducted separately in
aqueous FIAs trapped in Qz1-V1, Qz2-V2, and Qz5-V4
veins, because of possible interferences with other trace

element signals (ESM-4). This data set is discussed separately
below. Sodium and K were measured simultaneously. The
average LA-ICP-MS concentration data for all FIAs analysed
are provided in ESM-5.

V1 shear veins

Quantitative LA-ICP-MS microanalysis of FIAs yielded one
distinct population of data with a signature of Na>K > Ca>

Mg (Fig. 8). The solutes of aqueous-carbonic fluid inclusions
are elevated in Sr and Ba in comparison with aqueous inclu-
sions (ESM-5). Base metal concentrations are in the order of
60—1600 ppm (Fig. 8). The maximum Fe concentrations are in
the range of 218 to 788 ppm. Manganese concentrations range
from 33 to 61 ppm in aqueous fluid inclusions, whereas
aqueous-carbonics show a large range from 34 to 111 ppm
(ESM-5).

V2 extensional veins

Aqueous fluid inclusions in Qz2-V2 veins have lower K and Na
and higher Mg and Ca concentrations in comparison with aque-
ous and aqueous-carbonic fluid inclusions in Qz1-V1 shear
veins. For example, Sr and Ba concentrations are elevated in
aqueous fluid inclusions in Qz2 compared with fluid inclusions
in Qz1-V1, Qz3-V3, and Qz5-V4 veins (Fig. 8). Base metal
concentrations range between 200 and 600 ppm in aqueous fluid
inclusions (Fig. 9), with Zn being below detection limit.

V3 extensional vein arrays

Fluid inclusions in Qz3-V3 veins show the dominance of Na-
K (Na>K>Ca>Mg). Alkali elements and base metals of
fluid inclusions in Qz1 and Qz2 coincide with values of fluid

Table 6 Ion chromatography analyses of fluid inclusions of quartz vein types of the andesite-hosted VQZ ore body

V1 shear veins (Qzl1) V2 extensional veins (Qz2) V3 extensional vein arrays (Qz3) V4 late-stage veins (Qz5)
Na 2120 2480 1010 7950 6680 7760 7040 9080 5240
K 525 894 426 2560 2410 2860 2770 3420 2450
Li 1 1 1 3 2 2 2 2 2
Cl 8550 10,800 4750 22,700 19,400 29,300 23,800 32,600 21,000
Br 14 18 8 71 65 25 17 61 34
SO, 4130  nd. 4660 661 677 n.d. n.d. 1770 1120
M ratio Na/K 6.8 4.7 4 53 4.7 4.6 43 4.5 3.6
M ratio ClI/Br 1410 1370 1360 715 662 2580 3210 1180 1380
M ratio Br/Cl (x107%) 0.7 0.7 0.7 14 15 0.4 0.3 0.9 0.7
M ratio Cl/SO4 56 - 2.8 93.2 77.3 - - 49.8 50.6
M ratio Na/Br 539 487 443 386 352 1050 1470 508 531

Data are given in ppb; n.d. not detected, M molar; analysed values do not represent true concentrations in fluid inclusions

@ Springer
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Fig. 7 Gold vs. As plot showing
low to moderate saline, aqueous
two-phase FIAs trapped in Qz1-
V1 shear, Qz2-V2 extensional
and Qz5-V4 late-stage veins.
Error bars (SD) are given in both
directions (dashed lines). The ar-
row indicates the development of
increasing Au and As concentra-
tions in fluid inclusions of Qz1-
V1 shear veins, through Qz2-V2
extensional veins to maximum
Au values of Qz5-V4 late-stage
veins. A and B represent popula-
tions of V1 shear veins

inclusions in Qz1-V1 veins (Fig. 8; ESM-5). Strontium and V4 late-stage veins

Ba in aqueous fluid inclusions in Qz1 reach concentrations up

to 456 and 327 ppm, respectively (ESM-5). Fluid inclusions  Aqueous fluid inclusions trapped in Qz5-V4 late-stage veins
trapped in Qz3 yield less Sr and Ba than fluid inclusions in  are characterised by much higher Na concentrations compared
Qz1-V3 veins (ESM-5). with aqueous and aqueous-carbonic fluid inclusions in Qzl1-

Fig. 8 Laser ablation ICP-MS results in ppm as whisker box plots for all middle 50% of the data from 25% quartile (Q1) to 75% quartile (Q3);
different vein types analysed: Qz1-V1 shear, Qz2-V2 extensional, Qz3- whiskers are extreme values that are not outliers. Circles indicate outlier
V3 extensional vein array, Qz5-V4 late-stage veins. The central box is the values

@ Springer
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Fig. 9 Crushed-leach ion
chromatography in fluid
inclusions trapped in vein quartz
of the andesite-hosted Veio de
Quartzo ore body. a Cl/Br vs. Na/
Br molar ratio. Qz2V2 veins lie
close to the seawater evaporation
line, whereas those of the Qz3-V3
are far above this line (inset), in-
dicating that significant locally
exchange of Na for other cations
has taken place. Precipitation or
dissolution of halite produces a
trajectory parallel to the 1:1 line
(inset). The field for the
ultramafic-hosted Pampalo oro-
genic Au deposit (Fusswinkel

et al. 2017), of low-salinity,
aqueous fluids of Alpine quartz
veins (Leisen et al. 2012) is also
shown. Note that analyses are not
charged balanced, and therefore
data plot well to the left of the line
in diagram. b Br/Cl (x 1000) mo-
lar ratio vs. Cl concentration.
Greyish band shows the range of
mantle/magmatic fluid ratios
based on values by Jambon et al.
(1995)

V1, Qz2-V2, and Qz3-V3 veins (Fig. 8). Strontium reaches
values up to 342 ppm and Ba up to 93 ppm in aqueous fluid
inclusions (ESM-5). Base metals display similar ranges com-
pared with the other vein types.

Gold and arsenic concentration data

Figure 7 shows the correlation between As and Au of fluid
inclusions trapped in V1, V2, and V4 veins. Aqueous fluid
inclusions trapped in Qz1-V1 shear veins, characterised by
a salinity range from of 8.1 to 13.4 wt% NaCl equiv, shows
a positive correlation of As and Au, yielding two popula-
tions. Population A is characterised by relatively low As
(20-200 ppm) and low Au (1-15 ppm) concentrations,
whereas population B has higher As (up to 369 ppm) and
Au concentrations (41 ppm) (Fig. 7; ESM-4). Moderately
saline fluid inclusions (4.9 to 8.0 wt% NaCl equiv) trapped
in Qz2-V2 veins show elevated As and Au concentrations
(Fig. 7). These FIAs have lower Na concentrations, but an
elevated K signature (ESM-4). Laser ICP-MS data of

@ Springer

aqueous fluid inclusions trapped in Qz5 with a salinity
range from 6.4 to 9.6 wt% NaCl equiv plot at relatively
elevated As and Au concentrations coinciding with the pop-
ulation B of V1 veins (Fig. 7) and a maximum Au value of
56 ppm (Fig. 7; ESM-4).

Discussion
Microthermometry and Raman spectroscopy

The CO,-CHy-rich FIAs in shear-related, andesite-hosted
quartz veins of the VQZ ore body, Archaecan Cuiaba gold
deposit (Fig. 2a) indicate three different fluid types: (1) aque-
ous of low salinity (1.8-3.8 wt% NaCl equiv); (2) aqueous of
moderate salinity (5.3—12.7 wt% NaCl equiv); and (3)
aqueous-carbonic of low to moderate salinity (6.0-15.1 wt%
NaCl equiv) with variable mol% CO, (30-91 mol%), CH4
(8.6-41 mol%), N, (maximum values of 28 mol%) and trace
concentrations of HS™ in the non-aqueous phase.
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Many orogenic gold deposits hosted in metasedimentary
rocks contain N, and/or CH4 at concentrations similar to that
of CO, (Bodnar et al. 2014). Overall, fluid inclusion
microthermometry and Raman data are comparable to those
compiled for metamorphic fluids by Ridley and Diamond
(2000), Ribeiro et al. (2015) and Morales et al. (2016).
Previous studies on Cuiaba by Xavier et al. (2000) and
Lobato et al. (2001a, b) showed low salinity (3—6 wt% NaCl
equiv), H,O-CH4-CO, (=N, + HS) ore-forming fluids.
Methane-rich fluid inclusion types are abundant in quartz
veins cross-cutting the organic carbon-bearing BIF of the
Cuiaba deposit (Lobato et al. 2001c).

lon chromatography

Three groups of ion chromatography results are depicted in
Fig. 9a, with the highest CI/Br ratios (Table 6) corresponding
to fluid inclusions in the Qz3-V3 extensional vein array (inset
in Fig. 9a). They all plot to the left of the seawater evaporation
line, indicating that during water-rock interaction, Na in the
fluid was partly exchanged for other cations (Liiders et al.
2005). This Na loss is in agreement with the LA-ICP-MS data,
which demonstrate average Na concentration in FIAs decreas-
ing from V1 shear to V2 extensional veins and V3 extensional
vein arrays (Fig. 8), with renewed Na increase in FIAs trapped
in Qz5-V4 late-stage veins (Figs. 8 and 9a). According to
Liders et al. (2005), Marsala et al. (2013), and
Rauchenstein-Martinek et al. (2016), leaching of organic-
rich sedimentary rocks increases Br and lowers the Cl/Br
and Na/Br ratios, characterising data above the seawater evap-
oration line (as Qz2 of V2 veins; Fig. 9a). Given that in Cuiaba
organic-bearing carbonaceous pelites (Fig. 2a) are associated
with the Cuiaba BIF, itself containing carbonaceous matter,
the low Cl/Br ratios (Table 6) may be interpreted similarly.
An alternative for the low Cl/Br ratios is the mobilisation of
Br during metamorphic devolatilisation of organic-rich sedi-
mentary rocks (cf. Muramatsu and Wedepohl 1998).

Crush-leach and LA-ICP-MS studies by Leisen et al.
(2012) and Fusswinkel et al. (2017) on euhedral fissure and
cavity quartz samples from Alpine quartz veins and the
Neoarchacan Pampalo orogenic gold deposit, respectively re-
cord lower molar CI/Br ratios (9-150) than those of modern
seawater. Low ratios are compatible with metamorphic fluids,
whereby higher molar C1/Br ratios are considered to be typical
of magmatic-hydrothermal fluids (Fusswinkel et al. 2017)
(500-1600). In the case of Cuiaba, there is no indication of
magmatic activity associated with gold mineralisation. One
alternative to explain the moderate fluid salinity (15.1 wt%
NaCl equiv; Tables 3 and 4) and high CI/Br ratios (Qz3, Fig.
9a inset) would be to invoke an evaporitic source.

For various orogenic gold deposits in Victoria,
Australia, Fu et al. (2012) suggested that low-salinity,
H,O0-CO, fluids, generated during transitional

greenschist-amphibolite facies metamorphism of variably
altered basalts, preserve their halogen signatures (Br/Cl
ratio of 1.3+0.3 x 10; Jambon et al. 1995). The Br/Cl
ratios in Qz1-V1 shear and Qz5-V4 late-stage veins yield
similar ranges (Table 6). The euhedral Qz3 has the compa-
rably lowest Br/Cl ratios (Fig. 9b, Table 6). The Br/Cl
ratios of fluid inclusions trapped in Qzl, Qz2, and Qz5
from V1, V2, and V4 veins are compatible with both
magmatic and metamorphic fluid sources, as suggested
by Bohlke and Irwin (1992) for the Oriental deposit in
California (1.2-2.4 x 107). Similar Br/Cl ratios have been
determined for fluid inclusions in samples of post-
metamorphic gold quartz veins from the Monte Rosa gold
district, NW Italy (Diamond 1993), and the Muruntau gold
deposit, Uzbekistan (Graupner et al. 2006).

Major and trace element distribution in fluid
inclusions

Most previous workers investigating orogenic gold deposits
(Diamond 1993; McCuaig and Kerrich 1998; Ridley and
Diamond 2000; Mernagh et al. 2007) have used
microthermometric and spectroscopic methods of fluid inclu-
sions to determine the composition of ore-forming hydrother-
mal fluids. However, there are limited LA-ICP-MS data for
fluid inclusions of orogenic gold deposits and/or metamorphic
fluids (Marsala et al. 2013; Rauchenstein-Martinek et al.
2014, 2016; Morales et al. 2016; Fusswinkel et al. 2017).
Chemical analysis of FIAs (Fig. 8) shows that the major
elements are essentially constant for different FIAs in all vein
types, suggesting that fluids were trapped under rock-
buffered conditions. Alkali and alkali-earth element concen-
trations are similar to those obtained from other orogenic gold
deposits (Diamond 1993; Wagner et al. 2016). Mono- and
divalent cations such as Na, K, Ca, and Mg are responsible
for lower eutectic temperatures in comparison with fluids
containing only Na (Borisenko 1977). In low to moderate
salinities, order of abundance Na >K > Ca> Mg, are typical
in orogenic gold deposits (Yardley and Bodnar 2014; Ribeiro
et al. 2015; Morales et al. 2016). Figure 8 shows a significant
Na dominance in all vein types, with Mg and Ca increase in
V2 veins (ESM-5). The concentrations of alkali-carth ele-
ments Sr and Ba are lower compared with alkali elements,
varying among quartz vein types (Fig. 8). Carbonate alter-
ation of andesite may have acted as a predominant process
to influence fluid composition, resulting in significant Ca, Ba,
and Sr concentrations, which further influenced the geochem-
istry of fluid inclusions in V1 shear, V2 extensional, and late-
stage V4 veins (Kojonen et al. 1993; McCuaig and Kerrich
1998; Xavier et al. 2000). Alternatively, these elements may
have been contributed to the fluid due to interaction with
surrounding carbonaceous pelites, containing high contents
of Sr (up to 183 ppm) and Ba (up to 279 ppm; Ribeiro-
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Rodrigues 1998). Sodium and K metasomatism may have
also been important, as well as formation of hydrothermal
alteration minerals such as sericite that indicates K enrich-
ment in the fluid (Ridley and Diamond 2000; Morales et al.
2016). In general, fluid-rock interaction resulted in Na de-
crease and Mg increase in V2 relative to V1 and V3 veins
(Fig. 10a), whereas Sr increases in V2, V3, and V4 relative to
V1 veins (Fig. 10b). A decrease of K from V1 to V2 and
elevated Ca relative to Sr and K, in V2, veins compared with
V1 shear veins (Fig. 10c), can be observed.

Figure 7 shows a continous As increase in FIAs from V1,
through V2 and to V4 veins (ESM-3). During the early stage
with V1 vein formation, As in hydrothermal fluids fluctuated
from relatively low to high values (fields 1 and 2 in Fig. 7).
During V2 and V4 formation, a fluid richer in As evolved
(fields 3, 4, and 5; Fig. 7; ESM-4). It is noteworthy that As-
rich pyrite, and not arsenopyrite, is the As-bearing sulphide
phase of the hydrothermal alteration in the andesite hosting
the VQZ ore body (Kresse et al. 2018).

According to Rauchenstein-Martinek et al. (2014, 2016),
metamorphic fluids are commonly undersaturated in gold.
Fluid inclusions trapped in quartz-tourmaline-carbonate veins
of the Sigma orogenic gold deposit show a range between 0.5
and 5.0 ppm Au (Garofalo et al. 2014). The present results
display median values from 12 ppm in V1, 7 ppm in V2, and
up to 29 ppm Au in the V4 late-stage veins (ESM-4; Fig. 7),
suggesting that peak gold precipitation took place during the
V1 and V2 vein development. Formation of the pyrrhotite-
dominated V4 vein may have resulted from a progressive
decrease in sulphur fugacity, which enabled pyrrhotite and
not pyrite to form in the late stage of hydrothermal alteration.
Lower sulphur fugacity conditions may have hindered gold
buffering and precipitation during V4 vein formation.

Fig. 10 Normative plots of alkali and alkali-earth elements of LA- ICP-
MS analyses from aqueous and aqueous-carbonic FIAs of V1 shear, V2
extensional, V3 extensional vein array, and V4 late-stage vein: a Na-Mg-
K, b Ba-K-Sr, and ¢ Ca-K-Sr. The Na- and K-rich fluid (V1 shear veins)
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Although the lowest Au concentrations (1-4 ppm) are accom-
panied by low (17 ppm) to high (300 ppm) As concentrations
in FIAs of the Qz1-V1 shear veins, all low, intermediate, and
high Au values (7-14 ppm) in Qz2-V2 extensional veins plot
in the intermediate to high As field (80-330 ppm). The Au-As
correlation of V4 is highly variable, but the highest Au con-
centrations (56 ppm) is related to high (120 ppm) As values.
During V1 development, As was partly supplied to form the
carly-stage As-rich pyrite only in andesite, but remained in the
fluid, i.e., did not precipitate to form arsenopyrite during the
V2 and V4 late-stage vein formation, which is evidenced by
the absence of arsenopyrite.

Characteristics of the ore-forming fluids

Fluid precipitation processes Aqueous and aqueous-carbonic
FIAs trapped in different quartz and vein types in the andesite-
hosted VQZ ore body contain a vapour phase of + 10 vol%,
indicating homogenous fluids (miscible) at the time of trap-
ping. Given that only fluid inclusions trapped in aqueous FIA
2p, in Qz2-V2 extensional veins, display homogenisation into
vapour, but decrepitate before final homogenisation, the evi-
dence for intermittent-phase immiscibility as a possible fluid
precipitation process is equivocal. According to Anderson
etal. (1992), a positive correlation between Thrgrand salinity
is compelling evidence for fluid mixing of two or more dis-
tinct miscible fluids. Based on the distribution of data in Fig.
6a—c, the evidence for mixing is vague. Hydrothermal fluids at
Cuiaba either unmixed at a deeper crustal level, with the low-
density CO, vapour-rich fluid inclusions escaping to surface,
or alternatively, heterogeneous fluids with varying CO, and/or
CH, proportions moved up to fault zones and cooled accord-
ing to the local geothermal gradient.

evolved to a Mg-Sr-Ca-rich and Na-poor fluid (V2 extensional veins).
New Na- and K-rich fluid is related to the V4 late-stage vein. The V3
extensional array veins, immersed in the V1 shear vein type, show similar
composition to V1
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Evolution of volatiles in veins associated with wall rock reac-
tions Laser Raman data and their quantification show vari-
able amounts of CHy4 (8.6-41 mol%), CO, (30-91 mol%),
and N, (28 mol%) in the non-aqueous phase of individual
FIAs trapped in Qz1-V1, Qz3-V3, and Qz5-V4 (except
CO, is lacking in Qz2-V2 veins). Methane and CO, trapped
in fluid inclusions from gold-bearing veins are common in
orogenic gold systems (Ho et al. 1985) and can be ex-
plained by either metamorphic reactions involving carbon-
ates with H,, as well as serpentinisation reactions (Xavier
et al. 2000; Gaboury 2013, 2019). Nitrogen, in contrast, is
only rarely detected and therefore, the significant amount of
N, in aqueous-carbonic FIAs trapped in the Qz3-V3 exten-
sional vein array requires an explanation. Various authors
(e.g., Andersen et al. 1993) provided evidence that N, can
be sourced by (i) breakdown of organic matter from sedi-
mentary rocks where N, can be fixed in K-bearing silicates
(mica), (ii) hydrothermal alteration of NH,"-bearing sili-
cates and formation of Ny, or (iii) primary N, liberated from
magma or through metamorphism of the lower crust.

Fluid source Low to moderate salinities (max 15 wt% NaCl
equiv) and moderate to high homogenisation and decrepi-
tation temperatures of up to ~380 °C (Fig. 6; Tables 4 and
5) of the ore-forming hydrothermal fluids are compatible
with those associated with mesozonal orogenic gold de-
posits (Ridley and Diamond 2000; Goldfarb and Groves
2015; Groves et al. 2019). Existing Stable isotope data at
Cuiaba are consistent with the hydrothermal fluids being
dominantly of metamorphic origin (Lobato et al. 2001c)
based on (i) oxygen isotope data on carbonates of the
Cuiaba BIF and andesite range between +9 and + 10 %o,
which are compatible with metamorphic fluids (Taylor
1987); (i) 5°*S signature of pyrite and pyrrhotite ranges
between 1.4 and 5.6 %o (Lobato et al. 2001¢; Kresse et al.
2018), indicating a sedimentary sulphur source (Farquhar
et al. 2000); (iii) carbon isotope data on carbonate minerals
of the Cuiaba BIF and andesite are in the range of 0.7 to —
8.5%0 and — 5.5 to — 8.4 %o, respectively, which are similar
to other Archaean greenstone belt-hosted orogenic gold de-
posits worldwide (De Ronde et al. 1997), and those are
interpreted of metamorphic origin. Kresse et al. (2018) con-
ducted sulphur isotope analyses on hydrothermal pyrite and
concluded that sedimentary rocks were a significant source
for sulphur. Sedimentary rocks make up much of the local
stratigraphy in the Rio das Velhas greenstone belt. Studies
on the metasedimentary schist-hosted Macraes orogenic
gold deposit in the Otago goldfield by Craw and
MacKenzie (2016) have shown that this narrow range in
oxygen isotope values is characteristic of hydrothermal
fluids that have interacted with schistose host rocks and is
widespread in hydrothermal systems throughout the Otago
schist belt.

Significance of base metal concentrations

Cuiaba is low in base metal minerals, which is compatible
with orogenic gold systems (Phillips and Powell 2010;
Goldfarb and Groves 2015). Typical low-salinity metamor-
phic fluids are unlikely candidates for forming large base met-
al occurences and have average Zn, Pb, and Cu values in the
range of 1-10 ppm (Phillips and Powell 2010; Wagner et al.
2016). The FIAs in the Cuiaba vein system have elevated Zn,
Pb, and Cu concentrations in comparison with sedimentary
systems. However, our data are compatible with the predom-
inance of metamorphic fluids.

Anomalous base metal contents are also registered in pyrite
hosted in BIF, andesite, and carbonaceous pelite within the
Cuiaba deposit (Fig. 2) (Kresse et al. 2018), a feature equally
reported by Oliver et al. (2015) for the Neoproterozoic Paracatu
sedimentary rock (black shale)-hosted orogenic gold deposit.
The sulphur isotope ratios obtained for pyrite and pyrrhotite by
Kresse et al. (2018) indicate that the metamorphic hydrother-
mal fluids (Fig. 12) interacted and exchanged chemical com-
ponents with the sedimentary rocks in the Cuiaba area during
their ascent. Two scenarios may be envisaged: equilibration
with the wallrocks, and/or mixing with basinal brines originat-
ing from sedimentary, as suggested by Pb and Sr isotope stud-
ies on pyrite at Cuiabd; however, the salinity data are not com-
patible with this latter hypothesis. Lead isotope analyses of
sulphide minerals show a limited spread of data (Lobato et al.
2001b, c), indicating the formation of gold mineralisation dur-
ing the late Neoarchaean between 2.75 and 2.70 Ga. Although
the interpretation of Pb isotope data is uncertain (Lobato et al.
2001c), Pb values may imply a derivation from a mixture of old
continental crust and greenstone belt sedimentary rocks (Noce
et al. 2007). Existing Sr isotope data (¥’Sr/%%Sr) of BIF-hosted
pyrite from the Cuiaba deposit support the influence of the
continental crust related to the fluid geochemistry (Lobato
et al. 2001c). As Archaean fluids are typically characterised
by low Sr isotope ratios, the recorded relatively high ratio of
0.707909 may indicate that Sr of the mineralising fluids was
derived from the upper continental crust (Lobato et al. 2001a, b;
Noce et al. 2007).

The geochemical data set of FIAs at Cuiaba, Lamego, and
Corrego do Sitio in the QF (Fig. 1) demonstrate that the major
and trace element compositions are nearly identical with few
discrepancies such as Cu, Pb, Ag, and Au (Morales et al.
2016). The Lamego and Coérrego do Sitio deposits show ele-
vated base metal concentrations from 100 to 1000 ppm
(Fig. 11; Table 7).

The Cuiaba Thrrap and moderate salinity data obtained in
all vein types correlate positively with higher base metal con-
centrations than typically encountered in orogenic gold de-
posits (Table 7). Minimum Thrgap in similar salinity ranges
are obtained for Lamego (200-370 °C) and Coérrego do Sitio
(310-395 °C) (Ribeiro et al. 2015; Morales et al. 2016).
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Fig. 11 Correlation plot of Zn-Pb
and Zn-Cu concentrations of dif-
ferent types of crustal fluids in
comparison with fluid inclusion
LA-ICP-MS data of the andesite-
hosted quartz veins at the Cuiaba
deposit. References: Lamego
orogenic Au deposit and Corrego
do Sitio orogenic Au district
(Morales et al. 2016), El Teniente
and Butte Porphyry Cu-Mo de-
posit, magmatic hydrothermal
fluids (Klemm et al. 2007),
Bingham Canyon Porphyry Cu-
Au deposit, magmatic hydrother-
mal fluids (Seo et al. 2012),
Central Alps, metamorphic fluids
(Rauchenstein-Martinek et al.
2014, 2016), granite-hosted
smoky quartz fissure vein, Binn
Valley—mixed metamorphic-
evaporitic fluids (Klemm et al.
2004). Low-temperature-saline
brines of Sediment-hosted Pb-Zn
deposits (Wilkinson et al. 2009).
Range of crustal fluids from
Yardley (2005). Abbreviation:
QV quartz vein, CP carbonaceous
pelite, MG metagreywacke, MD
mafic dike

Taking these data into account (Fig. 11; Table 7), it appears
that FIAs trapped in shear and extensional veins at Cuiaba,
Lamego, and Cérrego do Sitio display significant base metal
concentrations in comparison with data of metamorphic fluids
related to orogenic belts elsewhere (Marsala et al. 2013;
Rauchenstein-Martinek et al. 2014, 2016; Wagner et al.
2016), and orogenic gold deposits in general (Fusswinkel
etal. 2017).

Sedimentary rocks may be considered an essential source
of gold and fluids (Pitcairn et al. 2006; Large et al. 2011),
whereby the BIF-surrounding carbonaceous pelite may repre-
sent a possible source for base metals (Fig. 2a). Large et al.
(2011) indicated that metalliferous black shales are commonly
enriched in metals including Mo, V, Ni, Cr, Zn, As, Cu, and
Pb. Xavier et al. (2000) and Lobato et al. (2001b) show that
the relevance of carbonaceous pelite and fluidrock interactions

@ Springer

for some Rio das Velhas greenstone belt—hosted deposits, and
Morales et al. (2016) highlight the carbonaceous pelites at the
Corrego do Sitio district and Cuiaba deposits as a partial
sources of metals; however, these units only amount to a mi-
nor portion of their rock packages. Whole-rock geochemical
analyses of carbonaceous pelites at Cuiabd which yield Zn
values up to 630 ppm, Pb in the order of 56 ppm, and As reach
up to 162 ppm (Ribeiro-Rodrigues 1998). Andesite reveals
Zn, Pb, and As concentrations of 218 ppm, 16 ppm, and
15 ppm, respectively. Gold concentrations in carbonaceous
pelites and andesite are between 8 and 10 ppb. Based on data
of Baltazar and Zucchetti (2007), Martins et al. (2016) calcu-
lated an approximate thickness of 5550 m of clastic, clastic-
chemical, and volcaniclastic sedimentary rocks, making the
Rio das Velhas a sedimentary-rich greenstone belt. The
Archaean Cuiaba orogenic gold deposit is over- and underlain
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Table 7 Median base metal
concentrations and corresponding
average salinity of aqueous and
aqueous-carbonic FIAs of oro-
genic gold deposits in the QF and

Deposit

Quartz veins

Average salinity

Median base metal

Telfer Cu-Au deposit

(Wt% NaCl concentrations (ppm)
equiv)
Cu Zn Pb
Cuiaba—VQZ ore body Qz1-V1 shear veins 9.3 864 637 190
54 373 632 150
2.7 312 292 62
11.8 729 720 253
Qz2-V1 shear veins 5.6 488 350 188
Qz2-V2 extensional veins 6.6 501 - 403
Qz3-V3 extensional vein 5.8 474 - 286
arrays 7.0 496 1540 342
92 1020 977
Qz5-V4 late-stage veins 32 545 190 214
6.2 286 274 152
8.0 443 644 186
Lamego, Cabega de Pedra ore BIF-hosted Qv 24 176 313 29
body 37 174 575 49
CP-hosted Qv 9.8 446 2430 257
10.4 527 2340 191
Corrego do Sitio, Carvoaria CP-hosted Qv 5.8 1310 376 213
Velha deposit 8.6 583 435 280
MG-hosted Qv 45 465 449 103
MD-hosted Qv 15.0 2880 365 103
Telfer Intrusion-related Aqueous-carbonic FIAs 10.0 621 328 196
Cu-Au deposit, Australia 15.0 _ 354 405
Aqueous FIAs 10.0 171 272 44
14.5 1270 378 1200

Lamego and Corrego do Sitio dataset (Morales et al. 2016), Telfer (Schindler et al. 2016). CP carbonaceous pelite,
MG Metagreywacke, MD Mafic dike, Qv Quartz vein

by these thick sequences of lithologically variable,
supracrustal sedimentary rocks. Similar Archaean terrains,
such as the Yellowknife Supergroup, are also dominated by
sedimentary rocks (Helmstaedt and Padgham 1986), com-
posed of widespread turbidites (Burwash-Wash Formations;
Taylor and McLennan 1985). These contrast with other
volcanic-dominated greenstone belts and associated orogenic
gold deposits (Anhaeusser 2014).

Cuiaba vein and fluid model

The proposed model for hydrothermal fluid flow and precip-
itation of metals, including gold, at the Cuiaba deposit is based
on the detailed investigation of the andesite shear zone—hosted
quartz veins and the physico-chemical constraints obtained by
the present fluid inclusion investigation. We propose a two-
step hydrothermal model that involves the development of (1)
V1 to V3 veins by an early-stage, aqueous-carbonic, high-
temperature fluid, with minimum Thrgap at 290 °C (Qz2-

V3) to a maximum Thrgap at 360 °C (QzI1-V1) and (2)
breccia-style V4 veins, which formed by an evolved, late-
stage, aqueous-carbonic, low temperature fluid with a mean
Thrrap at 260 °C. The evolution of the vein system, including
the hydrothermal fluids and gold mineralisation, is illustrated
in Fig. 12 and given in the following section. Overall, the two-
step hydrothermal fluid model is interpreted to reflect four
pulses of hydrothermal fluids during the evolution of the
paleohydrothermal system. Fluid pulses 1 to 3 relate to the
first hydrothermal stage, whereas fluid pulse 4 relates to the
second hydrothermal stage (Fig. 12). The first hydrothermal
stage contains:

1. Pulse 1: An early, first hydrothermal fluid pulse is repre-
sented by Na-K-rich, aqueous, and aqueous-carbonic
FIAs of low and moderate salinity with CO, > CH, (N,
free) (Fig. 12). These oxidised fluids have base metal
contents between 60 to 1600 ppm and median As and
Au values of 64 ppm and 12 ppm, respectively. They
are trapped in Qz1-V1 shear and Qz1-V2 extensional
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<« Fig. 12 Schematic evolution model of the Cuiaba veins and VQZ
orebody, including FIAs characteristics of mineralised Qz1-V1 shear
vein, Qz2-V2, and Qz3-V3 extensional vein, corresponding to the first
hydrothermal stage; Qz5-V4 late-stage vein of the second hydrothermal
stage. The schematic reproduction of a photomicrography of quartz -type
evolution shows Qzl, Qz2, and Qz3. The Qz4 is considered a
recrystallisation product of Qz3 in V3 extensional array vein

veins (the veins with visible gold), with mean Thrgap
between 350 and 380 °C. These temperatures are similar
to the arsenopyrite formation temperature between 300
and 390 °C (Kresse 2018).

2. Pulse 2: The second hydrothermal fluid pulse is represent-
ed by aqueous FIAs of moderate salinity (Fig. 12). These
are Mg-Ca-Sr-Ba-rich and Na-K-poor, with base metal
contents between 200 and 600 ppm and median As
(125 ppm) and medium Au (7 ppm) values. These are
trapped in Qz2-V2 extensional veins, with Thrgap rang-
ing from 290 to 360 °C.

3. Pulse 3: The third hydrothermal fluid pulse is base metal
rich and represented by Na-K-Ca-rich, aqueous, and
aqueous-carbonic FIAs of low and moderate salinity and
CH,4 > CO, =N, (Fig. 12). The base metal content ranges
from 300 to 1500 ppm, and FIAs trapped in Qz3-V3 ex-
tensional vein arrays, have Thtrap between 290 and
340 °C.

The second hydrothermal stage includes:

4. Pulse 4: The forth hydrothermal pulse is characterised by
aqueous and aqueous-carbonic FIAs of low and moderate
salinity (Figs. 6 and 12). It is Na-K-rich, displays elevated
Ca, Sr, and Ba values, and shows base metal contents
between 100 and 1000 ppm, with very high median As
(290 ppm) and Au (29 ppm) values. Pulse 4 fluids are
trapped in Qz5-V4 extensional, breccia-style veins with
significant lower Thtgrap between 240 and 270 °C when
compared wtih the other fluid pulses.

The low to moderate saline, aqueous-carbonic fluid of
Pulse 1 is suggested to represent the main mineralising fluid
in V1 shear and V2 extensional veins, which led to gold pre-
cipitation. Since fluid inclusions in V1 shear veins, as well as
in V2, V3, and V4 extensional veins, are very similar with
regard to compositional types and physico-chemical condi-
tions, the fluid chemistry probably did not change significant-
ly from the first (Pulses 1-3) to the second (Pulse 4) hydro-
thermal stage during the Archacan deformation history. The
Au concentration in FIAs trapped in each vein type (Qz1-V1
shear, Qz2-V2 extensional, Qz5-V4 late-stage veins) suggest
the following: (1) an early precipitation of Au as native gold
from a Na-K-As-rich hydrothermal fluid due to intermittent
phase immiscibility at depth, and/or partial mixing, and (2) a
late-stage Au-bearing Na-K-As-rich hydrothermal fluid,
which was not able to precipitate gold in pyrrhotite-rich V4

late-stage veins probably due to insufficient total concentra-
tion of sulphur (myg).

Conclusions

The detailed investigations on hydrothermal fluids in the dif-
ferent vein types at Cuiabd revealed the following:

1. The Cuiaba quartz veins, hosted in the footwall andesite
ofthe Veio de Quartzo ore body, encompass V1 shear, V2
extensional (V1 and V2 with visible gold), V3 extensional
vein array and V4 extensional (breccia-style) veins. An
early-stage, anhedral Qz1 evolves to a granoblastic Qz2,
and a late-stage, euhedral Qz3 during a first hydrothermal
stage, which is represented by V1, V2, and V3 veins. The
breccia-style V4 veins are interpreted to be related to a
second hydrothermal stage, during which the anhedral
Qz5 develops, bearing morphological and fluid inclusion
characteristics similar to Qz1.

2. Microthermometric data show that the ore-forming fluid
has the signature of typical orogenic gold fluids, i.e., low
to moderate salinity (4.0—10.0, locally up to 15 wt% NaCl
equiv) containing variable amounts of CO,, CHy, N, and
minor HS .

3. The geochemical data in FIAs display the following fluid-
rock interactions inbetween quartz veins: (i) Na decreases
in V2 relative to V1 and V3 veins; (ii) Sr increases in V3
and V2 relative to V1; (iii) K continously decreases from
V1 to V4; and (iv) Ca is relatively higher to Na and K
concentrations in V2 in comparison with V1, V3, and V4.

4. Possible intermittent-phase immiscibility as well as het-
erogeneous entrapment resulting from intermittent partial
mixing of two or more ore fluids may be considered the
principal fluid processes leading to the formation of the
Cuiab4 orogenic gold deposit.

5. A distinction to the typical orogenic gold fluids is the Cu,
Zn, and Pb enrichment encountered in fluid inclusions of
Cuiaba, which are also similar to other deposits hosted in
the Rio das Velhas greenstone belt (Lamego and Corrego
do Sitio). These values, in the range of 100 to 1000 ppm,
may have been caused by interaction with: (i) metallifer-
ous black shales and (ii) the (meta) sedimentary rocks that
dominate the Rio das Velhas greenstone belt.

6. The fluid inclusion results provide an opportunity to clas-
sify shear and extensional veins and help in identifying
the evolution of the fluids forming the different vein types
in the orogenic gold deposits of the QF. The similar geo-
chemical affinity of the Cuiaba veins, hosted in the foot-
wall andesite, suggest they are all part of the same hydro-
thermal event. This event is characterised by two main
stages, with the first displaying changing physico-
chemical parameters due to fluid-rock reactions and fluid
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dynamic processes. This is particularly apparent in the
recorded Au concentrations of FIAs trapped in the main
hosts for the mineralisation of the VQZ ore body (Qz1-V1
shear and Qz2-V2 extensional veins), but also in the Qz5-
V4 late-stage veins, which may represent a paragenetical-
ly late and second Archaean hydrothermal fluid stage.
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Examples of Representative FIAs of V3 and V4 vein types of the Veio de
Quartzo ore body.

a-c Qz3-V3 extensional vein arrays displaying an internal trail of two-
phase, aqueous fluid inclusions (FIA 6) and two-phase, isolated aqueous-
carbonic fluid inclusion (FIA 4;).

d-g Qz5-V4 late-stage veins, showing two phase, grouped, aqueous fluid
inclusions (FIA 12,), individual aqueous-carbonic fluid inclusions (FIA
12;) and two phase, grouped, aqueous fluid inclusions (FIA 14). Photo-
micrographs taken under transmitted light (JPG 18573 kb)






ESM_4: Arsenic and gold composition (in ppm) of aqueous fluid inclusions trapped in quartz of V1 shear, V2 extensional and V4 late-stage veins measured
by laser ablation-inductively coupled plasma-mass spectroscopy (DOCX 14 kb)

Min 1.93 0.11 0.02 17 1
Qz1 8, (n=4) Max 3.69 1,74 0.16 398 39
Mean 2.64 1.01 0.10 134 14
Median 2.60 1.05 0.11 64 12
Min 0.61 0.84 0.26 78 1
Max 1.16 1.96 0.95 329 14
Qz2 11, (n=6)
Mean 0.83 1.55 0.63 174 7
Median 0.78 1.67 0.69 125 7
Min 2.42 0.15 0.06 34 7
Max 3.88 0.86 1.04 419 56
Qz5 13 (n=4)
Mean 3.14 0.53 0.43 221 25

Median 3.32 0.60 0.38 290 29




ESM_5:

Average laser ablation-
inductively coupled plasma-
mass spectroscopy
concentration data (in ppm)
for aqueous and aqueous-
carbonic FlAs trapped in
guartz (Qz1, Qz2, Qz3 and
Qz5) of the andesite hosted
shear and extensional quartz
veins, Veio de Quartzo ore
body (DOCX 30 kb)

Salinity [wt

Vein type Sample ID Quartz FIA N FI type % NaCl Na Mg K Ca Mn Fe Cu In Sr Ag Ba Pb
type equiv]
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g 007 21 Qz2 114 5 Lyt Vay 4510 6.6 13800 7500 3730 - 140 - - - 345 - 209 -
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ARTICLE INFO ABSTRACT

Keywords: Textural, chemical and multiple sulfur isotope analyses of sulfides from the Archean world-class Cuiabé orogenic
Orogenic gold Au deposit, Quadrilatero Ferrifero district, Brazil, were conducted to track distinct trace element signatures from
Hydrothermal pyrite syngenetic to epigenetic-hydrothermal pyrite types in different host units, and to deduce the nature and source of

LA-ICP-MS results
Sedimentary-derived sulfur source
A%S

A%s

the mineralizing fluids. Gold mineralization in Cuiabd is hosted in greenschist facies volcanic and sedimentary
host rocks belonging to the Archean Rio das Velhas Supergroup, especially in association with quartz veins and
sulfide minerals. The BIF-hosted Fonte Grande Sul orebody is controlled by quartz veins and disseminated gold-
bearing pyrite, pyrrhotite and arsenopyrite in the wall rocks. Five pyrite types are classified based on textural
relations as spongy, syngenetic (Py1), porous early-(Py2), smooth main-(Py3) and smooth isolated and over-
grown late-stage (Py4 and Py5) types variably present in metamorphosed carbonaceous pelites, BIF and andesite.
Besides pyrite, pyrrhotite and arsenopyrite are also defined according to textural and paragenetic differences,
and they display significant trace element contents. Trace element abundance maps and LA-ICP-MS analyses
display trace element incorporations in Pyl (present only in carbonaceous pelite), Py2 and Py3 (in all host
rocks), and Py4 and Py5 (only in BIF). Pyl yields high As, Co, Ni, Pb and Ag concentrations, whereas Py2
(formed by agglomeration of Pyl) maintains high trace element concentrations with slightly less of those ele-
ments. Trace element incorporation in Py3 is similar to Pyl in carbonaceous pelite. Early-stage Py2 and main-
stage Py3 in BIF and andesite have increased Co and Ni, but have less Au and As. Late-stage Py4 is characterized
by lower trace element concentrations, whereas Py5 is further enriched in As, Bi, Co, Ni and Pb. The hydro-
thermal alteration is divided into early-, main- and late-stage, which correlate to the sulfide hydrothermal
evolution. The study shows that carbonaceous pelite is pre-enriched in Co, Ni and Pb, whereas certain elements
like Ag, Au, Bi and As are only hydrothermally concentrated either during the early, main or late stage in BIF and
andesite. This geochemical pattern supports a syngenetic versus hydrothermal origin of distinct elements, in-
cluding some trace elements now in the ore zones. Multiple sulfur isotope data suggest that mineralizing fluids at
the Cuiabé gold deposit reflect a complex mixing of sulfur evolved from three possible sources: seawater, mantle,
and reduced elemental sulfur. Spongy, syngenetic Pyl yields A®3S values ranging from —2.28 to —0.25%o,
separated into two ranges, the first from —2.28 to —1.97%o, and the second from —0.96 to —0.25%o. The first
range suggests Pyl in the carbonaceous pelite was deposited in a seawater environment. These pyrites probably
mixed with later mantle sulfur carrying a near-zero A®S signature, which is indicated by the second A%>S range,
or could have mixed with fluids sourced from sedimentary rocks at depth carrying a positive A%>S signature. The
second scenario is more common in sedimentary and diagenetic pyrites. An unequivocal contrast is shown by
early-, main- and late-stage pyrite types (Py2, Py3, Py4 and Py5) in carbonaceous pelite, BIF and andesite, which
present a continuous process of crustal assimilation values towards increasingly positive §>*S and A*3S values.
This confirms evidence for a sedimentary-derived sulfur source as also indicated by fluid inclusion data of the
andesite-hosted orebody at the Cuiaba deposit.
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Fig. 1. Geological map of the Quadrildtero Ferrifero region with principal lithofacies associations of the Rio das Velhas greenstone belt after Baltazar and Zucchetti
(2007), and location of the Cuiabd and other gold deposits (after compilation by Lobato et al., 2005).

1. Introduction

The BIF-hosted Cuiabd orogenic Au deposit is located in the
northern part of the Quadrilatero Ferrifero district (QF; Fig. 1), one of
the most significant Au provinces in Brazil (Lobato et al., 2014). The
Cuiabé gold deposit, operated by AngloGold Ashanti Brasil Mineracao
Ltda.-AGA, is located approximately 40 km northeast of Belo Horizonte,
in the northern part of the QF, in the State of Minas Gerais, SE Brazil
(Fig. 1). It is the largest underground gold mine in the country, con-
taining 150 t Au. As of 2015, it has produced five million ounces (Moz),
with a further 7 Moz in reserve (AGA, personal communication),
making it the largest gold deposit in the QF. According to AGA, the
deposit produces 1.2 million tonnes of ore per year, with an average
grade of 7.96 g/t Au, and by-product Ag and H,SO,. The cut-off grade is
2.82 g/t Au, with reserves at 9.8 million tonnes ore and total resources
(inferred, indicated and measured) of 21.7 million tonnes ore (in De-
cember 2008). Between 1985 and 2008, gold production amounted to
103 tonnes of this metal. Its expected life is until 2026 (date 2010 AGA,
personal communication). Gold has been reported and mined from
numerous localities in the QF, mainly in the northern and southeastern
parts, which are hosted by Archean and Paleoproterozoic successions.
The largest gold deposits, e.g., Morro Velho, Cuiaba, Lamego, Raposos,
Sao Bento, are hosted in the basal unit of the Nova Lima Group. The
world-class Morro Velho Mine started production in 1834, and has
produced > 470t of gold from 1834 to 1999. Raposos and Sao Bento
were also closed in recent years. The major mines operating by An-
glogold Ashanti are Cuiab4, Lamego and those of the Cérrego do Sitio
lineament that are located in the northeastern part of the QF.

The Cuiaba deposit is hosted by a sequence of metamorphosed
volcanic and sedimentary rocks, with mineral assemblages typical of
the greenschist facies metamorphic conditions. The local rock strati-
graphy encompasses, from bottom to top, a lower metamafic unit, BIF
and metachert (carbonaceous and-or ferruginous), carbonaceous phyl-
lite, an upper metamafic unit, micaceous phyllite and metavolcano-
clastic rocks. Gold is associated with massive and disseminated sulfide
minerals, mainly pyrite and pyrrhotite, hosted in BIF and metachert,
especially in the Fonte Grande Sul, Serrotinho, Balancao and
Galinheiros orebodies, with the Cuiab4 fold marking the contours of the
BIF (Fig. 2, Ribeiro Rodrigues et al., 2007). However, a small amount of
gold associated with quartz-carbonate veins hosted in the upper me-
tamafic unit have also been mined in the Viana, Galinheiro Footwall
and Galinheiro Quartzo orebodies (Fig. 2; Ribeiro Rodrigues, 1998).

The predominant sulfide minerals - pyrite, pyrrhotite and arseno-
pyrite - reflect diagenetic and epigenetic-hydrothermal stages based on
cross-cutting and replacements patterns, as well as textural and zona-
tion features. Based on these observations and the classification into
different stages, additional geochemical variations provide a link to the
hydrothermal evolution at Cuiaba. Equivalent sulfide phase classifica-
tion, especially for pyrite, by Large et al. (2007, 2009), and Martins
et al. (2016), verify a relation between geochemical and textural as-
sociated pyrite stages, as pyrite trace element composition is related to
fluid composition (Tardani et al., 2017). To resolve the controversial
source of mineralizing fluids (Groves et al., 2003; Large et al., 2011;
Tomkins, 2013), many studies on the characterization and quantifica-
tion of trace elements in sulfide minerals associated with orogenic Au
deposits have been conducted (Pitcairn et al. 2006; Wood and Large,
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Fig. 2. Geological map of the Cuiabd mine, Level 11 and location of all main orebodies (A) (modified after Vitorino, 2017). Orebodies BAL = Balancao; CTG = Canta
Galo; FG = Fonte Grande; FGS = Fonte Grande Sul; SER = Serrotinho; SUR = Surucu; GAL = Galinheiro; DDO = Dom Domingos; GAL FW = Galinheiro Footwall;
GAL QTZ = Galinheiro Quartzo; GAL EXT = Galinheiro Extencdo; SER FW = Serrotinho Footwall; FGS FW = Fonte Grande Sul Footwall; VQZ = Veio de Quartzo;
VIA = Viana. Schematic lithostratigraphic succession of sampled drill cores sections CBABSD009, CBABSD0O3A and CBABSDO04B (B). Sections are representative of

the FGS orebody.

2007; Morey et al., 2008; Sung et al., 2009; Thomas et al., 2011; Large
et al. 2011, 2012; Velasquez et al., 2014; Finch and Tomkins, 2017;
Selvaraja et al., 2017a,b,c). Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) and sulfur isotope analyses of pyrite
and pyrrhotite by Large et al. (2007), Gregory et al. (2015a,b, 2016),
Steadman et al. (2015), Steadman and Large (2016) and Neyedley et al.
(2017) have shown significant differences in trace element composi-
tions and/or sulfur isotope signatures, indicating the relation between
hydrothermal fluid composition and trace element content in sulfide
minerals. Furthermore, trace element signatures of sulfides can also be
used to distinguish between different sulfide generations, revealing a
complex multiphase hydrothermal history (Zhao et al., 2011). Previous
research on orogenic Au deposits by Groves et al. (2000) and
Hagemann and Cassidy (2000) argued that Au was introduced from a
deeply sourced fluid late in the deformation history of the deposit (syn-
or post-kinematic). For Carlin-style and orogenic Au deposits in sedi-
mentary environments, Large et al. (2009) proposed that invisible gold
is concentrated early in pyrite during the growth of diagenetic pyrite,
and may be remobilized and reconcentrated late in the outer growth
zones of hydrothermal pyrite due to final deformation stages. Similar
findings are indicated by Oliver et al. (2015) for the world-class Neo-
proterozoic Paracatu orogenic Au deposit, Brazil.

In addition to trace elements, sulfur isotope data are also in-
formative, since they help trace the potential sulfur source, as each
reservoir has characteristic isotopic compositions. Fundamental pro-
cesses such as mixing and interaction with the mantle, crustal magmas,
hydrothermal fluids, and country rocks control isotopic signatures, and
result in sulfides with variable sulfur isotope compositions (Xue et al.,
2013; LaFlamme et al., 2016, 2018; Gregory et al., 2016; Selvarajo

et al.,, 2017a). Secondary ion mass spectrometry (SIMS) offers high-
precision isotopic analysis of multiple sulfur isotopes, and affords the
ability to measure the least common stable isotopes of sulfur, S
(0.75%) and 3°S (0.02%), together with the more abundant 32
(95.02%) and 3*S (4.21%) isotopes, while preserving spatial context.
This provides the potential to identify the anomalous sulfur isotopic
signatures indicative of mass-independent (MIF) or mass-dependent
fractionation (MDF) (Farquhar et al., 2013; Whitehouse, 2013; Ireland
et al., 2014; Ushikubo et al., 2014).

Previous data on different pyrite types at Cuiaba were presented by
Ribeiro Rodrigues (1998), Martins (2000), Costa (2000), and Lobato
et al. (2001b,c). These studies are based on textural features, and pyr-
ites are generally classified as: i) fine-grained, ii) coarse-grained with
poikiloblastic centres and massive rims, and iii) medium- to coarse-
grained and porphyroblastic. These authors noted that all three types
may locally have low chemical variations characterized by As-rich and
-poor fractions. Existing sulfur isotope studies at the Cuiaba deposit by
Lobato et al. (2001c) and Biihn et al. (2012) focused on the pyrite-
mineralized BIF, resulting in a range of 83*S = +3.8-5.1%o. The
8338 = 2.9-4.8%0 and A%3S = 0.9-2.2%o by Biihn et al. (2012) clearly
suggest sulfur isotope MIF.

In this contribution, we present a new systematic geochemical and
sulfur isotope characterization of syngenetic and epigenetic sulfide
mineral generations of the Cuiaba deposit. The classification of pyrite,
pyrrhotite and arsenopyrite types is based on textural variations and
defined paragenetic stages. We suggest that the various pyrite stages
document the isotopic and geochemical evolution of the mineralizing
fluid. Data obtained by electron probe micro analyzer (EPMA) and LA-
ICP-MS illustrate element incorporation in the pyrite varieties hosted in
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metamorphosed carbonaceous pelite, BIF and mafic volcanic rocks. Our
aim is to understand the traceability of the mineralization history from
textures and sulfide trace element content and sulfur isotope signatures
in the different host rocks. Pyrrhotite and arsenopyrite data serve as
indicators to constrain the consistency of element distribution
throughout the sulfide minerals. In general, multiple sulfur isotope
analyses (3%, 33s, %S, 36S) of pyrite and pyrrhotite related to gold
mineralization confine the origin of sulfur to felsic magmas, mantle-
sourced, metamorphic or meteoric fluids, as well as sedimentary source.
As the transport of Au in hydrothermal fluids is generally assumed to be
complexed with HS™ in orogenic gold systems (Groves et al., 1998; Large
et al., 2011), tracing the sulfur source may place strong constraints on
the origin of Au.

2. Regional geology

The QF district covers an area of 7000 km2, centered about latitude
20° 15’ S and longitude 43° O 30’ W in the south-central part of the state
of Minas Gerais, south of the Sao Francisco Craton (Almeida, 1967;
Dorr, 1969; Almeida and Hasui, 1984) (Fig. 1). The district is geolo-
gically well known both for its gold deposits hosted in an Archean
greenstone belt sequence, as well as its Superior-type BIF deposits
within a Lower Proterozoic clastic-chemical sedimentary unit (e.g.,
Lobato et al., 2014).

Archean gneissic trondhjemite-tonalite-granodiorite (TTG) terranes
make up the largest proportion of the crystalline basement of the QF,
comprising four main lithostructural domes, e.g. Belo Horizonte to the
north, Caeté to the northeast, Bacao in the center, and Bonfim to the
west of the district. According to Noce (1995), these domains consist of
3.2 Ga granitoid gneisses and minor metasedimentary rocks, which are
intruded by 2.7-2.8 Ga old metatonalites, metandesites, metagranites,
pegmatites and Proterozoic mafic dikes (Noce et al., 2005; Farina et al.,
2015; Moreira et al., 2016). Noce et al. (2007) suggest that these TTG
derive from igneous protoliths older than 2.9 Ga.

Overlying this is the Rio das Velhas Supergroup, a volcano-sedi-
mentary greenstone belt, and Proterozoic metasedimentary units of the
Minas and Espinhaco Supergroups (Dorr, 1969; Toledo, 1997; Alkmim
and Marshak, 1998 and references therein; Noce, 2013). The Rio das
Velhas (3.0-2.7 Ga; Machado et al., 1989; Machado and Carneiro,
1992) greenstone belt sequence is separated into the basal Nova Lima
and the upper Maquiné Groups (Fig. 1). In general, rocks are regionally
metamorphosed to the lower greenschist facies. The Nova Lima Group
is further subdivided into three units, with basal komatiitic to tholeiitic
metavolcanics interlayered with clastic metasedimentary rocks and
exhalative chemical metasedimentary rocks (Vieira and Oliveira,
1988). The middle unit comprises mafic and felsic metavolcanics (tuffs)
interlayered with carbonaceous metasedimentary rocks and BIF with
felsic metavolcanoclastics on the top. Clastic metasedimentary rocks
interlayered with mafic and felsic metavolcanoclastics comprise the
upper most unit of the Rio das Velhas Supergroup, which is overlain by
quartzite and conglomerate of the Maquiné Group. The Minas Super-
group is Neoarchean-Paleoproterozoic age (2.6-2.1 Ga; Babinski et al.,
1991) represents a continental margin sequence, and comprises clastic
chemical-sedimentary rocks. More recently, Cabral et al. (2012) dated
zircons (U-Pb LA-ICP-MS) from a volcanic layer within the Minas Su-
pergroup iron formation, and proposed a 2.65 Ga Archean age for the
deposition of these rocks.

According to Baltazar and Zucchetti (2007), the detailed classifi-
cation of the Rio das Velhas Supergroup into lithofacies associations
takes into consideration the depositional environment of their sedi-
mentary units and source areas (Fig. 1). Hence, the Nova Lima Group is
separated into the following associations, from bottom to top: 1) a
volcanic-mafic-ultramafic association, composed of tholeiites and ko-
matiites, 2) a clastic- chemical-sedimentary association, with mafic and
felsic metavolcanics interlayered with BIF and ferruginous chert, 3) a
clastic-chemical-sedimentary association typically made up of
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carbonaceous pelite with BIF and ferruginous chert, 4) a volcaniclastic
association composed of felsic and mafic volcaniclastic rocks, and 5) the
most extensive association, which is composed of resedimented rocks,
primarily composed of graywackes, sandstones and siltstones. This is
overlain by the coastal and non-marine associations of the Maquiné
Group.

3. Deposit geology

There have been many studies on the geology and gold miner-
alization at Cuiaba (Vial, 1988a; Toledo, 1997; Ribeiro Rodrigues,
1998; Lobato and Vieira, 1998; Costa, 2000; Lobato et al., 2001a,b).
The description that follows refers to metamorphosed rocks, and the
prefix “meta” has been chosen to be omitted for brevity.

The lithostratigraphic succession at the mine area, first defined by
Vial (1980), includes volcanic, volcanoclastic and sedimentary rocks,
characterized by greenschist facies mineral assemblages, and structu-
rally controlled by the Cuiaba anticlinal fold (e.g. Vitorino, 2017);
detrital zircons (U-Pb-SHRIMP) yield a minimum age of 2.74 Ga for the
volcanoclastics (Schrank and Machado, 1996; Lobato et al. 2001a,b).
This succession is related to the lower, middle and upper units of the
Nova Lima Group defined by Ladeira (1980). The description that fol-
lows is largely summarized from Lobato et al. (2001b,c) and Ribeiro
Rodrigues et al. (2007).

The lower unit is characterized by a thick (> 400 m) succession of
alternating layers of chloritized mafic volcanics and pelites, both car-
bonatized and sericitized mafic volcanics, as well as interbedded lenses
of carbonaceous pelite (Fig. 2A). The basal mafic rocks are light green
and fine-grained, both massive and foliated. The main minerals are
amphibole, plagioclase, clinozoisite/epidote, chlorite and quartz. Vieira
(1991) described the presence of pillow lavas, and variolites of ande-
sitic composition.

Hydrothermally altered mafic volcanics are overlain by the Cuiab4
BIF, which ranges from < 1 to 15m and is dominated by dark carbo-
nate-quartz and light carbonate-quartz bands (Lobato et al., 2001c).
The BIF is nearly completely enclosed by carbonaceous pelite, con-
sisting of muscovite, quartz, carbonate, chlorite and carbonaceous
matter. Lenses of carbonaceous pelite are also present in the lower and
upper mafic volcanic units. The upper unit of the Nova Lima Group
consists of a succession of carbonatized, muscovitized and chloritized
mafic volcanics, volcanoclastics and pelites. The upper volcanic units
have basaltic compositions, with a higher Fe/Mg ratio compared to the
lower, andesitic mafic unit (Vieira, 1991). Volcanoclastic rocks of da-
citic to rhyolitic composition are at the top of the stratigraphic se-
quence, forming a 500-m thick unit that represents the most abundant
rock type in the area. Quartz and plagioclase phenocrysts are the main
components in a light mica-chlorite-quartz-carbonate matrix. Mafic
dikes up to 30 m in thickness, crosscut all other rock types.

3.1. Structural setting

The structural evolution of the Cuiaba deposit comprises at least
three deformational events, i.e. D1, D2 and D3 (Ribeiro Rodrigues,
1998). The first two deformation events, D1 and D2, developed under
ductile to ductile-brittle conditions, with fault zones oriented in the
NW-SE direction, and tectonic transport from SE to NW. The D3
structures formed in a brittle-ductile regime and were in an E-W-or-
ientation under compressional stress (Xavier et al., 2000). All litholo-
gical units are affected by a pervasive axial planar foliation that is lo-
cally mylonitic (S2 = 135/45; Vitorino, 2017). They show a prominent
mineral elongation lineation (LS = 126/22-35) indicated by the pre-
ferred orientation of elongated muscovite, carbonates and sulfides.
Late, NW-verging, sigmoidal thrust faults reactivated pre-existing
structures and caused folding, boudins and rotation of the Cuiaba BIF.
There is no consensus regarding the geometry of the Cuiaba fold, which
has an inverted north flank and a normal sequence in the south flank
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marked by the BIF. Studies by Vial (1980), Toledo (1997), Ribeiro
Rodrigues (1998, 2007) considered the Cuiaba fold as a tubular struc-
ture, plunging southeast at 30° (Vial, 1980; Toledo, 1997). Recently
published data of the nearby Lamego gold deposit record that the La-
mego fold structure, which is comparable with the Cuiaba fold, re-
presents a reclined, isoclinal, cylindrical and rootless fold (Martins
et al., 2016).

3.2. Gold mineralization

The Cuiaba orebodies display a strong structural control, and one
prominent feature of all ore shoots is their consistent, down-plunge
continuity (Ribeiro Rodrigues et al., 2007). Three different miner-
alization styles are defined: 1) stratabound-replacement, commonly in
BIF; 2) disseminated, related to hydrothermal alteration in shear zones;
and 3) shear zone related, quartz-carbonate-sulfide veins (e.g., Ribeiro
Rodrigues et al., 2007, Martins et al., 2016). These styles reflect var-
iations in fluid-rock interaction, and thereby a distinctive sulfide-gold
assemblage and composition (Lobato and Vieira, 1998).

The typical sulfide mineral assemblage of the Cuiaba BIF is pyrite-
pyrrhotite-arsenopyrite with minor chalcopyrite and sphalerite, and
gold in equilibrium. Gold is also found as inclusions in pyrite, arseno-
pyrite and pyrrhotite, varying in size between 10 and 80 um. The
economic-grade gold mineralization at Cuiabd is related to six main
BIF-hosted gold orebodies: 1) Balancao, 2) Canta Galo, 3) Fonte Grande,
4) Fonte Grande Sul, 5) Serrotinho, and 6) Galinheiro (Fig. 2A). These
orebodies (> 4 ppm Au) represent sulfide-rich segments of the BIF,
grading laterally into non-economic mineralized or barren BIF. Or-
ebodies in association with quartz veins are the Veio de Quartzo (VQZ),
Galinheiro Footwall (GAL FW), Serrotinho Footwall (SER FW) and
Fonte Grande Sul Footwall (FGS FW) (Fig. 2A). Minor orebodies like
Galinheiro Extensao, Surucu, Canta Galo and Dom Domingos are of
secondary interest. Furthermore, mafic volcanic-hosted orebodies such
as Viana and Galinheiro Quartzo are associated with the upper mafic
unit and were locally mined in the past. The newly discovered gold
occurrences VQZ and Serrotinho FW are hosted in the lower mafic unit,
where mineralization is related to distinct hydrothermal alteration
zones (Vieira, 1988; Lobato et al., 2001a,b).

The Fonte Grande Sul orebody, located in the SE closure of the
Cuiaba fold, contains the richest gold ore of the mine. The orebody
shows a reasonably constant thickness, between 4 and 6 m, but both the
orebody area and Au content increase progressively with depth. The
mineralized BIF is intensively sulfidized (Fig. 3), folded and disrupted
by D1 thrust faults containing generally recrystallized and massive ores
that lack banding. The BIF consists of rhythmic alternation of dark,
white, and ocher-colored, millimeter- to centimeter-thick bands, rich in
carbonaceous material, fine-grained quartz and carbonate, and is em-
bedded between lower (footwall) and upper (hanging wall) mafic vol-
canic rocks (Xavier et al., 2000; Lobato and Vieira, 1998). The country
rocks to the mineralized BIF show strong sericite, carbonate and
chlorite alteration zones (Fig. 2B), typical of greenschist facies meta-
morphic conditions. Transitions of sulfide- rich to -poor portions of the
BIF are gradational, and marked by shear zones or quartz veins.

4. Host rocks and hydrothermal alteration assemblages
4.1. Banded iron formation

The Algoma-type Cuiabé BIF (e.g., Lobato et al., 2001c) ranges in
thickness between 1 and up to 15m, and shows the characteristic al-
ternating layering of dark (quartz-carbonate-carbonaceous matter) and
light orange (quartz-carbonate-chert) bands (Figs. 3A, 4). Pyrite, pyr-
rhotite and arsenopyrite are abundant and in equilibrium, accompanied
by gold grains in fractures and along contacts between sulfide grains.
Two individual BIF sequences within the Cuiaba mine can be dis-
tinguished, and are separated by a 15 cm mafic volcanic unit. The lower
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BIF, typically banded with abundant Fe-carbonate, and carbonaceous
material, is the main host to the gold mineralization. The upper BIF
consists of highly deformed, ferruginous chert as well as carbonaceous
matter (Lobato et al., 2001c).

4.2. Carbonaceous pelite

Pelites surrounding the Cuiab4 BIF mainly consist of carbonaceous
matter, hydrothermal smoky (Qzl) and granoblastic quartz (Qz2),
carbonate minerals, chert layers, chlorite, muscovite and sulfide mi-
nerals (Fig. 4). The latter phases are pyrite, arsenopyrite with minor
proportions of pyrrhotite, chalcopyrite and sphalerite (Fig.3D). Free
gold is observed in equilibrium with sulfides and dispersed in the car-
bonaceous material. The well defined lithological boundary between
carbonaceous pelites and mafic volcanics varies from concordant to
slightly deformed. However, the contact between carbonaceous pelite
and the Cuiaba BIF is intensely deformed.

4.3. Andesite

The mafic volcanics contain a typical alteration assemblage of the
chlorite hydrothermal alteration zone with albite = epidote + zoisite
(clinozoisite) + quartz * actinolite + carbonate *+ chlorite (Figs.3B
and E, 4), previously described by Vieira (1987). The absence of
hornblende serves as indication that peak metamorphic conditions did
not exceed the greenschist-amphibolite facies transition (Spear, 1995).
Sulfide minerals are accessory and include mainly pyrite, chalcopyrite
and sphalerite in equilibrium (Fig. 4). They appear dispersed in the
matrix, and are commonly associated with carbonate minerals. Gold
mineralization is in equilibrium with pyrite. Lenses of carbonaceous
pelite also occur within the lower and upper mafic volcanic units.

5. Materials and Methods

Three diamond drill holes CBABSD0O3A, CBABSD04B and
CBABSD009 were sampled for this study. All of them represent the
detailed lithostratigraphic succession of the FGS orebody (Fig. 2B), in-
cluding sulfide-rich BIF, carbonaceous pelite and andesite. Host rocks
were sampled bearing visible sulfide minerals linked to the main fo-
liation (S2) and different degrees of hydrothermal alteration were
especially targeted for sampling. About 40 samples were used to pre-
pare 34 polished thin sections. Hand specimens and polished thin sec-
tions have been described petrographically with regards to gangue and
ore minerals.

5.1. Electron probe micro analyzer (EPMA)

Quantitative analyses and element maps were carried out at the
Centre of Microscopy at the Federal University of Minas Gerais, Brazil.
By using the electron probe micro analyzer JEOL JXA 8900RL, with an
accelerating voltage of 15kV, dwell time of 50 ms and beam current of
80nA, element maps of the following elements were produced: Fe, Zn,
As, Ag with EDS and S, Sb, Au, Co, Ni and Cu, with a WDS system
depending on the appropriate crystal.

5.2. Laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-
MS)

Eleven polished thin sections were selected to examine the trace
element compositions of pyrite, pyrrhotite and arsenopyrite in different
host rocks by analyzing the following 16 elements (with detection limits
in ppm if not otherwise specified): 296i, 345 (0.4 wt%), >°Mn (4.8), >®Fe
(0.1 wt%), *°Co (1.5), °°Ni (4.6), 7°Zn (0.05), "°Ge (5.3), "°As (1.6),
108A¢ (0.7), °In (0.3), '*7Au (0.7), >°'Hg (10.0), 2°°Pb (0.3), 2°°Tl
(0.3) and 2°°Bi (0.1). Analyses were conducted at the Institute of
Mineralogy and Economic Geology, Laboratory of Geochemistry, at the
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Fig. 3. Photographs of mineralized host rocks. Stope view of sulfidized BIF (Level 15, FGS orebody) (A). Sampled drill core of sulfidized andesite (drill core 03A,
1414.70-1414.84, FGS orebody) (B). Stope view of sulfidized BIF (Level 18, Serrotinho orebody) (C). Stope view of sulfidized carbonaceous pelite (Level 15,
Galinheiro FW orebody) (D). Stope view of hydrothermally altered andesite and quartz shear veins (Level 15, VQZ orebody) (E).

RWTH University of Aachen, Germany. Measurements were carried out
using a New wave UP-193 laser microprobe coupled with an ICP-MS
system (ELAN DRC-e) under the following conditions: Standard: Mass-1
(powder pressed pellet); dwell time 10 ms; spot size 35-150 um; Argon/
Helium ratio 0.8/0.6; frequency 4 Hz. Standardized trace element va-
lues were used from the USGS and Wilson et al. (2002). Data treatment
and reduction were made by an in-house software, developed at the
Laboratory of Inorganic Chemistry at the ETH Ziirich. The analytical
mass spectra were reduced and evaluated individually in order to
eliminate contamination effects. Each analytical spectrum was reduced
manually. Peaks of elements such as Si, Ca, Al, K and Mg are typically

indicative of gangue mineral inclusions. These elements are not certi-
fied for Mass-1, and consequently were not quantified. A detailed de-
scription regarding the LA-ICP-MS analyses on sulfide minerals is de-
scribed by Danyushevsky et al. (2011).

5.3. Secondary ion mass spectroscopy (SIMS)

In-situ multiple sulfur isotope composition (*3S/3%S, 3%S/32s,
365,/325) was measured using secondary ion mass spectrometry (SIMS),
Cameca IMS-1280 at the Centre for Microscopy, Characterization and
Analysis (CMCA), University of Western Australia (UWA), Perth,
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Fig. 4. Mineralogical paragenesis of gangue and ore minerals of BIF, carbonaceous pelite and andesite. Abbreviations: Qz1 = smoky quartz, Qz2 = granoblastic
quartz, CM = carbonaceous matter, Py = pyrite, Po = pyrrhotite, As-Py = arsenic pyrite, Apy = arsenopyrite, Cpy = chalcopyrite, Sph = sphalerite.

Australia. Sierra pyrite (FeS,) and Alexo pyrrhotite (Fe(1 — x)S) were
used as sulfur isotope standards, both chemically characterized by
electron microprobe analyses, and isotopically characterized for §%3S,
§%4s, and 8°°S by fluorination gas-source mass spectrometry, and tested
for homogeneity at the microscale by secondary ion mass spectrometry
(LaFlamme et al., 2016). Analytical conditions and data reduction
processes were similar as described in LaFlamme et al. (2016), and
summarized here. A ca. 1-4nA focused Cs™ primary beam was operated
at 10kV, and the secondary ion beam was extracted at —10kV. The
analysis area was presputtered using a 20 X 20 um raster for 45s fol-
lowed by automated secondary centering in the field aperture (FA;
3000 um) and entrance slit (ES; 60 pum). The analysis used a 15 X 15 um
raster employing dynamic transfer at a 100 X field magnification for
20 X 4s integrations. Four sulfur isotopes were measured simulta-
neously using three Faraday Cup (FC) detectors with amplifiers of 10*°
Q resistor for *2S and 10! Q for ®3S and 3*S, and an electron multiplier
(EM) detector for 3°S. Exit slit of 250 um was used on each of the
multicollector detectors, providing a nominal mass resolving power

(MRP) of ca. 5000, sufficient to separate the *2§ 'H from *3S peak. The
magnetic field was regulated using nuclear magnetic resonance (NMR).
Typical 2§ count rate was ~ 1.5 x 10° cps, approximately corre-
sponding to 3°S count rate of ~2.0 X 10° cps, causing enough EM aging
during an analysis session. The EM high voltage (HV) was adjusted
automatically before every analysis, thus minimizing the effect of EM
aging on reproducibility. The uncertainty (2SD) on individual mea-
surements is equal to ~0.30%o on §3*S, ~0.22%o0 on A>*S and ~ 0.96%o
on A®%S. In total, 22 rock fragments from 9 samples were analyzed,
including pyrite and pyrrhotite of sulfide-rich BIF, carbonaceous pelite
and andesite.

6. Ore petrography and sulfide textures

The studied hydrothermally altered and mineralized host lithologies
include carbonaceous pelite, BIF and andesite, which reveal five dif-
ferent pyrite types. The Pyl is classified as synsedimentary to diage-
netic, based on its fine-grained, spongy, anhedral and euhedral nature,
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Fig. 5. Photomicrographs taken under reflected light and uncrossed nicols of
pyrite, pyrrhotite and arsenopyrite types. Pyl as spongy, fine-grained anhedral
and euhedral grains building up Py2 to a rounded aggregate in carbonaceous
pelite (009_8B) (A). Porous Py2 surrounded by Py3 in carbonaceous pelite
(009_8B) (B). Euhedral Py3 overgrowing Py2 in BIF (04B_5A) (C). Smooth Py4
in BIF overgrown by Py5 (04B_5A) (D). Py2 overgrown by Py3 in andesite
(03A_2) (E). Arsenian pyrite in andesite (03A_1) (F). Arsenian pyrite in BIF
(03A_5B) (G). Massive pyrrhotite in BIF-hosted quartz vein (04B_7) (H). Porous
and fractured pyrrhotite in equilibrium with sphalerite in quartz vein within
carbonaceous pelite (009_15) (I). Pyrite development from spongy Pyl, over
porous Py2 to smooth euhedral Py3 in the carbonaceous pelite (04B_16).
Abbreviations see Fig. 4.

forming disseminated aggregates (Fig. 5A), embedded in the bedding of
the carbonaceous pelite. However, Py1 is seldom observed in the Fonte
Grande Sul orebody. Agglomerating of Pyl gives place to the typically
porous Py2 (Fig. 5A, B). This second pyrite type (Py2) is also observed
in BIF and andesite. Porous Py2 commonly dominates the central por-
tions (Fig. 5B, C, F) of pyrite grains, which are overgrown by a third
type, classified as Py3, which constitutes smooth, subhedral to euhedral
borders (Fig. 5C). The Py4 appears as smooth, nearly isolated grains
(Fig. 5D); Py5 overgrows Py4 as fine-grained, euhedral margins, with
the latter two only observed in BIF (Fig. 5D).

Pyrrhotite and arsenopyrite types differ in occurrence, morphology
and mineral associations. Four different pyrrhotite types are identified

Ore Geology Reviews 98 (2018) 1-27

in BIF, quartz veins and carbonaceous pelites. (Pol) Early-stage pyr-
rhotite of BIF; (Po2) Late-stage pyrrhotite of quartz-pyrrhotite veins;
and (Po3) Early- and (Po4) Late-stage pyrrhotite in carbonaceous pelite.
Pyrrhotite (Pol) aggregates are anhedral, elongated, and form patches;
it is replaced by pyrite and arsenopyrite (Fig. 5F). Pyrrhotite (Pol) and
(Po2) form anhedral massive aggregates (Fig. 5H). Pyrrhotite (Po3) is
laminated in equilibrium with arsenopyrite and chalcopyrite; where
less altered, carbonate is replaced by pyrrhotite (Fig. 5C). Porous and
fractured pyrrhotite (Po4) together with sphalerite is present in quartz
veins within carbonaceous pelite (Fig. 5I). Arsenopyrite forms euhedral
and subhedral grains, intergrown with pyrite, and may be distinguished
into porous (Apy1) and smooth (Apy2) varieties in BIF. Arsenian pyrite
is present in sulfidized BIF and andesite (Fig. 5F, G); the optical dif-
ferentiation between arsenian pyrite and arsenopyrite is uncertain due
to habit and color. Fig. 5J shows the pyrite development from spongy
Pyl, the agglomeration to Py2, and the fine-grained euhedral Py3
grains in the carbonaceous pelite. In general, free gold is present along
the contact between Py2 and Py3, as well as in fractures within pyrite,
arsenopyrite and pyrrhotite.

7. Analytical results
7.1. EPMA maps of trace element variation

Based on visible textural differences, which have been displayed by
backscattered electron images-BSE (Fig. Al), sulfide minerals were
analyzed for elemental composition. Pyrite and arsenopyrite were
analyzed quantitatively for Fe, S, As, Co, Ni, Ag and Au. Pyrrhotite was
analyzed for the same elements, except Ag and Au.

In general, pyrite types in BIF show similar trace element values,
whereas Py3 and Py4 have lower trace element concentrations
(Table 1). The analyzed pyrite in carbonaceous pelite has much higher
mean concentrations of trace elements such as Co (0.05 wt%), Ni (0.05
to 0.07 wt%) and As (0.20 to 0.24 wt%). Mean gold values are similar in
carbonaceous pelite (0.01 wt%), andesite (0.02 wt%) and BIF (0.01 wt
%).

In addition to the quantitative analyses, electron microprobe maps
were generated (Fig. 6). They are extremely useful for displaying ele-
ment distribution in the textural context, particularly for showing
compositional zonation in sulfide minerals. Significant zonation is seen
in Py2 and Py3 in andesite, arsenopyrite in BIF, and between Py2 and
Py3 in carbonaceous pelite. The BSE images (Fig. A1), showing the Py2
to Py3 transition in carbonaceous pelite, demonstrates euhedral Py3
overgrowing Py2. Cobalt and Ni are enriched from Py2 to Py3, and a
weak S and As zonation (Fig. 6A). The Py2 and Py3 of andesite can be
clearly separated due to their S and As zonation, with Co and Ni var-
iation constrained to the porous center represented by Py2 (Fig. 6B).
Both the Au and Ag maps show two inclusions of an Au-Ag alloy in the
transition between Py2 and Py3. The Fe map represents an Fe chlorite
surrounding an euhedral pyrite grain (Fig. 6B).

The element distribution in BIF arsenopyrite shows Fe, S and As
enrichment in the central grain portions. Arsenopyrite borders have a
Co peripheral enrichment. Transitions between Py2 and Py3, or Py4
and Py5, which display differences in their gray scale in BSE images,
did not become evident in elemental distribution maps. Low detect-
ability of trace elements may have been the reason.

7.2. Pyrite LA- ICP-MS data

In situ LA-ICP-MS analyses were conducted in pyrite, pyrrhotite and
arsenopyrite from the Cuiabd gold deposit. Samples include dis-
seminated sulfide minerals in altered host rock and quartz veins, and
massive sulfide layers in BIF. Laser ablation ICP-MS spectra provide
insight into lattice-bound and inclusion-related elements in sulfide
minerals (Fig. 7). The statistical summary of the pyrite, pyrrhotite and
arsenopyrite data set is presented in Tables 2, 3 and 4.
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Table 1
Statistical summary of electron microprobe analyses of pyrite and pyrrhotite in carbonaceous pelite, BIF and andesite in wt%
Host rock Mineral Sample ID As Fe S Au Ag Co Ni Total
Carbonaceous pelite Pyl to Py2 009_8B Min 0.05 35.99 40.82 0.00 0.00 0.01 0.04 88.91
Max 0.42 45.42 53.02 0.01 0.02 0.09 0.14 97.82
Mean 0.20 43.37 50.76 0.00 0.00 0.05 0.07 95.41
Median 0.17 43.72 51.49 0.00 0.00 0.05 0.06 95.86
SD 0.10 1.97 2.70 0.00 0.01 0.02 0.03 1.99
Py2 to Py3 009_8A/009_8B Min 0.01 39.83 42.14 0.00 0.00 0.00 0.00 82.03
Max 0.82 45.37 53.11 0.06 0.01 1.06 0.23 98.39
Mean 0.24 44.53 51.93 0.01 0.00 0.05 0.05 96.82
Median 0.19 44.75 52.32 0.00 0.00 0.02 0.03 97.44
Andesite Transition fromPy2 to Py3 03A-Am2(n = 24) Min 0.03 42.66 49.49 0.00 0.00 0.00 0.00 94.10
Max 2.27 44.43 52.08 0.07 0.02 0.07 0.19 96.88
Mean 0.78 43.45 51.13 0.02 0.00 0.01 0.03 95.42
Median 0.61 43.49 51.28 0.01 0.00 0.01 0.01 95.46
BIF Py2 to Py3 4B_5/009_1/4B_6(n = 56) Min 0.01 8.22 9.53 0.00 0.00 0.00 0.00 18.13
Max 2.01 46.48 54.23 0.07 0.01 0.04 0.04 100.00
Mean 0.33 44.89 52.14 0.01 0.00 0.01 0.01 97.39
Median 0.13 45.65 53.17 0.00 0.00 0.00 0.01 99.21
Py4 to Py5 4B_5(n = 15) Min 0.06 43.32 50.22 0.00 0.00 0.00 0.00 93.82
Max 0.22 46.07 53.39 0.02 0.01 0.02 0.04 99.52
Mean 0.13 44.96 52.56 0.00 0.00 0.01 0.02 97.69
Median 0.12 45.21 52.75 0.00 0.00 0.01 0.02 98.21
Late-stagequartz-pyrrhotite veins ~ Late-stage pyrrhotite 4B_7(n = 15) Min 0.01 59.39 36.57 - - 0.00 0.00 96.65
Max 0.08 61.13 39.81 - - 0.02 0.04 99.97
Mean 0.05 60.29 39.19 - - 0.01 0.02 99.34
Median 0.05 60.29 39.47 - - 0.01 0.02 99.68
Carbonaceous pelite Porous pyrrhotite 009_15 (n = 30) Min 0.01 54.09 3493 - - 0.02 0.64 92.03
Max 0.08 61.61 39.61 - - 0.05 0.74 100.00
Mean 0.04 58.99 38.96 - - 0.04 0.67 98.70
Median 0.04 59.11 39.11 - - 0.04 0.67 99.03

Fig. 6. Element maps of Py2 and Py3 in carbonaceous pelite (A) and andesite (B): BSE image and element maps of Fe, S, As, Co, Ni, Ag and Au. Color bars are given in

cps.
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Fig. 7. LA-ICP-MS ablation spectra of pyrite analyses displaying intensity in count per second (cps) versus acquisition time (sec). Carbonaceous pelite: Py1: As-Co-Ni-
(Mn)-(Bi) rich pyrite (A/B). Andesite: Porous Py2: Pb-Co-Ni rich pyrite with lattice-bound and inclusion-related Au (C). BIF: Py3 with lattice-bound Co, Ni and As,
and inclusion-related Au (D). BIF: Py4: Co-Ni-As rich pyrite (E). BIF: Py5: Pb-Co-Ni rich pyrite with inclusion-related Au (F).

Lattice bound or evenly distributed nano-inclusions elements: A flat
element profile in time resolved laser ablation output graphs may in-
dicate that the trace elements are held in the pyrite lattice or as evenly
distributed nao-inclusions (Gregory et al., 2014).

In carbonaceous pelite, Co-Ni-Mn-Pb-As + Ag * Bi form flat and
consistent spectra profiles for Py1. In contrast, Py2 shows flat signals for
Co, Ni, Pb and (As), and Py3 shows similar spectra profiles to Pyl
(Fig. 7A, B). Lattice-bound elements in Py2 and Py3, such as Co, Ni and
As, form flat and consistent spectra profiles in andesite and BIF (Fig. 7C,
D). Lead and Au partly display flat signals, and may fit in lattice of Py2
and Py3 of both andesite and BIF (Fig. 7C, D).

Inclusion-related elements: Gold and Ag display irregular profiles in-
dicative for inclusion-related elements (Gregory et al., 2014). This is
present in Py2 and/or Py3 of andesite and BIF, as is the case with Pb;
these most likely represent galena inclusions in pyrite.

In carbonaceous pelite (Fig. 8), Py1 is the only paragenetic type that
consistently forms a specific population. While Py3 generally shows
good elemental correlations, Py2 is more variable in its trace element
distribution. For example, one population of Pyl is highlighted in the
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Co versus Ni binary plot (Rpy; = 0.28) (Fig. 8A), with high Ni and re-
latively lower Co; Py2 shows a good positive correlation, whereas Py3
has two populations correlating positively (Rpy3 = 0.15) (Fig. 8A). The
Ag and Pb binary plot indicates a weak positive correlation of Pyl
(Rpy; = 0.35) and Py3 (Rpy3 = 0.64), while Py2 displays no true cor-
relation (Rpy; = —0.55), but two populations at relatively high Ag and
Pb and lower Ag and Pb (Fig. 8C). Silver and Bi concentrations of Pyl
and Py3 display a positive correlation (Rpy; = 0.49, Rpy3 = 0.86); Py2
shows two populations: 1) higher Ag and Bi values (10-100 ppm), and
2) lower Ag and Bi (1-5 ppm) (Fig. 8D).

From the four pyrite types in BIF, porous Py2 generally shows good
trace element correlations, whereas smooth Py3 and Py4 correlate
poorly. The ‘overgrowing’ Py5 has consistently high trace element va-
lues (e.g., Co, Ni, As, Bi). The Co versus Ni binary plot displays a po-
sitive correlation for Py2 (Rpy, = 0.31), and a flat correlation for Py3
(Rpys = 0.01). The Py4 shows a weak positive correlation of Co and Ni
(Rpys = 0.32); Py5 forms one population at high Ni and lower Co
concentrations (Fig. 9A). The Py2 forms two populations in the As-Ni
plot, the first with a positive correlation at high As and Ni values, and
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] the second with consistent As and higher Ni concentrations. The Py4
SIR23 delineates one population at higher As and lower Ni values (Fig. 9B).
The Ag and Bi binary plot portrays positive correlations for Py2
O = O N
NRERE (Rpy2 = 0.39) and Py5 (Rpys = 0.98) (Fig. 9C).
The Py2 and Py3 hosted in andesite display positive trends of trace
S| 225 elements, with both pyrite types containing lattice-bound or evenly
distributed nano-inclusions of Au, Ag and Bi (Fig. 7). The Co versus Ni
8
B | Qam binary plot portrays a positive correlation for Py2 (Rpy, = 0.75) and
B2 | =< Py3 (Rpys = 0.73) with increasing Co (up to 500 ppm), and Ni values
clove = (up to 1400 ppm) (Fig. 9D). The Py2 has higher As than Py3. On the
< § g E g2 other hand, two paths of Py3 in the Ni-As plot are indicated; one path
has a relatively positive trend, the other with a continuous flat trend
- X shows increasing Ni with consistent As concentrations (Fig. 9E).
g |8|&s% 5|3
(=]
g2 7.3. Pyrrhotite and arsenopyrite LA-ICP-MS data
3 2183y &~
; =l a== = Lattice-bound or evenly distributed nano-inclusions elements: In BIF
-‘é’ ~ O @ arsenopyrite and pyrrhotite, elements like Co, Ni, Bi, Mn, Pb and Au,
Els| 2 2388|337 form flat, and partly irregular LA-ICP-MS spectra profiles (Fig. A2).
I Cobalt, Ni, Pb form consistent spectra in both sulfide minerals that may
2 = 3 I TS be indicative of lattice substitutions in carbonaceous pelite.
g g E P ; g = E g Inclusion-related elements: Bismuth, Ag and Au form fluctuating, but
& not strong irregular profiles. These elements are interpreted to be pre-
g N oo a9 sent in the arsenopyrite lattice, and may also form colloidal inclusions,
N alsee 8|59 which may be pervasive throughout the crystal or as discrete isolated
2 inclusions in arsenopyrite of the BIF.
E - E - Cobalt-Ni and Ag-Pb bivariant plots of pyrrhotite and arsenopyrite
2 S| ¥aR 2183 types clearly demonstrate a separation into BIF- and carbonaceous pe-
o lite-related fields, except for the Bi-Pb plots, where the majority of ar-
§ e o D o senopyrite analyses of both host rocks display a distribution of Bi:Pb
8| o é cee § S8 ratios between 0.1 and 1 (Fig. 10C, D).
= o — N ¥ A N~ <
§ £l e, & ° 7.4. Sulfur isotope data
= 3 0 < S - <
IS] = | ®om® = - <
fé A total of 293 SIMS sulfur isotope analyses (§3*S, A%S and A%°S)
g § ye g i were conducted on syngenetic and hydrothermal pyrite and pyrrhotite
= from BIF, andesite and carbonaceous pelite taken from the FGS orebody
= | weon ¢ .o (Fig. 2) at the Cuiab4 mine (Tables 5, 6). Individual spots were selected
fg = c3x E - based on previous backscattered images of pyrites and pyrrhotites,
g 9\; “ showing internal zoning (Fig. A3). The entire dataset of sulfur isotope
5 S §, 822 4 § =22 analyses are listed in the Appendix Table Al. In-situ measurements of
el Yy ex e 83*S, A%3S and A®°S returned values for pyrites ranging between 1.78
5 - o = to +6.90%o 84S, —2.28 to +1.73%o A>3S, and —2.04 and + 3.19%o A®S
s o
2; g g § g 293*® (Fig. 13; Table 5). Pyrrhotite analyses range between -2.27
] and +6.49%0 for &*S, 0.68 and 1.90%o0 for A%3S, and -1.90
9
] a0 and +1.46%o for A%®S (Table 6).
é’ 2 g2 B2 Z2a3 The multiple sulfur isotope data are subdivided according to dif-
g ferent pyrite and pyrrhotite types (Fig. 5; Tables 5, 6). Fig. 11 shows
- § o g § N2 two different patterns of sulfur isotope data. The first is a correlation
2 between A*3S values and the amount of mass dependant fractionation
% N 29 ~ (MDF) recorded by the 3*S-32S ratios (§3*S values). All data are outside
B S| S| 2382 |5:2a the defined area of MDF, ie., A%**S ranging from -0.2 to +0.2%o
'g (Farquhar and Wing, 2003) (Fig. 11). The second pattern demonstrates
] § acw § T2 the correlation between A®*S-A%%S data of all pyrite types. The A%®S/
% =l aa 2| vaQ A®3S ratio differentiates mass-dependent processes and contributions
) aloom ~ oo from Archean MIF sources when magnitudes of mass-dependent frac-
% @ | sss 00~ tionation deviations are small (Farquhar et al., 2007; Johnston, 2011).
'2 aom | Ton The typical Archean array indicated by Johnston (2011) and Zerkle
2 S | 338 5| 8xed et al. (2012) is 0.9, whereas our data point to a A%S->3S array of -0.5
gl s S (Fig. 11)
- ?_‘ g . .
§ Z § a3 e :v:, § ST 2 The Py1, only analyzed in the carbonaceous pelite, yields 8*S va-
§ @ aed oo lues ranging from 1.78 to 5.69%o (median 2.82%o), A*>S ranging from
2 -« s —2.28 to -0.25%o (median —1.46%o), and A®°S between 0.77 and 3.19%o
v g 22 ZZ (median 2.11%o) (Table 5, Fig. 11). The A**S signatures for this pyrite
_% = 5EE 5EE may be subdivided in two groups: from —2.28 to —1.97%o, and -0.96 to
£ 5 -0.25%o (Fig. 11).

13



C. Kresse et al.

Ore Geology Reviews 98 (2018) 1-27

Fig. 8. Trace element spot analyses on pyrite types in the carbonaceous pelite. Rp, represent correlation coefficients for each pyrite type.

The Py2 of carbonaceous pelite has §4S values from 3.01 to 5.79%o
(median 4.16%o), A>®S ranging from 0.28 to 1.07%o, and A>®S between
—0.80 to +2.22%o. The Py2 of andesite and BIF have similar §3*S and
A%3S signatures (83*S = 3.57 to 6.86%o0 and 3.20 to 6.09%o; A>3S = 0.57
to 0.79 and 0.64%o to 1.44%o, respectively). The A®S values of both
host rocks are slightly more negative (Fig. 11).

The Py3 of all host rocks has §%*S, A®*s and A3°S ranges that are
similar to those of the Py2, with values between 3.85 and 6.90%o 834s,
0.37 to 1.73%o0 A*3S, and —2.04 to +1.68%o A%S (Table 5, Fig. 11).

Both Py4 and Py5 in BIF yield more constrained §3'S, A®3S and A%®S
values (Table 5). The §3*S values range from 4.90 to 6.53%o (median
5.93%0), A**S from 0.77 to 1.11%o0 (median 0.98%o), and A%°S from
-1.38 to +0.42%o (median —0.75%o). The §3*S and A%3S values of Py5
are even more positive in the order of 5.19 to 6.94%o (median 6.38%o)

§34S, and from 0.96 to 1.14%o (median 1.06%o) A33S. The A3°S values
range from —1.32 to —0.04%o (median —0.70%o).

Pyrrhotite sulfur isotope data are subdivided due to their para-
genetic stage (Fig. 5). Early-stage Pol of the BIF has §>*S from 1.53 to
5.76%o (median 4.98%o), A>3S from 0.68 to 1.15%o (median 0.93%o),
and A%®S from —0.90 to +2.30%o0 (median 0.45%o) (Table 6). Early-
stage Po3 of carbonaceous pelite yields §%*S from 4.75 to 5.80%o
(median 5.50%o), A**S from 1.02 to 1.42%o (median 1.11%o), and A®S
from —0.62 to +1.46%o0 (median —0.05%o) (Table 6). Late-stage Po2 of
BIF-hosted quartz-pyrrhotite veins indicates §*S values ranging from
4.91 to 5.19%o (median 5.01%o0), A**S from 1.05 to 1.25%0 (median
1.14%0), and A%®S from —1.84 to —0.85%o (median —1.35%o) (Table 6).
Late stage Po4 of carbonaceous pelite yields slightly more positive 84S
(5.02 to 6.49%o0), and A33S values (1.58 to 1.90%o). The A®°S values are

Fig. 9. Trace element spot analyses on pyrite types in the BIF (A-C) and andesite (D-F). Rp, represent correlation coefficients for each pyrite type.
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Fig. 10. Trace element spot analyses on pyrrhotite (Po) (A/B) and arsenopyrite (Apy) (C/D) in BIF and carbonaceous pelite (CP). Qz = Quartz.

Fig. 11. Bivariate plots of multiple sulfur isotope data on pyrite types in the Cuiabé deposit. Data are grouped according to pyrites (Pyl to Py5) and host rocks BIF,
carbonaceous pelite (CP) and andesite. Number of analyses are shown in caption box. 834S versus A33S (A). A36S-A33S data array. Stippled line: MDF-S between -9
and -7 by Wacey et al. (2015). Dashed line: MIFS A36S-A33S = -0.9, Archean array by Johnston (2011) and Zerkle et al. (2012). Solid line: 0.5, present study (see
text) (B). The 834S, A33S and A36S error bars (20) are graphically represented in both directions. MDF and MIF = mass dependent and independent fractionation.
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Statistical summary (comprising minimum, mean, median and maximum) of §3*S, A>3S and A°S values for pyrite types in carbonaceous pelite, BIF and andesite. Pyl
only in carbonaceous pelite; Py2 and Py3 in all host rocks. Py4 and Py5 only in BIF.

Syngenetic Pyl (n = 14) Early-stage Py2 (n = 91)

Main-stage Py3 (n = 96)

Late-stage Py4 BIF (n = 12) Late-stage Py5 BIF (n = 7)

8%s A%s A% 8%'s A% A%s 8%'s A% A%s 8%s A%s A%s 8%'s A% A%
Min 1.78 -2.28 077 3.01 0.28 -2.00 3.85 0.37 -2.04 4.90 0.77 -1.38 5.19 0.96 -1.32
Mean 3.2 -1.40 2.07 4.60 073 -0.22 5.31 0.95 -0.46 5.79 0.97 -0.63 6.19 1.06 -0.66
Median ~ 2.82 -1.46 211 4.62 071 -0.42 5.26 0.93 -0.60 5.93 0.98 -0.75 6.38 1.06 -0.70
Max  5.69 -0.25 3.19 6.86 1.44 2.22 6.90 1.73 1.68 6.53 111 0.42 6.54 114 -0.04

similar to late-stage, massive pyrrhotite of BIF-hosted quartz-pyrrhotite
veins (Table 6).

8. Discussion

When comparing the trace element distribution for carbonaceous
pelite, BIF and mafic rocks (Figs. 8, 9), it is clear that a different pattern
arises for the former in comparison to the two latter rock types. The
trace element distribution of carbonaceous pelite (Fig. 8) is somewhat
constrained between Co/Ni ratios 0.1 and 1, suggesting an inheritance
from the host rock geochemical behavior, with this lithotype being the
only one where a syngenetic pyrite (Pyl) is identified. On the other
hand, the large scatter of points in Fig. 9, widely distributed in all plots,
may be interpreted as a geochemical behavior dominantly resulting
from the hydrothermal fluid.

8.1. Co/Ni ratio versus Bi, Ag and Au

Recent studies by Large et al. (2014) and Gregory et al. (2015a,b)
invoke Co/Ni ratios to determine the origin of pyrites in carbonaceous
pelite. Bajwah et al. (1987, and references therein) consider that hy-
drothermal pyrite commonly contains > 400 ppm Co, with a Co/Ni
ratio > 1, whereas syngenetic pyrite has < 100 ppm Co, and a Co/Ni
ratio < 1. According to Large et al. (2014) and Gregory et al. (2015a),
the Co/Ni ratio of the majority of pyrite formed from hydrothermal
fluids is > 2, with only submarine exhalative and orogenic gold de-
posits having pyrites with lower ratios. The presence of pyrrhotite also
influences Co/Ni ratios, and therefore metamorphism of rocks from
mesozonal orogenic gold deposits may shift pyrite compositions into
the VHMS field (Co/Ni > 1; Belousov et al., 2016). According to
Belousov et al. (2016), Co/Ni ratios may well distinguish between mi-
neral systems, e.g. VHMS and orogenic gold deposits, with most pyrites
of orogenic gold deposits having Co/Ni < 1, and 94% with Co/Ni ra-
tios < 10. This relates to Co being more soluble than Ni in moderate to
high temperature saline fluids typical of VHMS ore deposits, whereby
mesozonal orogenic gold deposits associated with greenstone belts are
generally characterized by low to moderate salinity (5-10 wt% NaCl
equiv), and low to moderate temperature hydrothermal fluids (Ridley
and Diamond, 2000).

In the case of Cuiab4, calculated Co/Ni ratios of carbonaceous pelite
Pyl trend towards Co/Ni = 1 line (Fig. 8). The values for Py2 and Py3
are more variable, but some Py2 have Co/Ni ratios > 1 (up to 2.6 and
7.9), coinciding with ratios < 1 for Pyl. Furthermore, relatively

Table 6

reducing fluid conditions indicated for the Cuiaba deposit (Lobato et al.,
2001a,b), have also been invoked to help enhance the uptake of Ni into
pyrite (Maslennikov et al., 2009; Scott et al., 2009; Guy et al., 2010).
Besides the interpreted Co/Ni ratio, there is a difference regarding Bi
values of pyrites with respect to each host rock analyzed. For andesite
(Fig. 9), Co/Ni ratios are consistent, remaining flat with respect to in-
creasing Bi values (Co/Ni ratio > 1) (Fig. 12A). On the contrary, for
carbonaceous pelite there is a completely separate population with
predominantly higher Co/Ni ratios (Co/Ni = 1) and high Bi con-
centrations (up to 65 ppm). As for the BIF, the Co/Ni ratio versus Bi
shows mostly a positive correlation for Py2, Py3 and Py4, with Py5
forming one separate population (Fig. 12A). Most of the Co/Ni ratios
are < 1, and Bi ranges between 0.1 and 1. Fig. 12B depicts the relation
between Co/Ni ratio and Ag, which shows a similar behavior for all
pyrite types in the three host rocks. The Co/Ni ratio and Au in pyrites
hosted in andesite (Fig. 12B) show the same pattern as observed in the
Co/Ni-Bi and Co/Ni-Ag plots. In contrast, the BIF indicates a completely
different manner in a constrained range of Co/Ni ratios between 0.1
and 1. However, both host rocks display a constant Co/Ni ratio, but
variable Au concentrations.

Higher Bi concentrations are most likely interpreted as Bi-Au-(Pb)-
bearing telluride inclusions in pyrite and as incoorporations in galena.
Bismuth enrichment may also be explained by changes in provenance of
the sediments, which can also affect the availably of certain elements.
For example, mafic elements like Ni, Co and Cu would have been
available in shale basins, where sediments are sourced from a mafic
igneous terrane. In contrast, sediment sourced from a felsic igneous
terrane would provide more felsic elements (e.g., Mo, Bi) (Gregory
et al., 2015a). According to Tribovillard et al. (2006), Ni, Cu, and Zn are
associated with rates of organic carbon sinking flux, which is frequently
associated with its productivity. Those trace elements adsorb onto or-
ganic matter and are incorporated into the sediments. Once the organic
matter breaks down, the trace elements are left behind, and some are
incorporated into pyrite (Gregory et al., 2015a). Furthermore, Bi and
Au may be more easily accumulated into the pyrite lattice if As is
present and substituted into the Fe site of this sulfide mineral. Arsenic
has the ability to distort the pyrite lattice, making it easier for large
cations to be incorporated in the pyrite, and at higher concentrations
(Reich et al., 2005; Deditius et al., 2014). Bismuth enrichment and the
presence of Bi-bearing inclusions may suggest the contribution of felsic
magmatic hydrothermal fluids, or the leaching of granitoid rocks during
fluid transport from the source to the depositional site (based on the
association of Bi and Sn with felsic magmatic rocks) (Gregory et al.,

Statistical summary (comprising minimum, mean, median and maximum) of §3*S, A%3S and A®°S values for pyrrhotite paragenetic stages and host rocks.

Late-stage qz-po vein (n = 7) Early-stage anhedral po BIF (n = 45)

Early-stage anhedral po CP (n = 11) Late-stage porous po CP (n = 10)

534 A33g A5g 534 AZ3g Ag 534s AZ3g A5g 53%s A3 A5g
Min 4.91 1.05 -1.84 1.53 0.68 -0.90 4.75 1.02 -0.62 5.02 1.58 -1.90
Mean 5.04 1.15 -1.40 4.40 0.91 0.37 5.43 1.13 0.09 6.19 1.80 -1.17
Median 5.01 1.14 -1.35 4.98 0.93 0.45 5.50 1.11 -0.05 6.30 1.81 -1.13
Max 5.19 1.25 -0.85 5.76 1.15 2.30 5.80 1.42 1.46 6.49 1.90 -0.56
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Fig. 12. Co/Ni ratio versus Bi (A), Ag (B) and Au (C) of pyrite types (Py) for each host rock under study, indicating significant trends for each one of them. Dotted
line = andesite (MA), dashed line = carbonaceous pelite (CP), dashed-dotted line = BIF.

2015a). The Cuiaba deposit is situated within a granite-greenstone belt,
and it is likely that some metals were leached from underlying intrusion
domes.

It is thus reasonable to assume that at Cuiabd Co/Ni ratios
mainly > 1 registered in all pyrite types arising from reducing fluid
conditions, which helped enhance the uptake of Ni into pyrite. The
relations between Co/Ni ratio and Au as well as Ag concentrations are
characteristic for each host rock. While BIF and andesite show relatively
dispersed patterns, the carbonaceous pelite fields (Bi and Ag) (Fig. 12A,
B) are more restricted.

8.2. Significance of trace element data of pyrite, pyrrhotite and arsenopyrite

Pyrite: The relation between pyrite types and trace element dis-
tribution is complex, and is initially considered separately for carbo-
naceous pelite, andesite and BIF. All the same, porous Py2 and smooth
Py3 are similar in their habit in all host rocks, and for this reason should
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allow the comparison of their trace element incorporation.

The Pyl shows a distinct geochemical signature when compared to
Py2 and Py3 in carbonaceous pelite (Fig. A4, top diagram). The re-
stricted range and high concentration of Co, Ni, As and Ag in Pyl may
be indicative of its syngenetic origin, whereas those of Py2 and Py3
imply a hydrothermal character with their variable trace element dis-
tribution (Fig. A4). These elements may be concentrated originally by
organic processes during sedimentation and diagenesis of organic-rich
sediments in an euxinic environments. Arsenic, Ni, Ag and Au (the
latter not detected in this study) could be released from organic matter
and concentrated in Pyl. As Py2 is formed after Py1, these elements and
some Au may have been released to the hydrothermal fluid (cf. Large
et al., 2011). Laser ICP-MS studies on sedimentary pyrites from the late
Archaean Hamersley basin by Gregory et al. (2015b) result in median
As/Ni ratios between 0.1 and 10. Most of the syngenetic to late di-
agenetic pyrite types of the carbonaceous pelite at Cuiabd have As/Ni
ratios within this range (Fig. 8). In contrast, with a few exceptions the
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Fig. 13. Andesite plots of pyrite spot analyses of the Cuiabé deposit (A-D). BIF plots of pyrite spot analyses of Cuiaba are compared with other orogenic gold deposits
(E-H). Au-Pb plot (A). Au-Bi plot (B). Au-As plot (C). Au-Ag plot (D). Au-Pb plot (E). Au-Bi plot (F). Au-As plot (G). Au-Ag plot (H). Reference data of other gold
deposits. Sulfide-rich BIF-hosted pyrite - Lamego orogenic Au deposit (Martins, 2016,); black-shale hosted pyrite - Golden Mile Au deposit (Steadman et al., 2015;
Steadman and Large, 2016); metasediment-hosted pyrite - Intrusion-related Telfer Cu-Au deposit. Rp, represent correlation coefficients for each pyrite type.

majority of As/Ni ratios of BIF- and andesite-hosted pyrite types
are > 10, suggesting that these elemental variations were much more
influenced by the hydrothermal fluid in the case of both these host
rocks, than in carbonaceous pelite.

Figure A4 demonstrates that the average As concentrations are
consistent throughout pyrite types, assuming similar paragenetic stages
for Py2 and Py3 in all host rocks. However, if the host rocks are sepa-
rately considered, As concentrations vary among them (Table 2). An
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increase of As, Bi and Pb from Py2 to Py3 in carbonaceous pelite is
likely to suggests their release from the hydrothermal fluid, and in-
corporation into Py3. Andesite and BIF display a reverse trend of As, Bi
and Pb between Py2 and Py3, showing depletion of Bi, Pb and As from
Py2 to Py3 (Table 2). It is noteworthy that whereas arsenopyrite (Apy1l
and Apy?2) is a significant phase in BIF, and minor in carbonaceous
pelite, it is absent in andesite where arsenian pyrite is present (Fig. 5).
The development of significantly more Apyl and Apy2 in BIF, and
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arsenian pyrite in andesite compared to arsenopyrite in carbonaceous
pelite, may explain the variability in the As behavior (Fig. A4), and the
related incorporation of As, Bi and Pb in arsenopyrite.

The binary plots displayed in Fig. 13 show that Au correlates well
with elements of crustal affinity, such as Bi and Pb. However, Au and As
in Py2 and Py3 in andesite and BIF are clearly correlated supporting
their hydrothermal origin. Late-stage Py4 and Py5 in BIF display a
different geochemical pattern (Fig. A4). The Py4 shows lower trace
element concentrations when compared to Py3, whereas Py5 exhibits
further enrichment in Co, Ni and Bi relative to all other pyrite types, as
well as Au concentrations of up to 2 ppm (Fig. A4).

Pyrrhotite: The trace element distribution in pyrrhotite (Fig. 10A, B)
differs completely from pyrite in terms of host rock and paragenetic
stage (Fig. 5). Although anhedral pyrrhotite in carbonaceous pelite
reveals Co concentrations below detection limits and Ni enrichment of
up to 1900 ppm, porous pyrrhotite in the same host rock is highly en-
riched in both Co (~500ppm) and Ni (~9000 ppm). Anhedral pyr-
rhotite represents the earliest formed hydrothermal sulfide (Fig. 5A, C);
in contrast, porous pyrrhotite is interpreted to have formed at an ad-
vanced stage (Fig.5I). In comparison, anhedral pyrrhotite in BIF is
approximately 100 times less enriched in Co, Ni and Pb. This seems to
indicate that the carbonaceous pelite was relatively rich in Ni, allowing
for the progressive fixation of this metal in pyrrhotite as this sulfide
mineral developed.

Since As is high (mean value 441 ppm) in BIF pyrrhotite, but not
detected in either anhedral or porous pyrrhotite of carbonaceous pelite,
it may be related to the formation of arsenopyrite at an earlier stage in
the BIF compared to its stage of development in carbonaceous pelite
(Fig. 4). Given that pyrrhotite does not hold gold or arsenic in its
structure (Large et al. (2011, and references therein), conversion of Au-
bearing diagenetic pyrite to pyrrhotite during greenschist and amphi-
bolite facies metamorphism releases invisible gold and arsenic into the
fluid. As a result Au-As-bearing ores in proximal or distal zones of
orogenic gold deposits are common (e.g., Buryak, 1982; Pitcairn et al.,
2006; Large et al., 2007; Tomkins, 2013).

Increasing Pb concentration from 150 ppm to 1700 ppm with
somewhat higher Ag in porous pyrrhotite of carbonaceous pelite im-
plies primary low Pb concentrations, and also late-stage hydrothermal
enrichment (Fig. 10B). In contrast, hydrothermally concentrated Ag is
similar to BIF pyrrhotite. Syngenetic arsenian pyrite may be converted
into pyrrhotite under greenschist facies conditions in carbonaceous
pelite (Large et al., 2011), and similarly to Au certain elements such as
Bi, Pb, S and As as already mentioned are released into the fluid. The
elevated Pb and Bi in late-stage porous pyrrhotite of Cuiabd may be
indicative of this conversion (Table 3).

As indicated in Fig. 10, showing early- and late-stage pyrrhotite
types, in the case of Cuiaba Co, Ni, Ag, Pb and Bi may also have been
released to/from the hydrothermal fluid, respectivley.

Arsenopyrite: Similar geochemical patterns are shown for arseno-
pyrite analyses (Fig. 10 C, D), which also indicate completely different
trace element patterns in BIF and carbonaceous pelite. For example: (1)
Apy in carbonaceous pelite has low Co (16 ppm) and Ni (5 ppm) con-
centrations; (2) Apyl in BIF shows low Co (16 ppm) and low Ni
(50 ppm); and (3) Apy2 in BIF has elevated Co (28 ppm) and Ni
(154 ppm), but lower As (up to 28 ppm) and Au (3 ppm) (Fig. 10).
Cobalt and Ni were probably present in the original carbonaceous pe-
lite, but both were hydrothermally enriched in the BIF as well as later in
carbonaceous pelite. Also noticeable are significantly higher Au con-
centrations in BIF Apyl (up to 53 ppm) in comparison to its Apy2. The
Apy1 of BIF is interpreted to be part of an early hydrothermal stage that
is linked to gold mineralization (Fig. 4). The Apy2 (Fig. 4), in contrast,
is interpreted to have formed during a late hydrothermal stage with
significant Co and Ni enrichments, but As depletion.
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8.3. Pyrite-related Au mineralization at Cuiabd

Fig. 13 shows the correlation of Au and certain trace elements like
Pb, Bi, As and Ag. Gold and Pb correlate positively with Py2 and Py3 in
andesite (Rpy2 = 0.25, Rpys = —0.29), with a decreasing trend from
early-stage Py2 to main-stage Py3 (Fig. 13A). The Au-Bi plot of ande-
site-bearing Py2 and Py3 shows that the majority of both pyrite types
have Au/Bi ratios > 1. The best correspondence displays Au and As
with a steep positive correlation between andesite Py2 (Rpyz = 0.49)
and Py3 (Rpy3 = 0.39). The majority of Py2 analyses plot at high As and
Au values, with a decreasing tendency from early-stage Py2 to main-
stage Py3 (Fig. 13C). The Au vs Ag binary plot shows no correlation for
andesite pyrite (Fig. 13D).

For BIF (Fig.13E-H), Au and Pb correlate positively in Py2
(Rpyz = 0.22); at the highest Pb and intermediate Au field, Py5 defines
one specific population (unfilled triangles), whereas the Py3 data are
scattered (Rpyz = 0.07) (Fig. 13E). Both Py2 and Py3 show a weak
positive correlation of Au and Bi with most of them having an Au/Bi
ratio > 1 (Rpyz = 0.36, Rpyz = 0.11). The Py5 is clearly separated
from Py2 and Py3 with Au/Bi ratio of < 1. The Au and As binary plot of
the BIF indicates a positive correlation for Py2 (Rpy, = 0.75), Py3
(Rpyz = 0.30) and Py5 (Rpys = 0.86), showing a decrease from early-/
main-stage Py2 and Py3 to late stage Py5 (Fig. 13G). Both Py2 and Py3
indicate a positive correlation of Au and Ag in BIF (Rpy, = 0.82,
Rpyz = 0.94). The outliers for Py3 may represent gold and-or silver
inclusions (Fig. 13H).

Compared to other orogenic gold deposits like the nearby QF BIF-
hosted Lamego deposit, the mafic rock-hosted Golden Mile (Steadman
and Large, 2016), and metasedimentary-hosted Telfer deposits in Aus-
tralia (Schindler et al., 2016), a similar correlation pattern is illustrated
(Fig. 13D, E, F), although it is noticeable that the Cuiaba and Lamego
data are slightly different. For example, both QF deposits yield partly
higher Au:Ag ratios independent of pyrite type, and some higher As
values are related to higher Au concentrations. There is a strong Au-As
correlation with decreasing Au and As concentration from early-stage
Py2 to main-stage Py3 in andesite, and from Py2, Py3 to Py5 in the BIF
(Fig. 13E, F). This probably reflects Au released from Pyl in carbo-
naceous pelite, or organic matter. Alternatively thus may represent Au
directly precipitated from hydrothermal fluid during shear zone activity
(Cook et al., 2009; Large et al., 2011).

Reich et al. (2005) demonstrated that the maximum possible gold
amount in solid solution in pyrite depends on the As content of this
sufide mineral. The As-Au relationship in pyrite has proven to be useful
for distinguishing between the refractory and free gold ores (e.g., Large
et al., 2007, 2009, 2011; Thomas et al., 2011). A comparison study of
VHMS and orogenic gold deposits by Belousov et al. (2016) shows that
most of the Au-As associated orogenic gold deposits, with high Au and
As contents in pyrite, have the majority of their Au in refractory form.
The Sao Bento orogenic gold deposit in the QF, where Au is mainly
associated with arsenopyrite, shows the same refractory nature for Au
(Pereira et al., 2007). A few examples in the Yilgarn craton such as St.
Ives, Kanowna Belle, Lancefield and Youanmi, as well as deposits in the
Au-As-Te association (e.g. Golden Mile and Chalice), also have sig-
nificant amounts of Au as inclusions (Belousov et al., 2016). Those
pyrites from Au-As ores have Pb/Bi > 5 (Belousov et al., 2016), which
is in accordance with the Cuiaba Pb/Bi ratios ranging between 9 and 70
for andesite pyrite, and between 29 and 300 for BIF pyrite.

In Fig. 14, LA-ICP-MS spot analyses of pyrite (Table 2), which plot
above the maximum saturation line (yellow field) contain free gold
inclusions (one analysis point), whereas analyses plotting below the
line contain refractory gold in pyrite. Lattice-bound or evenly dis-
tributed nano-inclusions, and inclusion-related analyses are differ-
entiated based on LA-ICP-MS spectra, in order to plot the data of Fig. 14
(see section on Materials and Methods). The Cuiabd data (Fig. 14)
suggest that the maximum Au solubility line might be lower for pyrites
in BIF and in andesite than previously determined by Reich et al.
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Fig. 14. Au-As solubility plot for pyrite types (Py)
from the Cuiab4 orogenic gold deposit with the Au-
As solubility line for pyrites described in Reich et al.
(2005), and modified (red stippled line) with regard
to the Cuiaba pyrite data. MA = andesite. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 15. Sketch of five-stage pyrite (Py) evolution, taking into account timing evidence and trace element (TE) trends of pyrite types. Pyl only observed in car-

bonaceous pelite. Late-stage Py4/Py5 only observed in BIF.

(2005), implying that more Au forms inclusions rather than stays in the
pyrite structure. A simpler explanation might be that at Cuiab4 the fluid
had lower gold content, and that most of the Au was present in native
form. Assuming that all native gold was precipitating at the same time,
less gold would be available to form as inclusions in pyrite.

8.4. Pyrite evolution at the Cuiabd deposit

By combining paragenetic evidence of timing and geochemical
trends of trace elements in the different pyrite types in carbonaceous
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pelite, BIF and andesite, a five-stage evolution is proposed (Fig. 15).
From Fig. 15 it is clear that geochemical and petrographic overlaps are
reasonable between evolving pyrites types. Parallel to this, the in-
dividual paragenetic stages of pyrite, pyrrhotite and arsenopyrite are
compared to trace possible relations.

Carbonaceous pelite has a syngenetic, spongy Pyl that is char-
acterized by consistent high trace elements (As, Co, Ni, Pb, and Ag),
which results in Py2 forming due to the aggregation of Pyl. Although
Py2 partly inherited the geochemical features of Pyl (Figs. 8, A4), it
shows an irregular distribution pattern, and generally lower values
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(also a decreasing signature) in trace element distribution. Therefore,
this second type Py2 is interpreted to be i) late diagenetic based on the
assumption that Py2 is made up by the accumulation of Pyl through
pressure, and resulted in its porous nature, and-or ii) early hydro-
thermal based on its irregular trace element concentration, indicating
an inherited, as well as hydrothermal fluid signature, correlated to its
main gold and As enrichment (Fig. 15). The rather irregular distribution
pattern acquired by Py2 may have resulted from somewhat unbuffered
conditions that must have prevailed during these relatively early hy-
drothermal alteration stages.

Banded iron formation and andesite have average Au concentrations
that are significantly higher in Py2 than in Py3. Interestingly, the
geochemical signature of Py3 in pelite is somewhat similar to that of
Pyl, with data distribution better constrained, forming data population
(Fig. 8) that is better defined than that of Py2. This may be interpreted
as evidence for Py3 having equilibrated from a higher fluid-rock ratio
during its formation, and after buffering was achieved (Fig. 15), and
probably marks the main hydrothermal stage. The Py3 in BIF and an-
desite evolved from a fluid rich in trace elements acquired from earlier
sulfide phases, or inherited in the fluid, but under better buffered
conditions between host rock and fluid.

Cobalt and Ni increase from Py2 to Py3, whereas As and Au de-
crease from Py2 to Py3 in andesite and BIF. It is likely that Co and Ni
are akin to the main and-or late hydrothermal stage when Py3 devel-
oped, with As and Au probably being early hydrothermal related to
Py2. Despite the low trace element concentrations in late-stage Py4 in
BIF, there is an increase, especially in As, Bi, Co and Ni, during late-
stage Py5, suggesting a possible new hydrothermal input (Fig. 15).

In order to better constrain the development path of the pyrite
generations, integration with data from the other sulfide minerals, the
correlation to geological and fluid data as well as to deformation events
is necessary, so that one can deduce the physico-chemical conditions of
distinct fluid stages and their evolution through time (Tardani et al.,
2017). Neither in BIF, nor in carbonaceous pelite, has the early-stage
anhedral pyrrhotite shown high Co concentration. However, significant
Co (and Ni) enrichment in late-stage pyrrhotites and in arsenopyrite
suggest that the mineralizing fluids carried these elements. Cobalt in
pyrrhotite and arsenopyrite is ten times higher in carbonaceous pelite
than in BIF, suggesting that the pelite was probably pre-enriched in
trace elements (Fig. 10), and reacted better in reducing trace elements
in the sulfide minerals when compared to the geochemically poorer BIF.
Alternatively, the BIF might have other minerals that acted as sinks for
Ni and Co and may not have released them into the fluid.

Ribeiro Rodrigues (1998) studied least altered and hydrothermally
altered samples of two Cuiaba BIF types, and mafic volcanic and pelitic
rocks of the Fonte Grande Sul (FGS) orebody at the Cuiaba deposit. The
Cuiaba BIF characterized by dark quartz-carbonate layers (dominated
by carbonaceous matter) revealed Co values of < 10ppm and Ni
concentrations up to 33 ppm. Whole rock geochemistry of the Serro-
tinho and Canta Galo gold orebodies (Fig. 2) displays Co values of up to
53 ppm. The BIF characterized by light quartz-carbonate layers has
relatively lower Co and Ni concentrations of < 10 ppm. Cobalt con-
centrations in the least altered mafic volcanic rocks range between 49
and 84 ppm, with Ni between 50 and 76 ppm. Where altered, these are
slightly more enriched with Co up to 90 ppm, and Ni values up to
263 ppm. In comparison to the Cuiaba BIF, Ni concentrations in the
carbonaceous pelite are relatively high up to 94 ppm, whereas Co va-
lues are < 10 ppm (Ribeiro Rodrigues, 1998).

Enrichment of Co and Ni may have been associated with fluids that
have leached metals from mafic/ultramafic units (Simard et al., 2013).
These lithotypes are characteristic components of Archean greenstone
belts, with the former making up a large part of the Cuiab4 stratigraphy.
The consistent Ni > Co abundance is observed in pyrrhotite, arseno-
pyrite and pyrite (except in pyrite of the carbonaceous pelite) and is
likely due to pre-enrichment of Co. Such enrichment of Ni over Co in
sulfide minerals has been attributed to precipitation from lower
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temperature fluids (Co-rich pyrite being typical of higher temperature
conditions) (Huston et al., 1995; Maslennikov et al., 2009), and/or
fluids of higher fS, (Maslennikov et al., 2009, and references therein).
Similar Co-Ni partitioning may be also relevant to pyrrhotite and ar-
senopyrite.

8.5. Sulfur source

Tracing the origin of sulfur places strong constraints on the origin of
Au, because the transport of Au in hydrothermal fluids of orogenic gold
deposits is generally assumed as bisulfide complexes (e.g., Agangi et al.,
2016; Gregory et al., 2016), and the same applies to the Cuiabé deposit
(Lobato et al., 2000). In Archean age rocks, the differentiation between
a sedimentary S source and a hydrothermal S source can be aided by the
degree of MIF of sulfur (Farquhar et al., 2000). This degree is given by
the magnitude of the A®3S value and provides important information on
the provenance of the S analyzed, wether S is sedimentary or hydro-
thermal (Gregory et al., 2016).

The §*S isotope signature is extremely variable for orogenic gold
deposits (data for all ages of deposits range between 0 and + 10%o)
(Golding et al., 1990; Kerrich, 1987, 1979; Nesbitt, 1991; Partington
and Williams, 2000; Brown et al., 2003; Biihn et al., 2012; Ribeiro et al.,
2015; Steadman et al., 2015; Gregory et al., 2016; Selvaraja et al.,
2017a, b; LaFlamme 2018). Earlier data by Lobato et al. (2001a,b,c)
show 8*S in pyrites and pyrrhotites associated with the ore zones
varying from +1.4 to 5.6%o. Biihn et al. (2012) studied pyrite and
chalcopyrite in BIFs from the QF, including the Cuiabéd and Sao Bento
mines. The pyrite analyses show a distinctive displacement towards
positive A%3S between 0.9 and 2.2%o, which suggests a significant MIF
effect (Table 7).

Photochemical reactions that result in the MIF signature have two
main products: (1) sulfate, and (2) elemental S aerosols (largely Sg;
Farquhar et al., 2000). These two main products have very different
A%3S signatures, with Sg having positive values, and sulfate negative
values that allow determination and interpretation of the source of S in
pyrite. If the S source was magmatic or mantle derived, the expected
A33S signature should be 0%o (Farquhar and Wing, 2003). Near zero
A%3S and 8%%s signatures reflects a H,SO4 source. Given the photo-
chemical experiments from various studies, in environments where the
magnitude of A3S is relatively low varying from —1%o to + 1%o, it has
been established that the relationship between the A*3S and A®S may
be used to differentiate contributed MDF-S and MIF-S processes, but
may attain a wide range (Johnston, 2011; Wacey et al., 2015; Selvaraja
et al., 2017a,b). The MDF-S is primarily powered by biological pro-
cesses, and can create small A%3S and A3°S signatures (Johnston, 2011).
In contrast, MDF-S derived A*3S and A®®S anomalies would lay along
the fractionation array of —7 to —9 (Wacey et al., 2015; Roerdink
et al., 2016; Selvaraja et al., 2017a). Large biologically derived MIF-S
signatures require significant fractionation of 84S to very positive or
negative values (Jamieson et al., 2006), whereas the maximum biolo-
gically derived MIF-S signature is dependent on the §3'S variation.
According to Selvaraja et al. (2017a), smaller and giant gold deposits
differ in their A®3S/A35S ratios, reflecting different ranges of sulfur re-
servoirs and processes. Smaller deposits are assumed to represent a
single sedimentary sulfur source with a coherent Archean A%3S/A36S
signal (~0.9-1.5), whereas giant deposits may require sourcing from a
wider range of sulfur reservoirs, indicating a random A33S/A3°S slope
(Selvaraja et al., 2017a). For example, the Australian Golden Mile and
the Plutonic gold deposits indicate A>*S/A3°S arrays of 2.2 and -0.37,
respectively (Selvaraja et al., 2017a).

Our 8%*S values show a narrow range between 1.78 and 6.90%o,
representing MIF-S anomalies in the Cuiabd data, which is caused by
photochemical processes (Fig. 16A). The average array of our A%3S/
A39S results is —0.5 for all pyrite types, and from all host rocks, plotting
outside the accepted MIF-S Archean array of —0.9 (Johnston, 2011;
Zerkle et al., 2012), with MDF-S array ranging from -9 to -7 (Wacey
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Fig. 16. A%3S-83*S plot of pyrite types (Py1, Py2, Py3, Py4 and Py5) (A) independently from host rocks. The A*S and §3S error bars (20) are graphically represented
in both directions. The pyrite A%3S-8%*S plot shows seawater sulfur source of syngenetic pyrite, and mixed seawater sulfate with mantle sulfur of the modified
syngenetic pyrite in carbonaceous pelite. The Py2 and Py3 display an increasing crustal assimilation up to Py4 and Py5. The pyrrhotite A>*S- 84S plot (B) shows the
increasing tendency from early- to late-stage pyrrhotite in BIF-related pyrrhotite and carbonaceous pelite-hosted pyrrhotite.

et al., 2015) (Fig. 11B), and displaying weak R? correlations of 0.22.
Early- and late-stage pyrrhotite at Cuiaba display a similar behavior,
with a slope of 0.4 and a R? correlation of 0.14. Mixing of MID-S and
MDEF-S can be ruled out, because it is not possible to generate this array
of -0.5 (solid line in Fig. 11B) (Wacey et al., 2015, Selvaraja et al.,
2017a). Instead, it is more likely that this difference reflects sourcing
from multiple reservoirs, including sulfur from seawater sulfate (S*;
this is reduced (S°) and fractionated, resulting in an A®3S-A3°S array
trending from the top left to the bottom right quadrant in Fig. 11B.

According to Ohmoto et al. (2006), A%®*S as well as A**S anomalies
could be derived from abiotic processes during diagenesis like ther-
mochemical sulfate reduction (TRS). Experimental TRS simulations
revealed a typical MIF-S range for A®®S values between 0 and 1%o
(Oduro et al., 2011). The A%®S values of the Cuiaba diagenetic and
hydrothermal pyrites fall outside this range (Fig. 11B), suggesting that
sulfur in this study is derived from a source that preserves Archean
photochemical reaction products, such as the carbonaceous matter-
bearing Cuiabé BIF and carbonaceous pelite itself.

The scattered data in the top right quadrant of Fig. 11B are un-
common for orogenic gold deposits, but comparable with data obtained
by Selvaraja et al. (2017a), who interpreted this fractionation pattern as
a Sy signature. This trisulfur radical ion becomes dominant at tem-
peratures above 250 °C and pressures over 0.5 GPa (e.g., in hydro-
thermal fluids that source porphyry-epithermal mineral systems), but
for orogenic gold deposits the low solubility of pyrite at above 500 °C is
the major limiting factor for S3~. There are very few orogenic gold
systems above 500 °C. Therefore, S5 is capable of concentrating Au only
at hot stages of metamorphism (500-700 °C), where S;~ concentrations
are high enough to yield Au-enriched fluids within hypozonal orogenic
gold systems (Pokrovski et al., 2015), but not relevant for mesozonal
orogenic gold systems.

In the carbonaceous pelite, Pyl yields significant negative A33S
(-2.28 to -1.97%o; Fig. 16A), a signal interpreted to be derived from
seawater sulfate (Ono et al., 2003). This syngenetic pyrite with negative
A®3S values is more likely to have formed earlier during diagenesis, and
at a time when a greater amount of free sulfate was available compared
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to pyrite with a positive A>3S value. Another population of Pyl with less
negative A%3S values (-0.96 to —0.25%0) may represent modification of
seawater sulfate with mixed mantle sulfur carrying a near-zero A*S
signature (Fig. 16A). It may also indicate that the fluid mixed with S of
positive A%3S signature, as sedimentary pyrite usually has a positive
A%3S (Gregory et al., 2015b; LaFlamme et al., 2018). The lowermost
eight results of Py2 and one of Py3, all in carbonaceous pelite, plot close
to the MDF field, suggesting that the interaction of the gold miner-
alizing fluid with these grains was somewhat insignificant, since the
sulfur isotope record has been maintained with a similar signature to
that of Pyl. As fluid-rock ratio increased, an increase in A®>S values is
attained, roughly above 0.5%o (Fig. 16A).

In andesite and BIF, early-stage Py2 and main ore-stage Py3 are
characterized by positive A®3S trends without exception, indicating that
an external, sedimentary-derived S source interacted with these rocks
(Farquhar et al., 2000; Farquhar and Wing, 2003, 2005). The euhedral
overgrowing Py3 rims show a shift towards higher positive A>*S values
(~0.9%o), pointing to advanced crustal assimilation under sedimentary
influence. Late-stage Py4 and Py5 show an even greater shift towards
higher positive A3S values, thus representing the pyrite types that were
most influenced by the interaction with sedimentary rocks (Fig. 16A).
Positive A®3S values are also indicative of relatively late formation of
the pyrite because S® is less readily available to be incorporated into
pyrite and is thus incorporated into pyrite later during diagenesis
(Johnston, 2011). A similar development pattern is shown by early- to
late-stage pyrrhotite hosted in the BIF and carbonaceous pelite
(Fig. 16B). Laser in-situ fluid inclusion data by Kresse et al. (2018,
under review) have shown that sedimentary-derived elements (espe-
cially Pb, Zn, and Cu) are consistent with these findings.

8.6. Comparison with other orogenic gold deposits

Multiple sulfur isotope studies by Ribeiro et al. (2015) undertaken
for the turbidite-hosted Cérrego do Sitio gold district, also situated in
the QF, show A33S values of hydrothermal pyrite ranging from +0.27
to +3.46%o0, and from +0.7 to 2.0%0 for pyrrhotite, both ranges
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approximately similar to the Cuiaba data. In contrast, the §*S sig-
natures of pyrrhotite are slightly different in the order of -2.9
to +0.1%o (Table 7). Ribeiro et al. (2015) also suggest that the hy-
drothermal fluid responsible for gold mineralization at Cérrego do Sitio
interacted with the host metasedimentary sequences during its as-
cending path.

Comparing Cuiaba with other orogenic gold deposits of Archean and
Paleoproterozoic ages worldwide, e.g. deposits in the Kalgoorlie Au
district in Australia (Golden Mile and St. Ives), orogenic gold deposits in
West Africa and those hosted in the Barberton greenstone belt in South
Africa, the sulfur isotope data at Cuiaba is distinctly different.

For example, A%3S signatures of ore-related pyrites in the Golden
Mile and the St. Ives deposits range around near-zero values and from
-0.13 to +0.24%o, respectively (Steadman et al., 2015; Gregory et al.,
2016). Diagenetic pyrite nodules from carbonaceous shales within the
deposit contain cores with negative A%3S values, whereas the nodule
rims display positive A>3S values of the Golden mile deposit (Steadman
and Large, 2016). Sedimentary pyrite of the St. Ives Au deposit yields
two A®3S ranges from 0.7 to 2.4%o, and from -0.9 to +0.1%o (Table 7).
Especially noticeable are the negative §3*S ranges as low as —10%o for
the ore-stage pyrites in the Golden Mile deposit, and as low as —8.5%o
in the St. Ives Au district (Table 7), suggesting the presence of oxidizing
fluids in the ore zones. All sulfide studies undertaken for Cuiab4 show
only positive §**S values, suggesting reducing fluids with fO, at a
narrow range, below the %SO5-H,S boundary (Ohmoto and Rye, 1979),
as previously suggested by Lobato et al. (2001c).

An important point to be explored is that the Rio das Velhas
greenstone belt is sediment-dominated with depositional characteristics
that are similar to other Archean sedimentary-dominated greenstone
belts in the world (e.g., Ootes et al., 2011; Anhaeusser, 2014), e.g. the
Yellowknife Supergroup, where sedimentary rocks dominate (e.g.,
Condie, 1981; Helmstaedt and Padgham, 1986). The latter is composed
of widespread turbidites (Burwash-Wash Formations) derived from
granite-gneiss, as well as felsic and mafic volcanic rocks (Taylor and
McLennan, 1985). The influence of the large amount of chemical and
clastic sedimentary rocks of the Nova Lima Group with regards to fluid-
rock interaction and the impact on potential metal sources may be
significant and of great interest for the Rio das Velhas greenstone belt.
According to Guy et al. (2012), the depositional environment also af-
fects the S isotope signature; this is the case of deep, tectonically
quiescent sedimentary environments that have only positive A*3S sig-
natures characteristic of elemental sulfur. Given that the Cuiaba deposit
is situated in the metasedimentary-rich Rio das Velhas greenstone belt
(Baltazar and Zucchetti, 2007), the sulfur source of early-, main and
late-stage pyrites must have been supracrustal, either clastic-sedimen-
tary or metavolcanic rocks, and BIF.

8.7. Implications for exploration

The identification of the main sulfide phases such as pyrite, pyr-
rhotite and arsenopyrite (Fig. 4) provide a substantial advantage for the
exploration at the Cuiaba mine, because gold mineralization is related
to different paragenetic stages of these sulfide minerals. Once described
and paragenetically constrained, these sulfide types may be dis-
tinguished by the exploration geologists with the naked eye, which
canaid the day-to-day drill core descriptions with the indication of the
main ore-stages Py2 and Py3, especially in BIF and andesite.

The present study has shown that the main ore-stage pyrite types are
porous Py2 and smooth (clean) Py3 in BIF and andesite, which also
incorporate other metals such as As, Co, Ni, Pb, Bi and partly Mn and Ag
at appreciable concentrations. Metal associations, e.g., As-Au, Au-Ag,
Co-Ni, Ag-Pb and Ag-Bi may reflect the fluid signature as well as the
type of fluid-rock interactions, thus representing prevalent physico-
chemical conditions at the time of gold mineralization. Overall, the
main Au-metal associations are Au-Pb, Au-Ag and Au-As, whereby the
Au-As solubility plot by Reich et al. (2005) (Fig. A1) may distinguish
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between refractory and inclusion-related Au in pyrite based on the As
concentration data. Our data indicate that more Au forms as inclusions
rather than stays in the pyrite lattice, which could improve the mine
productivity in terms of metallurgical process and decrease of the cut-
off grade. Also, these metal associations are potential path finder ele-
ments in exploration efforts.

Multiple sulfur isotope analyses indicate different ranges of sulfur
reservoirs and processes. According to Selvaraja et al. (2017a), the
A®3$/A35S ratio in particular of pyrite analyses may be a new tool to
categorize concealed Au resources in the QF and elsewhere.

9. Conclusions

A detailed classification of five pyrite types, in syngenetic, early,
main and late, epigenetic-hydrothermal stages, in three different host
rocks (carbonaceous pelite, BIF and andesite) has been the basis to
unravel certain metal associations linked to distinct evolutionary stages
at the world-class, BIF-hosted, Cuiabd orogenic gold deposit in the
Archean Rio das Velhas greenstone belt. The classification also allowed
the pursuit of the sulfur isotope history at Cuiab4, leading to inferrences
regarding mineralizing fluid source(s). These are the highlighted points:

(i) Ore petrography and sulfide textures: Five pyrite types are identi-
fied, with a syngenetic, spongy Pyl present only in carbonaceous
pelite; porous, early-stage Py2 is made up of Pyl in pelite, and
typically forms the central portion of pyrite grains in andesite and
BIF. Euhedral, main-stage Py3 appears along pyrite borders and
overgrows Py2; late stage Py4 and Py5 form smooth euhedral
grains in BIF (Fig. 5).

(ii) LA-ICP-MS data results: Pyl has high As, Co, Ni, Pb and Ag con-
centrations, indicating syngenetic metal enrichments (Figs. 8,
A4). As Py2 results from Pyl by clustering, the high trace element
concentrations are maintained, although with a large variability,
which may be interpreted as unbuffered conditions and dissolu-
tion-reprecipitation reactions at this stage. Early-stage Py2 and
main-stage Py3 show an increase of Co and Ni, but a decrease of
Au and As. Late-stage Py4 is characterized by lower trace element
concentrations; Py5 indicates an enrichment in As, Bi, Co, Ni and
Pb (Fig. A4).

(iii) Co/Ni ratios versus Bi, Ag and Au: Pyrites have Co/Ni < 1, which
is also characteristic of most syngenetic and epigenetic-hydro-
thermal pyrites of orogenic Au deposits. The Py2 and Py3 are
more variable with some Py2 having Co/Ni ratios > 1 (up to 2.6
and 7.9). Three possibilities are suggested: 1) Higher Bi con-
centrations may be interpreted as Bi-Au-(Pb)-bearing inclusions
of tellurides in pyrite. 2) Bismuth and Au may be more easily
accumulated into the pyrite lattice if As is present and substituted
into the Fe site of pyrite. 3) Bismuth enrichment and present Bi-
bearing inclusions may suggest the contribution of felsic mag-
matic hydrothermal fluids, or leaching of granitoid rocks during
fluid transport along its pathways. Regarding the Cuiaba orogenic
gold deposit, for the scenario where As is present in pyrite, the
second possibility is most likely.

(iv) Pyrite-related Au mineralization: There is strong Au-As correlation
with decreasing Au and As concentration from early-stage Py2 to
main-stage Py3 in andesite, and from Py2 and Py3 to Py5 in BIF
(Fig. 13). This probably reflects Au having been released from
Pyl of carbonaceous pelite, or from organic matter, or alter-
natively represents Au directly precipitated from hydrothermal
fluid during shear zone activity. Using the As-Au relationship
documented in hydrothermal pyrites (Reich et al., 2005), we
propose that more Au forms inclusions than stays in the pyrite
structure in BIF and andesite pyrites at Cuiaba (Fig. 14).

(v) Pyrite evolution: Paragenetic evidence of timing and geochemical
behavior of trace elements in early-, main-, and late-stage pyrite
types in carbonaceous pelite, BIF and andesite indicate a five-
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stage evolution as shown in Fig. 15.

(vi) Sulfur isotope data: Pyrite &3S values range from 1.78
to +6.90%o, A*S from -2.28 to +1.73%o, and A®°S from -2.04
to +3.19%o (Fig. 11). Noticeable are 1) Negative A33S values for
the syngenetic Pyl in carbonaceous pelite, 2) Only positive A>3S
values for other pyrite types in all other host units, 3) Lack of
negative 83*S values for samples analyzed.

(vii) Sulfur source: It is suggested that Pyl of the carbonaceous pelite

was deposited in a seawater environment (non-zero A*3S), and

later mixed with mantle sulfur carrying a near-zero A%3S sig-

nature or alternatively a different sedimentary source with a

positive A%3S (Py2 carbonaceous pelite; Fig. 13). Early-, main-

and late-stage hydrothermal pyrite types (Py2, Py3, Py4 and Py5)
in BIF and andesite present a continuous process of crustal as-

similation (only positive 8%4s and A®3S values) (Fig. 16).

Implications: The identification of the main ore-stage pyrite types

(Py2 and Py3) can aid in the drill core description by mine

geologists. Porous Py2 and smooth Py3 in BIF and andesite also

incorporate trace metals such as As, Co, Ni, Pb, Bi and partly Mn
and Ag, reflecting fluid signature and fluid-rock interactions. The

A%38/A35S isotope ratio could be used as a tool of categorization

between small and giant-scale gold deposit following what is

postulated by Selvaraja et al. (2017a), and shown in Fig. 11B.

(viii)

This study shows that trace elements such as As, Co, Ni, Pb, Ag and
Au are either only hydrothermally concentrated and/or pre-enriched in
each host rock, since paragenetic and hydrothermal stages of pyrite,
pyrrhotite and arsenopyrite differ in their trace element signatures.

The Cuiaba deposit is closely associated with metasedimentary
rocks in the Rio das Velhas greenstone belt, which has significant im-
plications for potential metal sources, trace element concentrations and
distributions as well as sulfur isotope signatures.
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Chapter 4
Final considerations

To finalize, we aim to establish a linkage between the hydrothermal fluid evolution of the andesite-hosted,
quartz vein-associated VQZ orebody and the pyrite evolution including metal and sulfur isotope variations in
sulfides from the BIF-hosted FGS orebody at the Cuiab4 orogenic Au deposit. Based on microthermometry and
LA-ICP-MS studies on fluid inclusions and LA-ICP-MS analyses on sulfide minerals we try to connect fluid
characteristics and the possibility for the trace metal transport.

The first hydrothermal pulse (1% pulse fluid) includes the development of V1 shear to V3 extensional array
veins, and is characterized by an aqueous-carbonic, low to moderate saline, high temperature fluid (Fig. 13,
Chapter 2), which probably transported certain trace metals complexed with sulfur. In contrast, the second
hydrothermal pulse (2" pulse fluid), comprising the late-stage V4 development, shows an aqueous-carbonic,
low to moderate saline and clearly cooler fluid (Fig. 13, Chapter 2), which probably limited the capacity of trace
metals being transported as efficiently, and thus precipitated. This may explain the relative abundance of trace
elements.

An attempt to attribute trace element signatures in FIAs to trace element signatures in different pyrite
generations is performed. Pyl in the carbonaceous pelite does not correspond to hydrothermal stages, as we
assume a syngenetic origin for Pyl, and should not be considered in this final discussion. Early-stage Py2 is
considered part of the 1* pulse fluid corresponding to the V2 vein development. This is based on higher As and
Au contents in Py2 than in Py3 (Fig. A4, Chapter 3), as well as lower As and Au concentrations in FIAs of V2
veins compared to V1 and V4 veins 9Fig. 9, Chapter 2). This implies an early precipitation of As and Au. Main-
stage Py3 is characterized by lower Ag, As and Au concentrations in comparison to early-stage Py2 (Fig. A4,
Chapter 3). For example, Ag values increase in FIAs from V1/V2 to V3 extensional array veins (Fig. 9, Chapter
2), while Ag concentrations indicate a decreasing tendency from Py2 to Py3. Py3 is also related to the 1* pulse
corresponding to the V3 vein development. Both late-stage Py4 and Py5 may be attributed to the 2™ pulse and
non-mineralized late-stage V4 vein generation by comparing the reverse trend of lower (decreasing) Pb and Mn
concentrations in FIAs trapped in V4 and higher (increasing) Pb and Mn concentrations in Py4 and Py5 (Fig. 9,
Chapter 2; Fig. A4, Chapter 3). Further, analyzed Au concentrations in FIAs in late-stage V4 veins and the lack

of Au values in late-stage BIF-hosted Py4 and Py5 types suggest that Au stayed in the fluid and was not
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precipitated (in this case in BIF-hosted pyrites) as conditions for Au precipitation and mineralization probably
were not attained at this stage.

Both studies show that the ore-forming fluid was geochemically influenced by sedimentary units of the
Archean Rio das Velhas greenstone belt. Indications from the fluid inclusion work are noticeable Pb and Zn
concentrations in FIAs trapped in quartz of gold mineralized veins of the VQZ orebody. The sulfide mineral
study of the FGS orebody provides multiple sulfur isotope data clearly demonstrating sedimentary-derived
sulfur in analyzed pyrites and pyrrhotites (Fig. 16, Chapter 3).

One of the many remaining questions is: How does a two-pul se hydrothermal fluid evolution implicates a five-
type pyrite evolution?

Independent whether a quartz vein-associated, andesite-hosted orebody or BIF-hosted orebody, the ore-
forming fluid responsible for the Archean gold mineralization at the Cuiabd orogenic gold deposit is the same.
The key difference is that the VQZ orebody hosts gold mainly as free gold in quartz veins, whereby the BIF-
hosted FGS orebody hosts gold mainly as lattice-bound, or even finely distributed nano inclusions in pyrite,
arsenopyrite and pyrrhotite. At this, we have to consider that gold precipation can take place in different ways,
pressure release and replacement. Free gold in andesite-hosted quartz veins is predominantly precipated by
pressure release as Fe-minerals (sulfide minerals) are rare, and therefore the possibility of replace Fe in sulfide
minerals is not available. Commonly gold substitute the Fe site in pyrite, arsenopyrite and pyrrhotite, what is
indicated by lattice-bound Au and nano inclusions, replacing sulfide minerals in the BIF-hosted FGS orebody.

Laser ICP-MS analyses demonstrate Au concentrations in FIAs trapped in V1, V2 and V4 veins indicate that
not all Au was precipitated, and that therefore other ideal mechanisms for metal precipitation may have been
achieved elsewhere as well. Further, future studies should involve analyzing sulfide minerals, particularly pyrite,
in quartz veins of orebodies such as VQZ to determine their composition, and to have a straight comparsion of
the fluid development together with the precipitation and mineralization event. Based on the obtained data of the
present study we assume that pyrite in quartz veins may be depleted in trace elements since FIAs trapped in late-
stage V4 veins show appreciable concentrations of As, Au, and Ag = Pb £ Zn + Cu (Fig. 9, Chapter 2), and late-
stage BIF-hosted pyrites Py4 and Py5 display lower trace element contents compared to early- and main-stage
pyrites Py2 and Py3 (Fig. A4, Chapter 3). In addition, multiple sulfur isotope studies, especially the §33S-A3*S
relation, indicate the tendency that the fluid/rock ratios from Py2 to Py5 decreases by an increasing §*3S and
A*S values (Fig. 11, Chapter 3). This implies that sulfur is continuously buffered and exhausted via pyrite

formation from Py?2 to PyS5.
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In conclusion, Py2 and Py3 pyrite types represent the peak of the Archean gold mineralization event at the
Cuiabd orogenic gold deposit, which is supported by geochemical and isotopic trends provided by LA-ICP-MS
and multiple sulfur isotope analyses. In combination with the conducted fluid inclusion study, the FIA
characteristics and quartz vein development may be related to the pyrite evolution, showing decreasing metal

contents in the fluid and increasing tendencies in certain pyrite types and vice versa.
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Chapter 5

Conclusions

The fluid inclusion and sulfide mineral study, both conducted at the Cuiaba orogenic gold deposit, support the

following final considerations:

1y

2)

3)

4)

In general, the fluid inclusion study point out to the development of the quartz vein-associated VQZ ore
body within two distinct hydrothermal pulses. The investigated ore body comprises a vein system
constisting of V1 shear veins, V2 extensional vein (V1 and V2 with visible gold), and V3 extensional array
and V4 extensional (late-stage) veins. Thereby, early-stage, anhedral Qz1 develops to a granoblastic Qz2,
and a late-stage, euhedral Qz3 during the first hydrothermal pulse represented by V1, V2 and V3 veins.
Late-stage V4 veins are interpreted to be related to the second hydrothermal pulse, where the anhedral Qz5
develops, bearing morphological and fluid inclusion characteristica similar to Qz1.

Microthermometric measurments, ion chromatography and LA-ICP-MS analyses on aqueous and aqueous-
carbonic FIAs trapped in the different quartz types indicate a fluid signature of the ore-forming fluid
responsible for the mineralized quartz veins of the VQZ ore body, which is typical for orogenic gold
deposits, i.e., low- to moderate-salinity (4.0-10.0, up to 15 wt % NaCl equiv), presence of CO,, CHs4, N, and
minor HS". Intermittent phase immiscibility as well as heterogeneous entrapment resulting from intermittent
partial mixing of two or more ore fluids may be considered as the principal fluid processes leading to the
formation of the Cuiabd orogenic gold deposit.

It is clearly shown that trapped fluid inclusions do not represent the pristine fluid. Ion chromatography and
LA-ICP-MS data in FIAs display the fluid-rock interactions between quartz veins, i.g. i) Na decreases in V2
relative to V1 and V3 veins; ii) Sr increases in V3 and V2 relative to V1; iii) K continously decreases from
V1 to V4; and iv) Ca is relatively higher to Na and K concentrations in V2 in comparison to V1, V3 and
V4. The Cuiaba orogenic gold fluids demonstrate distinct Cu, Zn and Pb enrichments in the FIAs of Cuiaba,
which are similar to other deposits hosted in the RVGB (Lamego and Coérrego do Sitio). These values, in
the range of 100 to 1,000 ppm, may have been caused by interaction with i) metalliferous black shales; and
ii) the (meta)sedimentary rocks that dominate the RVGB.

The fluid inclusion results provide an excellent opportunity to classify shear and extensional veins and help
identify a true relative evolution of the different vein types in the orogenic gold deposits of the QF. The

similar geochemical affinity of the Cuiaba veins, suggesting they are all part of the same hydrothermal
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5)

6)

7)

8)

event. This event is characterised by two main pulses, with the first displaying changing physico-chemical
parameters due to fluid-rock reactions and fluid dynamic processes. This particularly becomes apparent in
the recorded Au concentrations of FIAs trapped in the main hosts for the mineralisation of the VQZ ore
body (Qz1-V1 shear and Qz2-V2 extensional veins), but also of the Qz5-V4 late-stage veins, which may
represent a paragenetically late and second Archaean hydrothermal pulse.

The sulfide mineral study identified five pyrite types: syngenetic, spongy Pyl (only in CP), porous, early-
stage Py2 is made up of Pyl in CP, typically forms the central portion of pyrite grains in andesite and BIF.,
euhedral, main-stage Py3 appearing along pyrite borders and overgrows Py2, late stage Py4 and Py5
forming smooth euhedral grains in BIF.

LA-ICP-MS data indicate different TE signatures of pyrite types: Pyl has high As, Co, Ni, Pb and Ag
concentrations, indicating syngenetic metal enrichments. Py2 shows high trace element concentrations with
a large variability, which may be interpreted as unbuffered conditions and dissolution-reprecipitation
reactions at this stage. Py2 and Py3 show an increase of Co and Ni, but a decrease of Au and As. Py4 is
characterized by lower trace element concentrations; PyS indicates an enrichment in As, Bi, Co, Ni and Pb.
Paragenetic evidence of timing and geochemical behavior of trace elements in early-, main-, and late-stage
pyrite types in carbonaceous pelite, BIF and andesite indicate a five-stage evolution.

Multiple sulfur isotope data on pyrite show 3°*S values range from 1.78 to +6.90 %o, A**S from —2.28 to
+1.73 %o, and A*S from —2.04 to +3.19 %o. Noticeable are 1) Negative A*S values for the syngenetic Pyl
in carbonaceous pelite, 2) Only positive A3S values for other pyrite types in all other host units, 3) Lack of
negative 6*S values for samples analyzed. These values may indicate that Pyl of the CP was deposited in a
seawater environment (non-zero A*S), later mixed with mantle sulfur carrying a near-zero A**S signature or
alternatively a different sedimentary source with a positive A%S (Py-CP). Early-, main- and late-stage
hydrothermal pyrite types (Py2, Py3, Py4 and Py5) in BIF and andesite present a continuous process of

crustal assimilation (only positive §**S and A*S values).
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