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“Science knows no country, because knowledge belongs to
humanity, and is the torch which illuminates the world. Science is
the highest personification of the nation because that nation will

remain the first which carries the furthest the works of thought and
intelligence.”

Louis Pasteur.
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“Geologists have a saying — Rocks remember.’

Neil Armstrong.
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Resumo

O greenstone belt Crixés ¢ um dos principais componentes do Dominio Crixas-Goias, por¢ao central do Brasil,
e compreende uma sequéncia metavulcanica ultraméafica-mafica sobreposta por uma sucessao metassedimentar
associada a rochas magmaticas de composigdo intermediaria. Neste trabalho, sdo apresentadas informagdes de
campo e descricdes de testemunhos de sondagem, integradas com dados petrograficos, geoquimicos e
isotopicos (Sm-Nd, Re-Os e U-Pb) visando a caracterizagdo das diferentes unidades tectonoestratigraficas, com
foco nos processos petrogenéticos e na proveniéncia sedimentar do greenstone belt Crixas. As rochas
metavulcanicas da base do greenstone englobam metakomatiitos que localmente preservam textura spinifex.
Essas rochas apresentam composicio quimica semelhante aos komatiitos depletados em Al, incluindo as baixas
razdes Al,O3/TiO,, a deplecdo nos elementos terras raras pesados (ETRP) e as anomalias negativas em Zr-Hf.
Os metabasaltos consistem de toleitos de alto Mg metamorfizados em facies anfibolito e que apresentam
padrdes predominantemente planos de ETR e sistematica de elementos trago semelhante aos basaltos de platds
ocednicos fanerozoicos. Sugere-se que essas rochas foram formadas sob a agdo de uma pluma mantélica
heterogénea em um ambiente de platd oceanico, onde os komatiitos representam o magma gerado sob alta taxa
de fusao parcial do manto em grandes profundidades, com retencdo da granada como fase residual, e os basaltos
representam o magma gerado em porg¢des mais rasas do manto, associado a menores taxas de fusdo parcial. A
idade do vulcanismo ultramafico-mafico ainda ¢ imprecisa, porém estimada como sendo mesoarqueana (~3.0
— 2.8 Ga), com base em dados isotdpicos publicados anteriormente. Dados Re-Os em rocha total em amostras
de metakomatiito e metabasalto apresentados neste trabalho forneceram uma isécrona de 2609 = 65 Ma,
interpretada como reflexo de um evento neoarqueano que resetou a sistematica isotopica Re-Os original dessas
rochas, possivelmente relacionado a fase final de cratonizagdo do Dominio Crixds-Goids, marcado pelo
metamorfismo e intrusdo dos granitos arqueanos mais jovens da regido (~2.70 Ga). Os metakomatiitos e
principalmente os metabasaltos estdo comumente imbricados tectonicamente com metagrauvacas e filitos
carbonosos, que predominam no topo da estratigrafia do greenstone. As rochas metassedimentares apresentam
baixa maturidade mineralogica e textural. O baixo grau de selecionamento dos grdos e a auséncia de transporte
significativo dos sedimentos sdo denotados também pelas baixas razdes Zr/Sc, indicando area-fonte proximal.
A composicdo das metagrauvacas e dos filitos carbonosos se sobrepde e sugere uma mistura de fontes félsicas
e maficas, também coerente com o predominio de fontes de composi¢do intermediaria relacionadas a arco
magmatico. Geocronologia U-Pb em zircdo detritico indica distribui¢do unimodal, com um pico em 2.2 — 2.1
Ga e proveniéncia apenas incipiente de fontes siderianas (~2.4 Ga) e arqueanas (~2.7 Ga). As rochas
apresentam idades modelo Sm-Nd entre 2.44 e 2.34 Ga e valores aproximadamente condriticos a positivos de
eNacalculados em t=2.1 Ga (eng =-0.27 a +1.25). Datacdo Re-Os em arsenopirita proveniente de sulfeto macigo
hospedado em filitos carbonosos forneceu a idade de 2137 + 11 Ma. Essa idade ¢ considerada uma idade
minima para a sedimentacdo no greenstone belt Crixés e ¢ relativamente proxima a idade maxima de
sedimentagdo calculada a partir da populagio de cristais de zircao detritico mais jovens (2149 + 4 Ma). Propde-
se que os protodlitos sedimentares foram depositados em uma bacia relacionada a um arco intraoceanico riaciano
e derivaram da répida erosdo do préprio arco. Além disso, essas rochas sdo aloctones e foram transportadas
tectonicamente sobre um embasamento arqueano (formado por terrenos granito-gnaissicos e vulcanicas
ultramaficas e maficas) durante a colisdo do arco magmatico com um paleocontinente arqueano (referido como
a proto-crosta do Dominio Crix&s-Goias). Registros desse arco magmadtico também estdo localmente
representados por meta-andesitos ¢ metadioritos associados a sucessdo metassedimentar do greenstone belt
Crixas. A datacdo U-Pb em cristais de zircao provenientes de uma amostra de meta-andesito forneceu intercepto
superior com idade de 2172.2 = 12.7 Ma, interpretada como a idade do magmatismo intermediario. Os meta-
andesitos e metadioritos apresentam idades modelo Sm-Nd em torno de 2.2 Ga e valores positivos de ¢ng inicial
(+2.34 a +2.69). A orogénese em questdo esta inserida no contexto da amalgamagdo do Macigo de Goias
durante o Paleoproterozoico e compreende o principal periodo da mineralizacdo aurifera na regido do
greenstone belt Crixas.

Palavras-Chave: Macico de Goias; Greenstone Belt; Proveniéncia Sedimentar; Geoquimica; Geologia
Isotdpica.



Abstract

The Crixas greenstone belt is one of the most important components of the Crixas-Goias Domain, Central
Brazil, and comprises an ultramafic-mafic metavolcanic sequence overlaid by a metasedimentary succession
associated with magmatic rocks of intermediate composition. In this work, field information and description of
drill cores, integrated with petrographical, geochemical, and isotopic (Sm-Nd, Re-Os, and U-Pb) data, are
present to characterize the different tectonostratigraphic units, with focus on the petrogenetic processes and
sediment provenance of the Crixas greenstone belt. Lower metavolcanic rocks encompass metakomatiites that
locally present spinifex texture. These rocks have a chemical composition similar to the Al-depleted komatiites,
including the low ratios of Al,O3/TiO;, depleted patterns of HREE, and the negative anomalies of Zr-Hf.
Metabasalts consist of amphibolite facies high-Mg tholeiites with mostly flat REE patterns and trace element
systematics that resemble the Phanerozoic oceanic plateau mafic lavas. It is suggested that these rocks were
formed above a heterogeneous mantle plume in an oceanic plateau setting, where the komatiites represent the
magma generated at high degrees of partial melting at great depths, with residual garnet in the mantle source,
whereas the basalts represent the magma generated at shallower depths and lower degrees of mantle melting.
The age of the ultramafic-mafic volcanism is imprecise, though estimated in the Mesoarchean (~3.0 — 2.8 Ga),
on the basis of previously published isotopic data. Whole rock Re-Os data of samples of metakomatiite and
metabasalt presented here yielded an isochron of 2609 + 65 Ma, interpreted to reflect a Neoarchean resetting
event that overprinted the original Re-Os isotopic systematics of the rocks, possibly related to the late stages
of the cratonization of the Crixas-Goias Domain, marked by metamorphism and emplacement of the youngest
Archean granites of the region (~2.70 Ga). The metakomatiites and especially the metabasalts are commonly
tectonically imbricated with metagraywackes and carbonaceous phyllites that prevail at the top of the
greenstone stratigraphy. Metasedimentary rocks have low mineralogical and textural maturity. Absence of
significative sorting and recycling are also denoted by the low ratios of Zr/Sc, indicating a proximal source
area. Composition of the metagraywackes and carbonaceous phyllites overlap and suggests a mixture of felsic
and mafic sources, also consistent with arc related intermediate rocks. Detrital zircon U-Pb geochronology
indicates a unimodal age spectra, with a peak at 2.2 — 2.1 Ga and incipient provenance of Siderian (~2.4 Ga)
and Archean (~2.7 Ga) sources. Rocks have Sm-Nd model ages of 2.44 to 2.34 Ga and near-chondritic to
positive ong calculated at t = 2.1 Ga (:va = -0.27 a +1.25). Re-Os dating of arsenopyrite from a massive sulfide
hosted in carbonaceous phyllites yielded an age of 2137 + 11 Ma. This age is considered a minimum
sedimentation age in the Crixds greenstone belt and is relatively close to the maximum depositional age
calculated from the youngest cluster of the detrital zircon U-Pb data (2149 = 4 Ma). It is proposed that the
sedimentary protoliths were deposited in a Rhyacian intraoceanic arc-related basin and derived from rapid
erosion of the rising arc. Furthermore, these rocks are allochthonous and were tectonically transported onto
an older Archean basement (formed of granite-gneissic terranes and ultramafic-mafic greenstone volcanic
flows) during the collision between the magmatic arc and an Archean paleocontinent (referred as a proto-crust
of the Crixas-Goias Domain). Records of this magmatic arc are also locally represented by meta-andesites and
metadiorites associated with the upper metasedimentary succession of the Crixds greenstone belt. U-Pb zircon
geochronology of a meta-andesite sample yielded an upper intercept Concordia age of 2172.2 + 12.7 Ma,
interpreted as the age of the intermediate magmatism. Meta-andesites and metadiorites present Sm-Nd model
ages of ~2.2 Ga and positive values of initial ;va (+2.34 to +2.69). The characterized orogenesis is inserted in
the context of the Paleoproterozoic amalgamation of the Goids Massif and encompasses the main period of
gold mineralization in the region of the Crixds greenstone belt.

Keywords: Goias Massif; Greenstone Belt; Sediment Provenance; Geochemistry; Isotope Geology.
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Capitulo I - Introducao

1. Contextualizacdo e Motivacao do Trabalho

O termo “greenstone belt” ¢ usualmente empregado para descrever sequéncias
supracrustais metamorfizadas, principalmente de idade arqueana a paleoproterozoica, que
ocorrem como faixas deformadas e englobadas por terrenos granito-gndissicos (geralmente
do tipo TTG; tonalito-trondhjemito-granodiorito). Os greenstones sdao encontrados em
regides cratonicas e apresentam elevado interesse cientifico e econdmico por fornecerem
informacgdes a respeito da evolucdo da Terra primitiva e por hospedarem importantes
depdsitos de ouro e metais base. Os avangos no conhecimento dos greenstone belts tém
revelado suas complexidades e variabilidades em termos litologicos, estratigraficos,
estruturais, petrogenéticos ¢ metalogenéticos (De Wit & Ashwall, 1995; Anhaeusser, 2014;
Furnes et al., 2015).

Os estilos tectonicos atuantes durante os estagios primordiais da Terra levantam
discussoes historicamente polarizadas entre argumentos uniformitaristas (ex: Barley et al.,
1984; Wyman, 2013; Kusky et al., 2018) e ndo-uniformitaristas (ex: Campbell & Hill, 1988;
Bédard et al., 2013; Bédard, 2006, 2017). No entanto, a crescente integragdo de dados de
campo, estruturais, geofisicos, geoquimicos, isotopicos e paleomagnéticos, associados a
estudos experimentais e de modelamento, tem mostrado que processos de tectonica de placas
semelhantes aos atuais operaram desde o Arqueano (Brenner et al., 2020; Kusky et al., 2021;
Windley et al., 2021).

Neste sentido, o estudo sistemdatico do magmatismo registrado nos greenstone belts
¢ potencialmente til para decifrar as fontes mantélicas, os processos magmaticos € 0
ambiente tectonico de formagdo dessas sequéncias. Por exemplo, muitos estudos
geoquimicos tém reconhecido em terrenos arqueanos assembleias de rochas tipicas de arcos
magmaticos, incluindo vulcanicas célcio-alcalinas, boninitos, adakitos, andesitos
magnesianos ¢ basaltos enriquecidos em Nb (Kerrich et al., 1998; Hollings & Kerrich, 2000;
Wyman et al., 2000; Polat & Kerrich, 2006; Manikyamba et al., 2009; Khanna et al., 2015;
Borges et al., 2017). Associacdes de komatiitos e basaltos toleiticos com afinidade
geoquimica de platds oceanicos e continentais gerados sob a agdo de plumas mantélicas
(Campbell et al., 1989; Herzberg, 1992; Xie et al., 1993; Arndt, 1994; Puchtel et al., 1998;

Polat, 2009), que podem inclusive estar associadas a uma interagdo pluma-arco (Dostal &
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Mueller, 1997; Wyman, 1999; Polat et al., 2006; Wyman & Kerrich, 2009), também tem sido
documentadas. Similarmente, os registros sedimentares dos greenstone belts sdo bastante
variados e essenciais no provimento de informagdes sobre processos ocorridos durante e
apos a deposicao em bacias sedimentares antigas. As rochas sedimentares detriticas possuem
o potencial de preservar as assinaturas geoquimicas e isotdpicas de suas areas-fonte, sendo,
portanto, fundamentais em estudos de proveniéncia e evolugdo crustal (Floyd & Leveridge,
1987, McLennan et al., 1990, 1993; Hartmann et al., 2006). Além disso, as rochas
sedimentares muitas vezes sao a unica fonte de dados a respeito de crosta continental que
ndo se encontra mais preservada no registro geologico (Feng & Kerrich, 1990; Cawood et
al., 2012).

A porg¢ao centro-oeste do Estado de Goias, regido central do Brasil, contém uma area
de aproximadamente 18.000 km? onde ocorrem rochas granito-gndissicas arqueanas e
greenstone belts arqueanos a paleoproterozoicos. Nas Ultimas décadas, a regido foi
designada de diferentes maneiras em diversas publicacdes, por exemplo, Bloco Arqueano de
Goias (Jost et al., 2005; Pimentel, 2016), Bloco Arqueano de Crixas-Goias (Pimentel et al.,
2003), Terreno Arqueano do Brasil Central (Queiroz et al., 2008), Terreno Arqueano-
Paleoproterozoico do Brasil Central (Jost et al., 2013), Terreno Arqueano-Paleoproterozoico
de Goias (Jost et al., 2014; Borges et al, 2017; Campos et al., 2017), Terreno Crixas-Goiés
(Jost et al., 2019; Ferreira et al., 2021), e Bloco Arqueano de Goias (Bogossian et al., 2020;
Bogossian, 2020). Com o intuito de favorecer uma padronizagao e facilitar as referéncias de
trabalhos futuros, a nomenclatura “Dominio Crixas-Goias”, sugerida por Cordeiro &
Oliveira (2017) em uma revisao do contexto geotectonico do Macico de Goias, sera adotada
na presente tese de doutorado.

O greenstone belt Crixas ¢ a faixa supracrustal mais bem estudada e uma das mais
bem expostas e preservadas do Dominio Crixas-Goias, e hospeda o segundo maior depdsito
do tipo gold-only da Faixa Brasilia (Jost et al., 2010, 2014). A estratigrafia dessa sequéncia
foi definida como um tipico greenstone belt constituido na base por lavas komatiiticas com
textura spinifex localmente preservada, seguidas por derrames basalticos, por vezes
almofadados, sobrepostos por rochas sedimentares ricas em matéria organica com lentes de
dolomito e grauvacas que predominam no topo (Sabdia, 1979; Saboia & Teixeira, 1983; Jost
& Oliveira, 1991). Recentemente, rochas metavulcanicas e intrusivas de composi¢do
intermedidria foram reconhecidas, evidenciando a variabilidade ¢ complexidade litologica
da faixa. O greenstone belt Crixds foi submetido a metamorfismo com pico em fécies
anfibolito e eventos de deformacdo com geragcao de multiplas falhas de empurrdo em sistema

duplex que resultaram na comum repetigdo estratigrafica e imbricamento das diferentes
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unidades. A idade das rochas vulcanicas ultramaficas foi inicialmente definida em ~2.8 Ga,
com base em is6cronas Pb-Pb e Sm-Nd (Arndt et al., 1989), o que levou a interpretacio de
que toda a sequéncia do greenstone belt Crixas ¢ do Mesoarqueano. Por outro lado, os
primeiros dados isotdpicos referentes a sucessdo sedimentar, sobretudo a datagdo U-Pb em
zircdo detritico, indicaram uma contribui¢do dominada por areas-fonte do Paleoproterozoico
(~2.2 — 2.1 Ga) (Tassinari et al., 2006; Jost et al., 2010), revelando que pelo menos parte da
sequéncia greenstone ndo € arqueana como anteriormente imaginado.

Em sintese, apesar dos grandes avangos ocorridos nas ultimas décadas, diversas
questdes ainda permanecem em aberto em relacdo ao greenstone belt Crixas, por exemplo:
1) A determinag¢do de idades para os diferentes episodios de magmatismo e da sedimentagao;
1) A caracterizacdo detalhada dos tipos de magmatismo, das fontes mantélicas, ¢ dos
processos petrogenéticos envolvidos; iii) A investigacdo das potenciais areas-fontes das
rochas metassedimentares; iv) A delineagdo do ambiente tectonico em que cada unidade foi
formada; e v) A elaboragdo de um modelo evolutivo para o greenstone belt Crixés e suas
implicagdes regionais no contexto geotectonico do Dominio Crixas-Goias e do Macico de
Goids. Portanto, o foco deste trabalho consiste na caracterizagdo das rochas metaigneas e
metassedimentares do greenstone belt Crixds por meio da integracdo de informagdes de
campo, descricdo de testemunhos de sondagem, e andlises petrograficas, geoquimicas e

isotopicas com o intuito de contribuir para a elucidagao dessas questoes.

2. Objetivos

O objetivo central desta pesquisa ¢ a investigacdo do ambiente geodinamico do
greenstone belt Crixas por meio do estudo petrogenético das rochas metaigneas e de
proveniéncia das rochas metassedimentares. De modo a alcangar o objetivo central proposto,

este trabalho engloba os seguintes objetivos especificos:

1. Estabelecer as relacdes tectono-estratigraficas das se¢des metavulcanicas e
metassedimentares ¢ suas relacdes com as rochas intrusivas a partir da
descri¢dao de testemunhos de sondagem distribuidos em diferentes partes do

greenstone belt Crixas;

ii.  Identificacdo dos diferentes protolitos e estudo das assembleias metamorficas
estabilizadas nos eventos tectonicos por meio do estudo petrografico e de

quimica mineral;
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1. Investigagdo das fontes mantélicas e das condi¢cdes de geracdo dos magmas
de diferentes composic¢des por meio da caracterizacdo geoquimica e isotopica

(Sm-Nd) das rochas metavulcanicas e intrusivas;

iv.  Obtencdo da idade do magmatismo de composi¢do intermedidria por meio da

datagdo U-Pb em zircao;

v.  Caracterizagdo das areas-fonte e do ambiente de deposicdo das rochas
sedimentares por meio da analise petrografica, geoquimica e isotopica
(datagdo U-Pb em grdos de zircdo detritico e andlise Sm-Nd em rocha total)

em metagrauvacas e filitos carbonosos;

vi.  Caracteriza¢do da composigao isotopica Re-Os dos diferentes tipos de rochas
e minerais do greenstone belt Crixds visando obter informacdes
geocronologicas para as idades de sedimentacao (filitos carbonosos),
vulcanismo  (metakomatiitos e  metabasaltos) e  mineraliza¢do

(arsenopirita/ouro).

3. Estruturacio da Tese

Os principais resultados e discussdes da presente tese de doutorado estdo estruturados
na forma de dois artigos cientificos (Capitulos II e III). No Capitulo IV, ¢ apresentada uma
breve sintese das discussOes realizadas na tese, assim como as considera¢des finais. Os

assuntos tratados em cada artigo cientifico sdo resumidos abaixo:

1. O primeiro artigo (Capitulo II) ¢ intitulado “Unravelling a hidden Rhyacian
magmatic arc through provenance of metasedimentary rocks of the Crixds
greenstone belt, Central Brazil”, publicado no periddico internacional
Precambrian Research. O foco desse artigo ¢ o estudo de proveniéncia
sedimentar do greenstone belt Crix4ds por meio da integracdo de dados
geoquimicos ¢ Sm-Nd em rocha total, e geocronologia U-Pb em zircao
detritico de metagrauvacas e filitos carbonosos. Além disso, sdo discutidas as
implicagdes regionais dos resultados no contexto geotectonico do Macico de

Goias;
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ii. O segundo artigo (Capitulo III) € intitulado “Archean to Paleoproterozoic
evolution of the Crixas greenstone belt, Central Brazil: Insights from two
contrasting assemblies of metaigneous rocks”, submetido para publicacdo no
perioddico internacional Lithos. Esse artigo aborda o estudo do vulcanismo
ultramafico-mafico e do magmatismo de composicdo intermediaria do
greenstone belt Crixas, com foco nas assinaturas geoquimicas e isotopicas
(Sm-Nd) das rochas e suas implicagdes petrogenéticas e de ambiente
tectonico. Nesse artigo ¢ apresentada a primeira datagdo U-Pb em zircdo do
magmatismo intermediario do greenstone belt Crixds. Além disso, sdo
apresentados dados Re-Os de amostras de metakomatiito, metabasalto e
arsenopirita (hospedada nas rochas metassedimentares) e suas implicagdes

geocronoldgicas.
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Abstract

The Crixas-Goias Domain, Central Brazil, comprises an association of Archean TTG (tonalite-trondhjemite-granodiorite)
and Archean-Paleoproterozoic greenstone belts. The Crixas greenstone belt, located in the northern part of the domain, is
constituted of Mesoarchean metakomatiites and metabasalts overlaid by Paleoproterozoic carbonaceous phyllites and
metagraywackes that host important gold deposits. In this work, we present new integrated petrographical, geochemical,
and isotopic data to investigate the provenance and tectonic setting of the metasedimentary rocks of the Crixas greenstone
belt. Mineral and textural immaturities, particularly of the metagraywackes, are consistent with a proximal source area;
which is also evidenced by the chemical aspects that denote the absence of significant sediment sorting and recycling.
Geochemical data indicate provenance from mixed mafic and felsic sources. U-Pb detrital zircon geochronology shows
unimodal age spectra, with a dominant peak at ca. 2.2 — 2.1 Ga and minor contribution of ca. 2.7 and 2.4 Ga grains.
Concordia diagrams yielded upper intercepts between 2213.4 + 5.6 and 2162.2 + 9.2 Ma, interpreted as the age range of
the main source area. The rocks present relatively homogeneous Sm-Nd model ages (2.44 to 2.34 Ga) and slightly negative
to positive end, ranging from -0.27 to +1.25. We argue that the original sedimentary protoliths were deposited in a trench or
forearc basin related to a ca. 2.2 - 2.1 Ga island arc formed adjacent to an Archean paleocontinent constituted of TTG-
greenstone terranes. Rapid erosion of the rising intraoceanic arc resulted in syn-orogenic sedimentation that started with
deep ocean black shale deposition in an anoxic environment followed by episodic turbidite currents of poorly-sorted
immature sands. Sedimentary rock layers were tectonically transported to the continent and preserved in the elongated keels
of Mesoarchean mafic-ultramafic volcanic rocks. This orogeny can be correlated with the amalgamation of the Goias
Massif during the Siderian-Rhyacian crustal growth related to a successive collage of arc-related terranes in the formation
of the western margin of the Sdo Francisco paleocontinent. Sediment provenance of the Crixas greenstone belt proved to
be crucial to the recognition and characterization of Paleoproterozoic crust that is apparently no longer preserved in
outcrops.

Keywords: Tocantins Province, Goias Massif, Sediment Provenance, Rhyacian Crustal Growth.
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1. Introduction

Composition of siliciclastic sedimentary rocks is controlled by tectonism, weathering,
transportation, sorting, diagenesis, and source rock assembly. Therefore, it is a powerful tool
to explore the provenance and tectonic setting of ancient sedimentary basins, and constrain
the evolution of continental crust through geological time, especially when associated with
detrital zircon geochronology and other isotopic methods (Bhatia, 1983; Bhatia and Crook,
1986; Floyd and Leveridge, 1987; McLennan et al., 1990; Condie, 1993; McLennan et al.,
1993; Duller and Floyd, 1995; Hartmann et al., 2006; Condie et al., 2009; Cawood et al.,
2012; Grisolia and Oliveira, 2012; Spencer et al., 2012; Greber et al., 2017; Drabon et al.,
2019; Greber and Dauphas, 2019). Oftentimes, sedimentary rocks are the only available
source of information about sialic crust that is no longer preserved (Feng and Kerrich, 1990;
Cawood et al., 2012).

The present work demonstrates how the sediment provenance of the Crixas
greenstone belt, Central Brazil, proved to be an outstanding example in depicting
Paleoproterozoic tectonic processes and crustal growth in a context where the main source
area is apparently not exposed. The Crixds greenstone belt is a component of the TTG-
greenstone terrane known as Crixds-Goias Domain and consists of Archean metakomatiites
and metabasalts overlaid by a low-grade Paleoproterozoic metasedimentary succession
composed essentially of carbonaceous phyllites and metagraywackes. Geochemical aspects
of the metasedimentary rocks were formerly addressed by Jost et al. (1996). Scarce
geochronological data, however, limited the provenance inferences. For instance, those rocks
were initially thought to be Archean and older than their surrounding TTG gneisses.
Progressive advances in isotopic studies occurring in the last decades indicated a mixed
contribution of Archean and Paleoproterozoic sediment sources (Fortes et al., 2003; Tassinari
et al., 2006; Jost et al., 2010). Thereafter, the provenance of metasedimentary rocks of the
Crixas greenstone belt turned to be potentially useful to investigate the crustal growth of the
Archean-Paleoproterozoic Crixas-Goids Domain, particularly regarding the uncertain nature
of the main Rhyacian source area.

In this contribution, we provide integrated whole-rock major and trace element data,
Sm-Nd isotopes, and LA-ICP-MS U-Pb detrital zircon geochronology of carbonaceous
phyllites and metagraywackes of the Crixds greenstone belt. Our systematic sampling
focused on drill cores from different regions and depths in the central-northern part of the
greenstone, around the immediate vicinity of the Mineragao Serra Grande S.A. — AngloGold

Ashanti gold company. We aim to characterize the source areas of the clastic debris and
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interpret the tectonic setting of the paleobasin. Our results give insights to a Rhyacian
orogeny recorded in the Crixas-Goids Domain. Finally, we discuss the implications of this
orogeny to the Paleoproterozoic crustal growth of the Goids Massif (i.e. the crystalline
basement of the Neoproterozoic Brasilia Belt), recently interpreted as the western
pericratonic margin of the Sdo Francisco paleocontinent (Cordeiro and Oliveira, 2017,
Martins-Ferreira et al., 2020), that was latterly involved in the amalgamation of the Western

Gondwana in the Neoproterozoic.

2. Geological Context

The Tocantins Province (Almeida et al., 1981), located in the central part of Brazil,
is an extensive Brasiliano/Pan-African orogen of the South American Platform formed
during the collision between the Amazonian, Sdo Francisco/Congo, West African/Sao Luis,
and Paranapanema cratons that resulted in the amalgamation of the Western Gondwana
supercontinent in the Neoproterozoic. The province is composed of three Neoproterozoic
Brasiliano fold belts: the Paraguay, Araguaia and Brasilia belts (Pimentel et al., 2000). The
Brasilia Belt borders the western margin of the Sdo Francisco Craton and is one of the most
important and preserved Brasiliano orogens of the South American Platform. The main
components of the belt include thick east-verging fold-and-thrust Neoproterozoic passive
margin sedimentary sequences, an extensive Neoproterozoic juvenile magmatic arc, a high-
grade metamorphic core, ophiolitic fragments, and Meso-Neoproterozoic layered mafic-
ultramafic complexes (Fuck et al., 2014; Pimentel, 2016 and references therein).

In the central-northern part of the Brasilia Belt, all pre-Brasiliano (pre-
Neoproterozoic) crystalline basement is grouped in the Goias Massif (Fig. 1), which can be
divided into four distinct tectonic domains (Cordeiro and Oliveira, 2017): The Archean-
Paleoproterozoic Crixas-Goids Domain and the Paleoproterozoic Almas-Concei¢do do
Tocantins, Cavalcante-Arraias and Campinorte domains.

The Crixas-Goias Domain, where our study is focused, consists of a typical TTG-
greenstone terrane (Fig. 2a). The Almas-Concei¢do do Tocantins Domain, located in the
northernmost portion of the Goias Massif (Fig. 1), constitutes a complex collage of different
terranes, including ca. 2.45 Ga greenstones and ca. 2.45 - 2.10 Ga metaluminous and
peraluminous granite-gneissic rocks (Cruz et al., 2003; Sousa et al., 2016; Fuck et al., 2014;
Martins-Ferreira et al., 2020; Saboia et al., 2020). Accretion of the different blocks of the
Almas-Concei¢do do Tocantins Domain during the Siderian and early Rhyacian resulted in

progressively younger rocks toward the west (Martins-Ferreira et al., 2020). This domain is
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partially covered by Mesoproterozoic metavolcanosedimentary rocks of the Natividade
Group (Toscani et al., 2020).

The Cavalcante-Arraias Domain is mainly composed of ca. 2.18 - 2.14 Ga
peraluminous granites of the Aurumina Suite intruded in graphitic schists and paragneisses
of the Ticunzal Formation (Botelho et al., 2006; Fuck et al., 2014; Cuadros et al., 2017a,
2017b). A collisional setting has been proposed for the Aurumina Suite (Botelho et al., 2006;
Sousa et al., 2016), whereas Cuadros et al. (2017a) suggested a cordilleran hinterland setting
for the peraluminous magmatism. This domain is partially covered by ca. 1.77 Ga rift
sequences of the Arai Group and intruded by A-type granites of the 1.77 Ga Pedra Branca
and 1.58 Ga Serra da Mesa suites (Pimentel et al., 1991) (Fig. 1).

The Campinorte Domain is a poorly exposed Rhyacian terrane that is currently
largely covered by the Mesoproterozoic Serra da Mesa Group (Fig. 1) and comprises juvenile
metagranitic rocks of the Pau de Mel Suite and a metavolcanosedimentary sequence
(Campinorte Sequence) (Giustina et al., 2009; Cordeiro et al., 2014). The Pau de Mel Suite
consists of ca. 2.17 — 2.07 Ga NNE-trending arc-related metatonalites, metagranodiorites,
and metamonzogranites (Cordeiro et al., 2014). The Campinorte Sequence consists of low-
grade quartz-muscovite schists, quartzites, chert, and gondite lenses associated with rare
felsic metatuff and metavolcanic rocks (Giustina et al., 2009). The age of this sequence is
constrained by a maximum depositional age of ca. 2.2 Ga, obtained for a quartzite sample,
and a direct age of 2179 + 4 Ma for a felsic metatuff (Giustina et al., 2009). Paragranulites
and mafic granulites associated with the Campinorte Sequence register the metamorphic
peak at ~2.1 Ga, as indicated by U-Pb dating of metamorphic zircon (Cordeiro et al., 2014).
Newly recognized metatonalites and metagranodiorites in tectonic contact with
metavolcanic and metasedimentary rocks occurring in the Artulandia area, located southeast
of the Rio Maranhdo Thrust (Fig. 1), have been correlated with the Campinorte Arc
(Filgueiras et al., 2020).
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Fig. 1. The central-northern part of the Brasilia Belt, highlighting the four tectonic domains of the Goias Massif
(modified after Cordeiro and Oliveira, 2017). The Crixas-Goias domain is located in the southwesternmost

part of the massif.

2.1. The Crixas-Goias Domain

In the last decades, the region exposed in Central Brazil where Archean TTG and
Archean-Paleoproterozoic greenstone belts occur in an approximately 18,000 km? area has
been designated with different names in diverse publications, for example, Goids Archean
Block (Jost et al., 2005; Pimentel, 2016), Crixas-Goias Archean Block (Pimentel et al., 2003),
Archean Terrane of Central Brazil (Queiroz et al., 2008), Archean-Paleoproterozoic Terrane
of Central Brazil (Jost et al., 2013), Archean-Paleoproterozoic Terrane of Goias (Jost et al.,
2014; Borges et al., 2017; Campos et al., 2017), Crixas-Goids Terrane (Jost et al., 2019) and
Goias Archean Block (Bogossian et al., 2020; Bogossian, 2020). The region has been
traditionally interpreted as an allochthonous microcontinent that was amalgamated to the
western edge of the Brasilia Belt during the Brasiliano Orogeny in the late Neoproterozoic

(Pimentel et al., 2011; Jost et al., 2013, 2019). Otherwise, Cordeiro and Oliveira (2017), in
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a broad regional review of the Goids Massif, interpreted that this region and the other
domains of the massif are a part of a continuous landmass of the S3ao Francisco
paleocontinent that was already amalgamated since the late Paleoproterozoic. Cordeiro and
Oliveira (2017) also suggested the nomenclature “Crixds-Goids Domain” to refer to the
region comprising Archean TTG and Archean-Paleoproterozoic greenstone belts. In order to
favor standardization and facilitate future references, we are adopting this nomenclature
herein.

The Crixas-Goias Domain consists of an association of six Archean TTG complexes
(Uvé and Caigara, to the south, and Anta, Caiamar, Moquém and Hidrolina, to the north) and
five Archean-Paleoproterozoic greenstone belts (Faina and Serra de Santa Rita, to the south,
and Crixas, Pilar de Goias and Guarinos, to the north) (Fig. 2a). The TTG complexes of the
northern part are divided into two stages of magmatism: The first comprises mainly ca. 2.8
Ga tonalitic and granodioritic gneisses of the Hidrolina, Caiamar, and Anta complexes, with
mostly positive eng (t) values. Inherited zircon crystals of 3.3 Ga and Sm-Nd model ages of
3.0 Ga indicate that the magmas were contaminated with older sialic crust, of which there is
no known exposure so far (Queiroz et al., 2008). The second stage is recorded in the Moquém
Complex as ca. 2.7 Ga sheet-like granodiorites and granites with negative eng (t) values and
inherited zircon from orthogneisses of the first stage (Queiroz et al., 2008).

The Caigara Complex, located in the southern part of the Crixds-Goids Domain, is
composed predominantly of ca. 3.1 Ga tonalitic orthogneisses that were intruded by smaller
bodies of ca. 2.8 Ga granodiorites, granites, and charnockites (Beghelli Junior, 2012). The
Uva complex, located in the southernmost part of the domain, is formed by two groups of
orthogneisses (Jost et al., 2005, 2013). The dominant group is the oldest and comprise ca.
3.0 - 2.9 Ga polydeformed tonalitic to granodioritic gneisses (Jost et al., 2013) and a ca. 2.9
Ga diorite stock (Pimentel et al., 2003). The second group corresponds to sheet-like ca. 2.8
Ga tonalites and monzogranites (Jost et al., 2005, 2013).

The greenstone belts occur as narrow metavolcanosedimentary sequences situated
between the TTG complexes. Stratigraphically, the five greenstones are composed of basal
metakomatiites and metabasalts superimposed by varied gold-hosting metasedimentary
successions (Jost et al.,, 2014). Lenses of Archean andesitic metavolcanic and
metavolcaniclastic rocks are a particular feature of the Serra de Santa Rita greenstone belt
(Resende et al., 1998; Borges et al., 2017). Intercalations of BIF and chert occur in different
proportions among the volcanic flows (Saboia et al., 1981; Jost and Oliveira., 1991; Resende
et al., 1998). Whole-rock Sm-Nd data of metakomatiites and metabasalts of the Crixas

greenstone belt presented an isochron age of ca. 3.0 Ga (Fortes et al., 2003). Similar age of
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2.96 Ga was obtained by robust zircon U-Pb dating of amphibolite and chloritite samples of
the Faina and Serra de Santa Rita greenstone belts (Borges et al., 2017). Several isotopic
data for metasedimentary rocks of the five greenstone belts have shown provenance from
Archean and Paleoproterozoic sources (Resende et al., 1999; Fortes et al., 2003; Tassinari et
al., 2006; Jost et al., 2010, 2012, 2014; Brant et al., 2015; this work).

The Crixas-Goias Domain also registers local Siderian mafic magmatism related to
crustal extension (Corréa da Costa, 2003) and Rhyacian intermediate to felsic magmatism
related to compression (Jost et al., 1992, 1993; Queiroz, 2000; Bogossian, 2020). Influences
of the Brasiliano Orogeny are manifested as Neoproterozoic granitic intrusions, anatexis of
Archean orthogneisses, and hydrothermal alteration related to ore deposits (Fortes, 1996;
Fortes et al., 2003; Pimentel et al., 2003; Tassinari et al., 2006; Queiroz et al., 2008;
Rodrigues, 2011; Jost et al., 2005, 2014).

2.2. The Crixas Greenstone Belt

The Crixds greenstone belt is a greenschist- to amphibolite- facies
metavolcanosedimentary sequence located in the northern part of the Crix4s-Goias Domain.
In the west, it is limited by the Anta Complex, in the east, by the Caiamar Complex, and in
the northwest and north-northeast, it is overthrusted by the allochthonous Mina Inglesa
Sequence and Neoproterozoic metasedimentary rocks of the Goids Magmatic Arc,
respectively (Fig. 2b).

The belt is divided from the base to the top in the Cérrego Alagadinho, Rio Vermelho,
Ribeirdo das Antas and Coérrego Geral formations (Jost and Oliveira, 1991; Jost et al., 2019)
(Fig. 2¢). The Corrego Alagadinho Formation is composed of a thick sequence of
metaultramafic rocks, which protoliths are interpreted to be peridotitic and pyroxenitic
komatiites. Primary igneous features comprise flux breccia, polyhedral joints, cumulates,
and well-preserved spinifex textures (Kuyumjian and Teixeira, 1982; Saboia and Teixeira,
1983). The Rio Vermelho Formation is composed of metabasalts that locally preserve
pillowed structures, vesicles, and amygdales. Some intercalations of BIF, manganese
formation, and metachert occur along the metavolcanic rocks (Saboia et al, 1981; Jost and
Oliveira, 1991). Sm-Nd and Pb-Pb isochrons from metakomatiites yielded inaccurate ages
of ca. 2.82 and 2.72 Ga, respectively (Arndt et al., 1989). The Mesoarchean age of the
metavolcanic sequence was later reinforced by Fortes et al. (2003) with a whole-rock Sm-
Nd isochron obtained from metakomatiite and metabasalt samples that yielded a 2998 + 70

Ma age.
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The metasedimentary succession of the Crixds greenstone belt overrides the
metavolcanic rocks above a nonconformity obliterated by thrust faults and stratigraphic
overturning (Jost et al., 2019). Geochronological data show provenance from Archean to
Paleoproterozoic source areas (Tassinari et al., 2006; Jost et al., 2010; this work), indicating
that the deposition of the sedimentary rocks occurred a long time after the Mesoarchean
volcanism. The Ribeirdo das Antas Formation consists of carbonaceous phyllites and
dolomite lenses with rare oolites (Jost et al., 2019). Metagraywackes of the Corrego Geral
Formation predominate at the top of the stratigraphy. Preserved primary sedimentary
structures include parallel lamination, sin-depositional faults, intraformational breccia,
cross-lamination, flame, and fluid-escape structures (Jost et al., 2010, 2019). Deposition of
black shales predominated during the early stages of the sedimentary basin and was coeval
and laterally wedge-shaped with graywacke deposition that prevailed during the late stages
(Jost et al., 2019).

Dolomite lenses present positive §'°C values of +5.3 to +14%0 (PDB) (Dix et al.,
1995; Fortes, 1996), which are comparable with the ca. 2.2 - 2.0 Ga positive 5'°C carbon
isotope excursion (Lomagundi Event) that is reported in many Paleoproterozoic carbonates
(Melezhik et al., 2007). This event took place after the 2.45 - 2.32 Ga Great Oxidation Event
(Bekker et al., 2008) and the 2.45 - 2.22 Ga Huronian glaciation (Young et al., 2001). Jost et
al. (2019) interpreted that the positive 1*C anomalies of dolomites of the Crixas greenstone
belt can be correlated with the youngest population of detrital zircon grains of the
metagraywackes (~ 2.1 Ga; Jost et al., 2010), indicating that the sediment deposition in the
paleobasin took place in the Rhyacian.

Multiphase deformational events occurred in the Crixds greenstone belt and were
responsible for the formation of tight to isoclinal regional folds and east-verging thin-skinned
thrust faults that resulted in the stratigraphic overturning of the succession, as evidenced by
the common overriding of the metakomatiites onto the metabasalts, which override the
metasedimentary rocks (Jost et al., 2010, 2019 and references there in) (Fig. 3).

Gold mineralization occurs as stacked massive sulfide lenses, quartz veins, and
several disseminated orebodies structurally controlled by low-angle thrust-faults within the
metasedimentary succession (Jost et al., 2010, 2014). U-Pb data of zircon grains recovered
from a silicified metagraywacke sample and interpreted to be of hydrothermal origin yielded
a 2165 + 47 Ma age, which was considered to reflect the timing of the gold mineralization
in the Crixés greenstone belt (Tassinari et al., 2006). Re-Os dating of arsenopyrite from gold-

bearing massive sulfide lenses yielded a 2126 + 16 Ma age (Marques et al., 2013).
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Fig. 3. NW-SE schematic section in the central-northern part of the Crixds greenstone belt. Note the
stratigraphic overturning and tectonic repetition of layers due to detachment-thrusting. Location of samples
collected for Sm-Nd and U-Pb isotopic studies is shown. Sampling for petrographic and geochemical analyses

was systematically performed along different intervals of metasedimentary rocks.

3. Methods

3.1. Sampling

Core samples of metagraywackes and carbonaceous phyllites were collected in
different intervals from seven drill holes located in the operation area of the Mineragao Serra
Grande S.A. - AngloGold Ashanti, a mining company that conducts the gold exploration in
the region since 1980. The drill holes are roughly aligned in a NW-SE section in the central-
northern part of the greenstone belt (Fig. 2b). Due to stratigraphic overturning, as a result of
detachment faults and duplex structures, the shallow cores record saprolite and altered
metakomatiites, mostly transformed into talc schists, followed by massive to foliated
greenish metabasalts at deeper levels. Layers of metasedimentary rocks repeatedly appear in
tectonic contact below the metabasalts. The section in Fig. 3 was constructed with detailed
data from extensive drilling integrated with surface and underground information performed
by Mineragdo Serra Grande S.A.

For the purpose of this work, drill cores were logged and described, and some specific
intervals were selected for petrographical study. The most preserved samples were selected
for whole-rock geochemical and Sm-Nd analyses. Core intervals of approximately 2 m of
metagraywackes and carbonaceous phyllites without evidence of hydrothermal alteration
were sampled for LA-ICP-MS U-Pb detrital zircon geochronology. In total, this work
presents new whole-rock geochemical data of 50 samples, Sm-Nd isotopic data of 11

samples, and U-Pb geochronological data of 8 samples.

3.2. Whole-Rock Geochemistry

33 samples of metagraywacke and 17 samples of carbonaceous phyllite were
pulverized and analyzed at the ALS Geochemistry Laboratory in Goiania, Brazil. Major
elements were determined by ICP-AES and are presented in weight oxides percentages. The
rare earth elements (REE), high field strength elements (HFSE), and large ion lithophile
elements (LILE) were analyzed by ICP-MS. The metals Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Tl,

and Zn were determined by ICP-AES. A complete description of the laboratory procedures
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and analytical methods is available on the Whole Rock Analysis catalog (package CCP-
PKGO1), accessible on the ALS Geochemistry homepage (www.alsglobal.com).

Major element analyses were recalculated to 100 wt.% anhydrous basis for inter-
comparisons. Chondrite and Primitive Mantle compositions from Sun and McDonough
(1989) and Post-Archean Australian Shale (PAAS) composition from Taylor and McLennan
(1985) were used for normalizations. Europium (Euw/Eu*) and cerium (Ce/Ce*) anomalies
were calculated concerning the neighboring elements on chondrite-normalized REE
diagrams, following the method of Taylor and McLennan (1985). Major (wt.%) and trace

elements (ppm) data are listed in Supplementary Material 1.

3.3. U-Pb Geochronology

Selected cores of 5 metagraywacke and 3 carbonaceous phyllite samples were
prepared and analyzed at the Geochronology Laboratory of the University of Brasilia.
Samples were initially crushed, milled, and sieved. Non-magnetic grains were segregated
from the heavy mineral concentrates using a Frantz isodynamic magnetic separator.
Individual grains were manually separated using a binocular microscope and mounted in
epoxy resin for further polishing. A FEI Quanta™ 450 Field Emission Scanning Electron
Microscope provided cathodoluminescence and back-scatter electron images that were used
to investigate the texture and internal structure of the zircon crystals.

All analyses were performed using a MC-ICP-MS Finnigan Neptune coupled to a
New Wave 213 pm Nd-YAG laser. Methods and the equipment details are described by Biihn
et al. (2009). In this work, we analyzed 23U in a H4 Faraday cup, **Th in a H2 Faraday cup,
298Pb in a L3 Faraday cup, and 2°°Pb in a L4 Faraday cup. Ion counters (ICs) fixed in the L4
Faraday cup were used to measure >*’Pb, 2**Hg/***Pb, and **’Hg. Due to He contamination,
an isobaric interference correction between ***Hg and 2**Pb was applied. Laser ablation was
performed in 25 um spots (simple spot mode) with a 10 Hz frequency and a 2.71 — 3.99
J/cm? intensity. Pulverized material was carried with a He (~0.40 L/min) and Ar (~1.00
L/min) flux. For the analyses, signals were collected in a single block with 40 cycles of 1.049
s time integration. 2?Hg, 2%*(Pb + Hg), 2°°Pb, and **’Pb were measured in counts per second
(CPS), while »’Th and ?**U were measured in millivolts (mV). A standard-sample
intercalation technique (Standard Bracketing) was used to correct the fractionation and the
spectrometer induced instrumental deviation. Correction factor was calculated based on the

intervals of analyses.
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The GJ-1 zircon was used as the primary standard. This standard has an ID-TIMS age of
608.5 + 0.4 Ma and isotopic ratios of 2°Pb/***U = 0.09761 £ 0.00011, **’Pb/***U = 0.8093 + 0.0009
and 2’Pb/?%Pb = 0.06014 + 0.00001 (Jackson et al, 2004). As secondary standard, the 91500 zircon
was used. This standard has an ID-TIMS age of 1065.4 £ 0.3 Ma and certified isotopic ratios of
200Pp/238U = 0.17917 + 0.00008, 2°’Pb/>°U = 1.8502 £ 0.0008 and **’Pb/**Pb= 0.07488 + 0.00001
(Wiedenbeck et al.1995). LA-MC-ICP-MS U-Pb data reduction was performed using the Chronus
Add-in for Excel (Oliveira, 2015), following the protocols of the Geochronology Laboratory of the
University of Brasilia. Chronus adopts the decay constant values recommended by Steiger and Jager
(1977).

The data set of the GJ-1 standard presented average isotopic ratios of 2°Pb/3%U = 0.0944 +
0.0015 (1.6%; 26; 95% conf.; n = 94) and *°’Pb/>°Pb = 0.05675 + 0.00027 (0.48%; 20; 95% conf;
n = 94). The 91500 secondary standard presented a 1061.7 + 6.1 Ma age (MSWD = 0.63; 26; n =
99). Age calculations and frequency histograms were carried using the Isoplot 4.15 software (Ludwig,

2012). LA-MC-ICP-MS U-Pb isotopic analytical data are listed in Supplementary Material 2.

3.4. Whole-Rock Sm-Nd

Sm-Nd analyses were performed in 7 samples of metagraywacke and 4 samples of
carbonaceous phyllites. Samples were pulverized using a tungsten carbide grinding container
and analyzed at the Geochronology Laboratory of the University of Brasilia. Whole-rock
powders (~100 mg) were spiked with a "°Nd-!4Sm tracer and dissolved with a 5:1 HF -
HNO:s solution in Savillex® vials. After cooling and evaporation of the HF-HNOj3 solution,
samples were redissolved in Savillex® vials with 7 ml of 6 N HCI. After evaporation,
samples were taken up in 3 ml of 2.5 N HCl. Sm and Nd were extracted following the
procedures described by Gioia and Pimentel (2000). Each sample was then loaded with 0.25
N H3PO4 on a Ta filament for Sm and a Re filament for Nd.

Samples were analyzed using a Thermo Scientific TRITON™ Plus Thermal
Ionization Mass Spectrometer (TIMS) operation in static multi-collector mode. 100-120
ratios were collected with a 0.5 to 1-V 144 Nd beam. Nd ratios were normalized to
146N d/"**Nd = 0.7219. The analyses were adjusted for variations in instrumental bias due to
periodic adjustment of collector positions as monitored by measurements of the internal
standards. Repeated measurements on the USGS BHVO-1 standard gave '“Nd/'*Nd =
0.512996 + 0.000006 (2SD; n = 7). Average blank values were < 100 pg for Sm, and < 500
pg for Nd. Correction for blank was insignificant for Nd isotopic compositions and generally
insignificant for Sm/Nd ratios. Tpm model ages were calculated according to DePaolo (1981,

1988). Sm-Nd isotopic data are listed in Table 1.
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4. Results

4.1. Macroscopic Aspects and Petrography

On drill core records, the metasedimentary rocks occur below the metabasalts in
sharp tectonic contacts marked by sheared zones with intense silicification and
dolomitization. The highly deformed rocks gradually give place to well-preserved black-
colored carbonaceous phyllites with some intercalations of light brown metagraywackes that
progressively become predominant (Fig. 4). Some sheets of metabasalts occur along the
metasedimentary rocks and evidence the duplication of stratigraphic layers due to multiple
imbricate thrust faulting at depth (Fig. 3).

Metagraywackes are formed by a fine-grained matrix composed of quartz (40 - 45%),
plagioclase (20 - 25%), muscovite (5 - 20%), biotite (5 - 10%), and chlorite (1 - 3%). Ilmenite
and zircon are common accessory minerals. Foliation is well marked by the preferential
orientation of muscovite, biotite, and chlorite in a lepidoblastic texture, while the
recrystallized grains of quartz and plagioclase in the matrix form the main granoblastic
domains. Medium- to coarse-grained, often rotated and associated with pressure shadows,
clasts of quartz and plagioclase occur imbedded in the matrix (Fig. 5¢). These grains are
frequently angular to subangular, indicating a textural immaturity (Fig. 5a and 5b). These
features imply a protolith formed by impure and poorly sorted clasts surrounded by a muddy
matrix that was subsequently recrystallized due to later metamorphic processes. Garnet (1 -
3%) can occur either as syn- and post-tectonic porphyroblasts. The syn-tectonic
porphyroblasts are associated with foliation bending and pressure shadows (Fig. 5d),
originated during the prograde metamorphism, while the post-tectonic porphyroblasts are
euhedral and crosscut the metamorphic foliation (Fig. 5e), with a likely hydrothermal origin.
Along strongly fluid-altered zones in metagraywackes, post-tectonic garnet porphyroblasts
occur in a very high concentration, sometimes forming garnetites.

Carbonaceous phyllites are highly friable foliated fine-grained rocks composed of
quartz (40 - 45%), non-crystalline carbonaceous matter (30 - 35%), muscovite (5 - 10%),
plagioclase (3%), and biotite (3%). Ilmenite and zircon occur as accessory minerals.
Foliation in one or more direction is well marked by the preferential orientation of muscovite
and biotite, characterizing a prominent lepidoblastic texture (Fig. 5f) that usually form
crenulations. Stretched granoblastic domains are formed by recrystallized quartz and
plagioclase (Fig. 5f). Presence of non-crystalline form of organic matter and absence of

graphite indicate that the rocks were metamorphosed under low-grade conditions, differently
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from the metabasalts, in which mineralogical paragenesis (hornblende and plagioclase) is
diagnostic of amphibolite-facies metamorphism. Metagraywackes and carbonaceous
phyllites are commonly associated with quartz and carbonate veinlets. Sulfide dissemination,
mainly pyrrhotite and arsenopyrite, is also common in both rock types and may be related to

gold mineralization.
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Fig. 4. Drill core aspects of metasedimentary rocks of the Crixas greenstone belt. (4) Transition from black-
colored carbonaceous phyllites to light brown-colored metagraywackes (increasing depth from left to right).

(B) Highly foliated carbonaceous phyllite. (C) Metagraywacke with white angular clasts of quartz and feldspar.
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Fig. 5. Photomicrographs of metasedimentary rocks of the Crixds greenstone belt. (A-B) Metagraywacke

composed of medium- to coarse-grained angular to subangular quartz and plagioclase clasts embedded in a
fine-grained recrystallized matrix. (C) Coarse-grained quartz clast embedded in a foliated fine-grained matrix.
(D) Syn-tectonic garnet porphyroblasts in metagraywacke. (E) Coarse-grained post-tectonic euhedral garnet
porphyroblasts in metagraywacke. (F) Carbonaceous phyllite composed of quartz, non-crystalline
carbonaceous matter, muscovite, and biotite. Crossed polarized lights (4, B, and C); Planar polarized lights

(D, E, and F). Abbreviations: Qz (quartz), Pl (plagioclase), Ms (muscovite), Bt (biotite), Grt (garnet) Mt

(magnetite) and CM (carbonaceous matter).
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4.2. Major and Trace Elements

Metagraywackes and carbonaceous phyllites of the Crixas greenstone belt present
most of the major and trace element composition in the same broad range and cannot be
distinguished exclusively by their chemical composition, suggesting that both types of rocks
received contribution from similar source areas. Samples are characterized by SiO2 = 54 —
73 wt.%, A2O3 = 12 - 22 wt.%, Fe203 =5 - 17 wt.%, MgO =2 - 7 wt.%, CaO = 0.3 - 7.0
wt.%, Na;0 = 0.2 - 4.6 wt.%, KoO =0.4 — 5.5 wt.%, TiO2 = 0.5 - 1.4 wt.%, P.Os =0.1 - 0.4
wt.%, Cr =60 - 400 ppm and Ni =22 - 158 ppm (Supplementary Material 1).

On chondrite-normalized REE diagram, both metagraywackes and carbonaceous
phyllites show enriched LREE patterns (La/Smen = 2.05 - 4.20; La/Yben = 3.01 - 20.42) and
near-flat to variably depleted HREE patterns (Gd/Yben = 1.19 - 3.58) (Fig. 6a and 6b).
Negative Eu anomalies are present in most samples, while some show no anomalies (Eu/Eu*
= 0.38 - 1.01). A positive Ce anomaly is observed only in one sample of carbonaceous
phyllite (Ce/Ce* = 1.33) (Fig. 6a and 6b). On primitive mantle-normalized diagram, samples
show strong Nb - Ta and Ti negative anomalies (Nb/Thpm = 0.07 - 0.41; Ti/Smpm = 0.10 -
0.86), and less prominent negative to positive Zr - Hf anomalies (Zt/Smpm = 0.67 - 1.90)
(Fig. 6¢ and 6d). On PAAS-normalized diagram, metagraywackes and carbonaceous
phyllites present similar patterns. The most distinguished aspects are the depletion in Ti and
Zr — Hf (T1/Smpaas 0.27 — 0.88; Zr/Smypaas = 0.45 - 0.89) observed in most samples and some
negative to positive Nb — Ta anomalies in some samples (Nb/Thpaas = 0.48 - 2.62) (Fig. 6e
and 6f).
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Fig. 6. Chondrite- (A and B), primitive mantle- (C and D), and PAAS-normalized (E and F) diagrams for
metagraywackes and carbonaceous phyllites of the Crixas greenstone belt. Normalization values are those of

Sun and McDonough (1989) for chondrite and primitive mantle, and Taylor and McLennan (1985) for PAAS.

4.3. Detrital Zircon U-Pb Geochronology

Detrital zircon populations of all analyzed samples are heterogencous and include
euhedral prismatic, rounded, and sub-rounded shapes with internal growth zoning. U-Pb
ages of the vast majority of grains from either metagraywackes and carbonaceous phyllites
overlap and are concentrated in a relatively uniform interval in the Rhyacian (ca. 2.2 - 2.1
Ga), despite some minor Neoarchean and Siderian grains. U-Pb data of each sample are
presented in Concordia diagrams and probability density plots in Figs. 7 and 8, and listed in

Supplementary Material 2.
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Sample CPIEVESDO0015-1 (metagraywacke; 1049 m) provided 95 detrital zircon
grains in which 73 within 10% discordance were used in a probability density plot showing
a peak at 2158 Ma. Upper and lower intercepts in the Concordia diagram yielded ages of
2168.1 £4.1 and 228 £ 55 Ma (MSWD = 0.90), respectively (Fig. 7a). A total of 87 grains
were recovered from sample CPIVESD0015-2 (metagraywacke; 1450 m) in which 44 within
10% discordance were plotted in a probability density histogram evidencing a peak at 2197
Ma. Upper and lower intercepts in the Concordia diagram yielded ages of 2213.4 = 5.6 and
437 £ 36 Ma (MSWD = 1.6), respectively (Fig. 7b).

Sample CPIVESDO0016-1 (carbonaceous phyllite; 768 m) provided 68 grains in
which a group of 39 grains within 10% discordance resulted in a peak at 2168 Ma in the
probability density plot. A single older grain with a 2°’Pb/2%Pb age of 2343 Ma was also
recognized. Upper and lower intercepts in the Concordia diagram yielded ages of 2172.1 £+
8.8 and 385 = 86 Ma (MSWD = 1.6), respectively (Fig. 7¢). Sample CPIVESDO0016-3
(metagraywacke; 1235 m) provided 87 grains in which 47 within 10% discordance were
used in a probability density plot showing a main peak at 2182 Ma. Two grains presented
Siderian *’Pb/?*Pb ages (2350 and 2315 Ma) and one Archean grain presented a 2*’Pb/?°Pb
age of 2561 Ma. Upper and lower intercepts in the Concordia diagram yielded ages of 2206.4
+ 6.2 and 323 + 44 Ma (MSWD = 1.5), respectively (Fig. 7d).

Sample CPIVESDO0029-1 (carbonaceous phyllite; 784 m) provided 63 grains in
which 29 within 10% discordance resulted in a peak at 2182 Ma. A single Archean grain
with a 20’Pb/?%Pb age of 2719 Ma was also recognized. Upper and lower intercepts in the
Concordia diagram yielded ages of 2184.5 = 83 and 167 £ 84 Ma (MSWD = 2.0),
respectively (Fig. 8a). Sample CPIVESD0029-2 (metagraywacke; 1154 m) provided 60
grains in which 28 were used in a probability density plot resulting in a peak at 2194 Ma.
Upper and lower intercepts in the Concordia diagram yielded ages of 2204.3 + 6.6 and 491
+ 31 Ma (MSWD = 1.1), respectively (Fig. 8b).

Sample CPIEVESDO0035-2 (carbonaceous phyllite; 998 m) provided 35 detrital
zircon grains in which 18 grains within 10% discordance were used in a probability density
plot showing a peak at 2162 Ma. The same age was obtained in the upper intercept of the
Concordia diagram (2162.2 + 9.2 Ma; MSWD = 1.7) (Fig. 8c). Sample PALESD005-2
(metagraywacke; 647 m) provided 70 grains in which 45 within 10% discordance were used
in a probability density plot evidencing a main peak at 2191 Ma. A single grain with a
207pb/2%Pb age of 2406 Ma and two grains of 2762 and 2734 Ma were also recognized.
Upper and lower intercepts in the Concordia diagram yielded ages of 2194.7 + 7.1 and 183
+ 90 Ma (MSWD = 2.0), respectively (Fig. 8d).
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The totality of detrital zircon grains (at least 90% concordant) of our study was
compiled with data from Jost et al. (2010) and plotted in a probability density histogram (n
= 351) that highlight a main peak in the Rhyacian (~2.1 Ga) and subordinated Archean (ca.
3.3 Ga, 2.9 Ga, and 2.7 Ga) and Siderian (ca. 2.4 Ga) contribution in the age spectra of the
metasedimentary rocks of the Crixds greenstone belt (Fig. 9a). The maximum deposition
ages (MDA) for each sample of our study were determined following the method of the
youngest statistical population. As suggested by Coutts et al. (2019) and Sharman and
Malkowski (2020), this conservative method produces accurate MDAs and is less
susceptible to contamination and Pb-loss issues, thus yielding ages that are less likely to be
younger than the true depositional age. Our eight samples provided individual MDAs
between 2156 + 4 and 2148 + 4 Ma. Considering the relatively short interval of these ages,
we calculated an estimate of the MDA from the weighted mean of the youngest population
of detrital zircon grains (at least 90% concordant) from all samples taken together and
obtained a more robust MDA of 2149 + 4 Ma (35/36 grains; MSWD = 0.809; p()*) = 0.79)
(Fig. 9b).
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Fig. 7. Concordia diagrams and distribution frequency histograms for detrital zircon grains of

metasedimentary rocks of the Crixas greenstone belt:

(4) Sample CPIVESDOO0I5-1.

(B) Sample

CPIVESDO0015-2. (C) Sample CPIEVESD0016-1. (D) Sample CPIVESD0016-3. All zircon data presented in

the histograms are at least 90% concordant. Y’ Pb/Pb*" ages were used for histogram plots. The age range of

potential source areas is represented by colored bars.
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CPIVESD0029-2. (C) Sample CPIEVESD0035-2. (D) Sample PALESD0005-2. All zircon data presented in the
histograms are at least 90% concordant. >’ Pb/Pb*’S ages were used for histogram plots. The age range of

potential source areas is represented by the colored bars.
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Fig. 9. Distribution frequency histogram and maximum deposition age estimate for the metasedimentary rocks
of the Crixas greenstone belt. (A) Distribution frequency histogram for detrital zircon grains from all samples
of this study compiled with data from Jost et al. (2010). (B) Maximum deposition age calculated from the
weighted mean of the youngest population of detrital zircon grains from the samples of our study (MDA = 2149
+4 Ma; MSWD = 0.809; p(x*) = 0.79). All zircon data presented are at least 90% concordant. *”’ Pb/Pb*" ages

were used for histogram plots. The age range of potential source areas is represented by the colored bars.

4.4. Sm-Nd Isotopes

Metagraywackes and carbonaceous phyllites of the Crixas greenstone belt present
relatively homogeneous Tpm ages between 2.44 and 2.34 Ga. eng values were calculated at
the maximum depositional age estimate (t = 2149 Ma) and range from -0.27 to +1.25 (Fig.
10). Sm-Nd data are listed in Table 1.
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Table 1. Sm-Nd isotopic data of metagraywackes and carbonaceous phyllites of the Crixads greenstone belt.

Sm Nd ena (1=2149  Tom

Sample Type 47Sm/'*Nd 13Nd/"Nd + 26
(ppm) (ppm) Ma) (Ga)
CPIVESDO0015A Metagraywacke 4.813 26.816 0.1085 0.511376 =8 -0.27 243
CPIVESD0015B Metagraywacke 4.719 26.049 0.1095 0.511398 =7 -0.11 2.42
CPIVESDOO16A Metagraywacke 4.175 21.885 0.1153 0.511496 +5 0.20 241
CPIVESDO0016C Metagraywacke 4.822 26.780 0.1088 0.511401+6 0.14 2.40
CPIVESD0029D Metagraywacke 5.676 30.292 0.1133 0.511490+5 0.64 2.37
CPIVESD0035B Metagraywacke 4.785 26.233 0.1103 0.511441+9 0.51 2.37
PALESDO005C Carb. Phyllite 4.427 23.833 0.1120 0.511439+38 0.00 2.42
CPIVESD0016B Carb. Phyllite 4.864 25.067 0.1173 0.511523+6 0.17 2.42
CPIVESD0029A Carb. Phyllite 4.954 24.957 0.1200 0.511568 =8 0.31 2.41
CPIVESDO0035A Carb. Phyllite 8.843 46.811 0.1142 0.511534+5 1.25 2.32
PALESDO0SA Carb. Phyllite 8.454 44.653 0.1140 0.511497 +3 0.58 2.37

o
bl
Metabasalts and metakomatiites of the Crixas =
Fortes et al., 2003) ZF
greenstone belt (Fortes et al., 7
o
O -
= ¥ -
‘¥
\ 2 Dot
W e o q})“g ” v fp;,;/”
o 2555
o e® s ZEy)
& _giegl
B et
225727
(=] sz5® 2 z7
N [~ S el
h F 2 ; 1//,, 4
2 <&
L (o)
.7 O
i Go\’b
&
o
o
O o
3 %e% P Crixas greenstone belt:
o o Ao
L & & oE -
@ '<‘® é\‘& etagraywacke
\00 -=-. Carbonaceous Phyllite
L . )

Age (Ga)
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For comparison, the Nd growth curves of potential source areas are also shown.



5. Discussion

5.1. Depositional Ages

Despite the minor contribution of Archean and Siderian sources in the age spectra of
detrital zircon grains of the metasedimentary rocks of the Crixds greenstone belt, the
Concordia diagrams of the eight analyzed samples have upper intercepts between 2213.4 +
5.6 and 2162.2 £ 9.2 Ma, which we interpret as the age range of the main Rhyacian source
area (Figs. 7 and 8). This age differs only by about 13 Ma from the maximum depositional
age of 2149 + 4 Ma (Fig. 9). The lower intercepts range from 491 + 31 to 167 + 84 Ma. The
former may be related to the late stages of the Brasiliano Orogeny that affected the region of
the Crixas-Goias Domain.

Previous U-Pb data of zircon grains interpreted to be of hydrothermal origin
recovered from a silicified metagraywacke sample analyzed by Tassinari et al. (2006)
yielded an upper intercept age of 2165 =47 Ma. This age was interpreted to reflect the timing
of the gold mineralization in the Crixas greenstone belt and considered as a minimum
depositional age for the paleobasin (Tassinari et al., 2006; Jost et al., 2010, 2019). Another
attempt to constrain a minimum depositional age was conducted by Jost et al. (2010). The
authors performed U-Pb zircon dating of a mafic dike that crosscut the metasedimentary
rocks of the Crixas greenstone belt and obtained the 2170 &+ 17 Ma age, initially interpreted
to be the crystallization age of the dike and correlated with the hydrothermal zircon age
obtained by Tassinari et al. (2006). However, the data was later reinterpreted by Jost et al.
(2019), who observed that the zircon grains of the mafic dike is actually inherited xenocrysts
and thus may reflect the source area age of the hosting metagraywacke.

Considering the associated error, the 2165 + 47 Ma age of hydrothermal zircon
obtained by Tassinari et al. (2006) overlaps either the age range of the main Rhyacian source
area (2213.4+ 5.6 and 2162.2 + 9.2 Ma) and the maximum depositional age (2149 + 4 Ma)
defined by our data. Thus, the former should not be considered a minimum limit for the
sediment deposition. Alternatively, a good estimate for the minimum depositional age in the
Crixas greenstone belt is the Re-Os dating of arsenopyrite from gold-bearing massive sulfide
lenses hosted in metasedimentary rocks that yielded the 2126 + 16 Ma age (Marques et al.,
2013). In summary, the current geochronological data for the Crixas greenstone belt
constrain a robust interval of maximum and minimum depositional ages of 2149 + 4 Ma and

2126 £ 16, respectively. This indicates that the deposition of the black shales and graywackes
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took place in a relatively short time span since the formation of the main source area in the

Rhyacian.

5.2. Post-Depositional Alteration

The greenstone belts of the Crixas-Goids Domain have been submitted to
metamorphism under greenschist- to amphibolite-facies conditions and multiple stages of
deformational events in the Paleoproterozoic and Neoproterozoic (Fortes et al., 2003; Jost et
al., 2010; Borges et al., 2017). Metasedimentary rocks of the Crixas greenstone belt
commonly show evidence of hydrothermal alteration (e.g. silicification and carbonate
alteration) and formation of secondary mineral phases (e.g. euhedral garnet, arsenopyrite,
and pyrrhotite), especially in the gold-mineralized zones (Jost et al., 2010, 2019). Chemical
changes during diagenesis and metasomatic processes can compromise the inferences about
the source area composition and sedimentary processes. Indeed, even the most preserved
samples of metagraywacke and carbonaceous phyllite of the Crixas greenstone belt show
evidence of major elements (SiO2, Na;O, CaO, and K»0O) and LILE mobility, as noted by the
large scatter in the distribution of those elements in bivariant diagrams, resulting in weak or
no correlation. For this reason, the usage of weathering index (e.g. Chemical Index of
Alteration; CIA; Nesbit and Young, 1982), commonly applied for sedimentary rocks in order
to measure the chemical weathering intensity in the source area, does not seems to raise
reliable information since those elements may have been remobilized by post-depositional
processes, for instance.

On the other hand, relatively immobile elements like REE, HFSE (Th, Zr, Hf, and
Y), Sc, V, Co, Cr, and Ni are particularly useful in provenance studies due to their short
residence times in sea water, being readily incorporated into sediments, and low mobility
during sedimentary and low-grade metamorphic processes (Taylor and McLennan, 1985;
McLennan and Taylor, 1991). In the greenstone belts of the southern Crixas-Goias Domain,
Borges et al. (2017) discussed that many of the trace elements, such as the REE and HFSE,
were still useful for petrogenetic interpretations of the amphibolite-facies metavolcanic
rocks of the Faina and Serra de Santa Rita greenstone belts. Moreover, the amphibolite-facies
metakomatiites and metabasalts of the Crixas greenstone belt still preserve a Mesoarchean
Sm-Nd isochron (Fortes et al.,, 2003), suggesting that the REE systematics were not
substantially altered after subsequent metamorphic and deformational events. The
greenschist-facies metagraywackes and carbonaceous phyllites of the Crixas greenstone belt

show fairly coherent and uniform patterns on the trace element diagrams (Fig. 6) and in the
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whole-rock Sm-Nd isotopic systematics (Fig. 10), which seems unlikely that those elements
were disturbed during metasomatic processes and may give important clues about the source
area composition and sedimentary processes. In this work, we focus exclusively on the
relative immobile trace elements for the following discussions about sedimentary sorting,

provenance, and tectonic setting of the metasedimentary rocks.

5.3. Sediment Recycling

Effects of sediment sorting and recycling can be evaluated using Th/Sc and Zr/Sc
ratios that strongly correlate in clastic sedimentary rocks and are an index of zircon
enrichment. High mineral selection and sediment recycling result in increasing Zr/Sc ratios,
reflecting zircon and other heavy accessory minerals concentration, whereas Th/Sc ratios
reflect compositional differentiation processes since Th is an incompatible element and Sc
is typically compatible in magmatic systems (McLennan et al., 1993). On a Zr/Sc vs. Th/Sc
diagram (McLennan et al., 1993), metagraywackes and carbonaceous phyllites of the Crixas
greenstone belt define a trend consistent with compositional variation in the source area, but
no trend reflecting significative sediment sorting and recycling is evidenced (Fig. 11). This
is consonant with the textural and mineralogical immaturity of the metasedimentary rocks
of the Crixas greenstone belt, especially the metagraywackes, which one of its main features

is the presence of angular to subangular fresh plagioclase clasts.

® Metagraywacke
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Fig. 11. Zr/Sc vs. Th/Sc diagram (McLennan et al., 1993) showing no significant recycling trend for

metagraywackes and carbonaceous phyllites of the Crixas greenstone belt.
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5.4. Source Area Composition

The metagraywackes and carbonaceous phyllites of the Crixas greenstone belts have
chemical, mineralogical, and textural characteristics that indicate that the clastic sediments
were not intensely weathered and re-worked. Thus, the geochemical properties of these rocks
can provide valuable information about the characteristics and provenance of their sources.
The elements Cr, Ni, Sc, and Co preferably partition into mafic minerals, whereas Th, Zr,
Hf, and La are enriched in felsic sources, which usually have a higher abundance of heavy
accessory minerals (e.g. zircon, monazite, and allanite). Therefore, ratios of these elements
can be used to distinguish between mafic and felsic sources.

High ratios of Th/Co and La/Sc are characteristic of felsic sources while low ratios
are consistent with mafic sources. The metagraywackes and carbonaceous phyllites of the
Crixas greenstone belt plot in a trend close to the felsic component and toward the mafic
component on a Th/Co vs. La/Sc diagram (Cullers, 2002), suggesting a mixture of the two
endmembers (Fig. 12a). Cr/V ratio is a parameter of Cr enrichment over the other
ferromagnesian trace elements, whereas the Y/Ni ratio monitors the behavior of
ferromagnesian trace elements compared to a proxy of HREE (Y), discriminating between
felsic and ophiolitic (ultramafic) sources (Hiscott, 1984; McLennan et al., 1993). As
evidenced by the Y/Ni vs. Cr/V diagram (Fig 12b), the metagraywackes and carbonaceous
phyllites show low Y/Ni ratios, mostly lower than 1, and varied Cr/V ratios, ranging from
0.46 to 2.88. Some samples present Cr/V ratios extensively higher than the average UCC
(0.78; McLennan, 2001), which reflect an important contribution of ultramafic and/or mafic
sources.

Composition of different sources can also be discriminated in a Hf vs. La/Th diagram
(Floyd and Leveridge, 1987). In this diagram, increasing La/Th ratios with associated low
Hf contents reflect compositional variation in magmatic arc systems, whereas high Hf
contents are related to passive margin sources, in response to increasing old sediment input
and zircon (and other heavy minerals) accumulation. The metagraywackes and carbonaceous
phyllites plot close to the felsic sources related to a magmatic arc, but in a trend toward
mixing of acidic and basic components (Fig. 13), that is also consistent with sources of
intermediate composition, such as andesites and diorites.

Trace element distribution in sedimentary rocks on normalized diagrams also has a
great potential to reflect many aspects of their provenance (Taylor and McLennan, 1985).
The metagraywackes and carbonaceous phyllites of the Crixds greenstone belt display a

prominent trough in Nb and Ti on the primitive mantle-normalized diagram (Fig. 6¢ and 6d),
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which is one of the most diagnostic features of subduction-related rocks. Negative anomalies
of Zr are evidenced on the PAAS-normalized diagram (Fig. 6e and 6f) and likely reflect a
significantly less concentration of heavy minerals (zircon) than PAAS in response to the
absence of significative sediment sorting and recycling. On the chondrite-normalized
diagram (Fig. 6a and 6b), the samples show patterns of LREE that suggest a different range
of magmatic differentiation processes and enrichment of incompatible elements in the source
areas (La/Sme, = 2.05 — 4.20). Depletion of HREE is a peculiar feature observed only in a
small number of samples. Steep patterns of HREE have been attributed to reflect igneous
sources with garnet as a fractionating phase during petrogenetic processes. This
compositional characteristic is noticeably more common in Archean sedimentary rocks when
compared to Proterozoic and Phanerozoic counterparts (McLennan and Taylor, 1991;
McLennan et al., 1993). Various extent of negative anomalies of Eu (Eu/Eu* = 0.38 — 0.90)
are present and may reflect intracrustal processes that include partial melting and fractional
crystallization with associated fractionation of plagioclase. The magnitude of the Eu
anomalies, enrichment in incompatible elements, and textural/mineral immaturities of the
metasedimentary rocks of the Crixas greenstone belt are characteristics of sedimentary rocks
derived from young differentiated (intracrustal) magmatic arcs (McLennan et al., 1993).

A mixed mafic-ultramafic and felsic provenance for the metasedimentary rocks of
the Crixas greenstone belt can be intuitively assigned to the underneath Mesoarchean
metakomatiite/metabasalts and to the surrounding Meso-Neoarchean TTG orthogneisses,
respectively. Nevertheless, as reflected by U-Pb detrital zircon ages, Archean source areas
are only a minor part of the provenance, which is actually largely dominated by ca. 2.2 —2.1
Ga rocks. Thus, arc-related Rhyacian sources must correspond to a major part of the mixed
arc-related mafic and felsic contribution, which is also in agreement with sources of

intermediate composition.
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Fig. 12. Discrimination between mafic and felsic sources for the metagraywackes and carbonaceous phyllites

of the Crixas greenstone belt. (A) Th/Co vs. La/Sc diagram (Cullers, 2002). (B) Y/Ni vs. Cr/V diagram (Hiscott,

1984).
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Fig. 13. Hf vs. La/Th discrimination diagram to access the composition of the source areas of the
metagraywackes and carbonaceous phyllites of the Crixas greenstone belt (Modified after Floyd and Leveridge,
1987). Dotted lines represent the compositional range of potential source areas: 1) Mesoarchean mafic
metavolcanic rocks of the Crixds greenstone belt (unpublished data from the authors); 2) Meso-Neoarchean
TTG gneisses of the Crixas-Goias Domain (data from Beghelli, 2012); 3) Granitic rocks of the Rhyacian
Campinorte Arc (data from Cordeiro et al., 2014). N-MORB and OIB compositions are from Sun and
McDonough (1989). PAAS composition is from Taylor and McLennan (19835).

5.5. Tectonic Setting

Chemical composition of sedimentary rocks can provide information about the
tectonic environment in which the clastic sediments were deposited. Bhatia and Crook (1986)
recognized that immobile trace elements (e.g. La, Ce, Nd, Th, Zr, Nb, Y, Sc, and Co) of
graywackes are especially useful in tectonic setting discrimination of sedimentary basins.
Ternary diagrams of Fig. 14 use La-Th-Sc and Th-Sc-Zr/10 relations to distinguish between
oceanic island arc, continental island arc, active continental margin, and passive margin
settings. On both diagrams, some samples of metagraywacke and carbonaceous phyllite of

the Crixas greenstone belt plot in the “island arc” field while most samples plot in the
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“continental island arc”. The latter corresponds to sedimentary basins close to island arcs
formed on a well-developed continental crust (e.g. Lau Basin; Japan Sea) or thin continental
margins (e.g. Cascades-Western, USA). Sediments of these environments derive mainly
from the volcanic arc and are deposited in intra-arc, back-arc, and forearc basins (Bhatia,
1983; Bhatia and Crook, 1986). These basins are distinct from those of the “active
continental margin” type that corresponds to sedimentary basins related to thick continental
margins (e.g. Andes) composed of varied rocks of older fold belts where the siliceous
uplifted basement is an important sediment source (Bhatia, 1983).

Detrital zircon spectra also reflect the tectonic setting in which they were deposited.
This approach is especially sensitive when the depositional age of the investigated sediments
i1s well constrained (Cawood, 2012), which seems to be the case of the Crixds greenstone
belt. Basins related to convergent margins typically contain igneous zircon with ages close
to the time of sediment deposition (e.g. forearc, trench, and back-arc basins). A different
situation occurs in basins related to continental collision settings (e.g. foreland basins),
where zircon grains older than the sediment deposition occur in a significant proportion.
Whereas in zones of extension (e.g. rift basins), the detrital zircon record is dominated by
grains that are much older than the time of sediment deposition (Cawood, 2012).

Detrital zircon geochronology of the metagraywackes and carbonaceous phyllites of
the Crixas greenstone belt evidence a dominant Rhyacian peak (2.2 - 2.1 Ga) (Figs. 7, 8, and
9). Minor contributions of Neoarchean and Siderian grains comprise only about 2% of the
provenance, according to our data. This unimodal detrital zircon age spectra clearly resemble
those of convergent setting basins, more specifically forearc and trench basins, with the
source age close to the depositional age. Continental back-arc basins, on the other hand, are
expected to contain an increased input of older sediments from the adjoining craton (Cawood
et al., 2012). The apparent absence of Paleoproterozoic basalts with MORB geochemical
signature in the Crixas greenstone belt is also not consistent with a back-arc setting. Positive
to slightly negative values of ena (t) (Table 1) of the metagraywackes and carbonaceous
phyllites suggest that the arc-source is dominated by juvenile material with a minor
contribution of reworked crust.

Information provided by the ternary tectonic discriminant diagrams (Fig. 14) and the
age spectra of the detrital zircon record (Figs. 7, 8, and 9) led us to suggest that the
sedimentary rocks of the Crixas greenstone belts were derived from the erosion of a
Rhyacian island arc formed adjacent to an Archean paleocontinent constituted of TTG-
greenstone terranes. Rapid uplift, erosion of the Rhyacian arc edifice, and accumulation of

syn-orogenic sediments in a trench or forearc basin resulted in unimodal age spectra of clasts.
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The pieces of evidence show that the original sedimentary protoliths were not deposited
directly on an erosive discordance above the Archean TTG and mafic-ultramafic volcanic
rocks, but rather were tectonically emplaced on the TTG-greenstone crust during an arc-

continent collision (Fig. 15).
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Fig. 14. Tectonic setting discrimination diagrams (Bhatia and Crook, 1986) for the metagraywackes and

carbonaceous phyllites of the Crixds greenstone belt. (A) La-Th-Sc ternary plot. (B) Th-Sc-Zr/10 ternary plot.

5.6. Potential Source Areas and Implications to the Goids Massif
5.6.1. Investigation of Potential Source Areas

Archean and Siderian detrital zircon grains comprise a minor part of the provenance
of the metasedimentary rocks of the Crixas greenstone belt. Archean sources are likely
related to the Meso-Neoarchean TTG complexes of the Crixds-Goias Domain. Two zircon
grains of 2762 and 2719 Ma were probably derived from the youngest Neoarchean
granodioritic and granitic gneisses (Queiroz et al., 2008) (Figs. 7, 8, and 9). Metagraywacke
samples investigated by Jost et al. (2010) presented an older population of ca. 3.3 Ga detrital
zircon that is comparable with inherited Paleoarchean zircon xenocrysts recognized in
Mesoarchean orthogneisses of the northern TTG complexes (Queiroz et al., 2008) (Fig. 9).
Moreover, the depleted HREE patterns observed in some samples (Figs. 6a and 6b) can be
linked to the ca. 3.1 — 2.8 Ga orthogneisses, which geochemical characteristics were
interpreted to indicate the effects of garnet as a residual phase during mantle melting

(Beghelli Jr, 2012; Borges et al., 2017).
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Siderian grains range from 2405 - 2343 Ma and could be derived from ca. 2.4 Ga
diabase dike swarms intruded in the TTG complexes of the Crixas-Goias Domain (Corréa
da Costa, 2003) However, zircon grains crystallized in mafic dikes are often scarce, too small
and irregular, being difficult to source. Alternatively, Siderian granite-gneissic rocks of the
Almas-Concei¢ao do Tocantins Domain (Martins-Ferreira et al., 2020; Saboia et al., 2020),
located at northeast of the Crixas-Goias Domain, could have sourced the ca. 2.4 Ga zircon
grains (Figs. 7, 8, and 9).

The nature of the dominant Rhyacian provenance is dubious, as pointed out by Jost
et al. (2010, 2019), since there is no extensive crust of that age exposed in the Crixas-Goias
Domain. Jost et al. (2019) suggested that the Rhyacian source area would occur to the west
of the Crixas-Goids Domain and raised the possibility that the domain could represent a
headland of the border of a craton during the opening of the Goids-Pharusian Ocean (Cordani
et al., 2013). In this context, the domain is thought to be an allochthonous terrane that was
separated from the original craton during its collision against the Brasilia Belt in the
Neoproterozoic. Another alternative considers that the Crix4s-Goias Domain decoupled
from an early craton that is actually the basement of the Neoproterozoic Araguaia or
Paraguay belts, that occur west of the Transbrasiliano Lineament (Jost et al., 2019). However,
the allochthonous and “exotic” nature of the Crixas-Goias Domain in the context of the
Brasilia Belt (and its basement) has been challenged by some authors. Cordeiro and Oliveira
(2017), based on fieldwork and reassessment of geophysical data, interpreted that the
tectonic domains that constitute the Goias Massif were amalgamated in the Paleoproterozoic.
This assumption has been further reinforced by other authors through different approaches
(e.g. Martins-Ferreira et al., 2018; Reis et al., 2020; Filgueiras et al., 2020).

Provenance from the Paleoproterozoic terranes that comprise the other tectonic
domains of the Goids Massif, located northeast of the Crixds-Goids Domain (see Fig. 1),
gives a possible explanation for the origin of the main Rhyacian source area. Orthogneisses
and granites of ca. 2.2 — 2.1 Ga are present in different proportions in the Almas-Conceigao
do Tocantins, Cavalcante-Arraias and Campinorte domains (Botelho et al., 2006; Giustina et
al., 2009; Cordeiro et al., 2014; Fuck et al., 2014; Cuadros et al., 2017a; Martins-Ferreira et
al., 2020). In this context, a highlight has been given to the neighboring Campinorte Domain
(Cordeiro et al., 2014; Cordeiro and Oliveira, 2017). We following discuss this possibility
and suggest an alternative scenario to account for the origin of the Rhyacian source area of

the metasedimentary rocks of the Crixés greenstone belt.

54



5.6.1.1. Campinorte Arc: The Main Rhyacian Source Area?

Cordeiro et al. (2014) proposed that the Rhyacian provenance of the metasedimentary
successions of the Crixas-Goids Domain’s northern greenstone belts may be related to the
ca. 2.2 - 2.0 juvenile Campinorte Arc (Campinorte Domain). This interpretation was mainly
based on the current relative geographical proximity of the two domains and the
synchronicity of their sedimentary basins. The Campinorte Domain contains a Rhyacian
metavolcanosedimentary sequence (Campinorte Sequence) that consists of chemical
metasedimentary rocks, rhyolitic metatuffs, metapelites, and quartzites (Giustina et al.,
2009). The provenance of the clastic sediments of this sequence is attributed to the adjacent
orthogneisses and granitic rocks of the coeval Campinorte Arc (Giustina et al., 2009;
Cordeiro et al., 2014). It was suggested by Cordeiro et al. (2014) that the Campinorte Arc
was a proximal source area for the Campinorte Sequence and a distal source for the
greenstone belts of the northern Crixas-Goids Domain (Crixas, Pilar de Goids and Guarinos
greenstones).

As visualized in the distribution frequency histograms (Figs. 7, 8, and 9), Nd isotopic
evolution curves (Fig. 10), and Hf vs. La/Th compositional diagram (Fig. 13), the
metasedimentary rocks of the Crixas greenstone belt share similarities with granitic rocks of
the Campinorte Arc, favoring arguments for the latter being the main source area for the
former. However, although we state that this interpretation should not be totally discarded,
we believe that there are a few issues to directly connect the metagraywackes and
carbonaceous phyllites of the Crixds greenstone belt (and other greenstones of the Crixas-
Goids Domain) to the Campinorte Domain: 1) There is a lack of information between the
Campinorte and our study area since this region is covered by Mesoproterozoic sedimentary
rocks (see Fig. 1); 2) The structural orientation of the Crixds-Goids Domain is marked by
N70W-S70E trending structures, while the Campinorte structures are oriented at N10E-
S10W; and 3) The clastic sedimentary protoliths of the Campinorte Sequence is
characterized by mature sediments (now transformed into quartzites and metapelites), while
the sedimentary rocks the Crixas greenstone belt are rather exclusively immature. Indeed,
the different tectonic domains of the Goids Massif record important accretion of juvenile
terranes that might correspond to several different arcs, as suggested by different authors

(e.g. Sousa et al., 2016; Cordeiro and Oliveira, 2017, Martins-Ferreira et al., 2020).
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5.6.1.2. A Rhyacian Magmatic Arc in the Crixas-Goias Domain

Although scarce, Rhyacian magmatic rocks occurring inside the Crixds-Goids
Domain have been locally described and include: 1) 2146 Ma diorites intruded in a northwest-
trending shear zone that crosscut the Hidrolina TTG Complex (Jost et al., 1993); i) 2145 Ma
trondhjemite stocks related to a gold-bearing shear zone located in the Pilar de Goias
greenstone belt (Jost et al., 1992; Queiroz, 2000); and iii) 2061 Ma syenite intrusion in the
Faina greenstone belt, southern Crixds-Goids Domain (Bogossian, 2020). It has been
previously recognized that the Rhyacian was a period of crustal compression and the most
important metallogenetic epoch in the Crixas-Goids Domain (Jost et al., 2014); although a
model that accounts for the Rhyacian magmatism and formation of ore deposits in a regional
scale still lacks for the region.

The arc-related sedimentary basin occurring in the upper Crixas greenstone belt is an
important piece to this puzzle insofar it can provide further information that cannot be
reached directly from igneous rocks. We interpret that a Rhyacian island arc, denominated
here as Crixas Arc, has formed adjacent to the Archean paleocontinent of which the Crixas-
Goids Domain derived (Fig. 15). Concordia diagrams provided by the metagraywacke and
carbonaceous phyllite samples yielded upper intercepts between 2213.4 = 5.6 and 2162.2 +
9.2 Ma (Figs. 7 and 8), giving a good estimate of the arc magmatism age. Syn-orogenic
sedimentation started with deposition of deep-water back shales and subsequent poorly
sorted immature debris related to episodic turbidite currents in a trench or forearc basin.

Docking of the Rhyacian island arc to the Archean paleocontinent led to the
formation of further magmatism, thrust systems, and tectonic transport of volcaniclastic
graywackes and black shales that were originally deposited in the trench or forearc basin.
Preservation of the Rhyacian sedimentary rock layers on the Mesoarchean metakomatiites
and metabasalts might reflect a preservation bias, as they were more likely to be preserved
in the greenstone belt (keels) rather than on Meso-Neoarchean felsic TTG domes.

Progressive advances in geochronological studies in the Crixas-Goids Domain can
provide further evidence of this Rhyacian orogeny. For instance, some deep drill cores in the
central-northern region of the Crixas greenstone belt record foliated to massive gabbro and
diorites just below the detachment zone of the lowest level of metagraywackes. Also, thin
layers of quartz-feldspar-muscovite schists that have recently been interpreted as either
porphyritic metarhyolite or felsic metatuff occur associated with some structures along the
metasedimentary sequence. These rocks have geochemical arc-signatures but unknown ages.

Their meaning is still under investigation, but we speculate that they can constitute more
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examples of Rhyacian arc magmatism occurring in the region. The massive gabbro and
diorites, only recognized in the deepest drill cores, might represent remnants of the roots of
this island arc. Since no extensive Rhyacian magmatic rocks outcrop in the Crixas-Goids
Domain, the provenance study of metasedimentary rocks of the Crixas greenstone belt
proved to be crucial for the characterization of a proximal magmatic arc that was mostly

eroded, buried, or obliterated.

5.6.2. Implications to the Goias Massif Crustal Evolution

The domains of the Goias Massif differ in lithological association, stages of
magmatism, and structural patterns, and encompass all pre-Brasiliano (pre-Neoproterozoic)
basement of the Northern Brasilia Belt in Central Brazil (Cordeiro and Oliveira, 2017).
Moreover, it was suggested that the Goias Massif is a pericratonic area of the Sdo Francisco
Craton that was affected by deformation and metamorphism during the Neoproterozoic
Brasiliano/Pan-African orogeny, a result of the collision between the Sdo Francisco/Congo,
Amazonian, West African/ S3o Luis and Paranapanema cratons during Western Gondwana
amalgamation (Cordeiro and Oliveira., 2017; Martins-Ferreira et al., 2018; Reis et al., 2020).

At northeast of the Crixas-Goias Domain, extensive areas of Paleoproterozoic crust
are widely exposed in the other domains of the Goias Massif. The Almas-Concei¢do do
Tocantins Domain consists of a Paleoproterozoic granite-greenstone terrane that comprise
complex Siderian to late Rhyacian magmatic events (Cruz et al., 2003; Sousa et al., 2016;
Fuck et al., 2014; Martins-Ferreira et al., 2020; Saboia et al., 2020). The Cavalcante-Arraias
Domain is dominantly composed of ca. 2.18 - 2.14 Ga peraluminous granites of the
Aurumina Suite intruded in graphite-bearing schists and paragneisses of the Ticunzal
Formation (Botelho et al., 2006; Cuadros et al., 2017a, 2017b). Parts of a ca. 2.18 - 2.07 Ga
juvenile magmatic arc occur in the Campinorte Domain and comprise a
metavolcanosedimentary sequence associated with granites, orthogneisses, and granulites
(Giustina et al., 2009; Cordeiro et al., 2014; Filgueiras et al., 2020).

The domains were amalgamated during successive Siderian to Rhyacian orogenic
episodes that involved the collage of multiple island and continental arcs in the western
border of the Sdo Francisco paleocontinent (see Cordeiro and Oliveira, 2017, Martins-
Ferreira et al., 2020 and Saboia et al., 2020 for a review). In this model, the role and position
of the Crixas-Goids Domain remained outshined due to its apparent lacking of
Paleoproterozoic rocks that could match with the amalgamation of the Goids Massif.

Nevertheless, our work gives insights into the Paleoproterozoic crustal growth in the Crixas-
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Goids Domain and the existence of a Rhyacian island arc adjacent to the Archean
paleocontinent in which the terrane derived, as pointed out by the provenance of syn-
orogenic sedimentary rocks of the Crixas greenstone belt. We correlate this orogeny with the
amalgamation of the Goias Massif and insert it in the same context of the Paleoproterozoic
crustal growth of the Sdo Francisco paleocontinent, corroborating with the model proposed
by Cordeiro and Oliveira (2017), with adaptations, as synthetized in Fig. 15.

At ca. 2.2 - 2.1 Ga, widespread arc formation occurred in different settings.
Continental arc was stablished along the older Siderian crust (TTG and greenstone belts) of
the Almas-Concei¢ao do Tocantins domains (Cuadros et al., 2017a; Martins-Ferreira et al.,
2020). This accretionary orogen was coeval with the juvenile arc of the Campinorte Domain.
Mature clastic sediments of the Campinorte Sequence formed from the erosion of the
Campinorte Arc (Giustina et al., 2009; Cordeiro et al., 2014). An island arc (Crixas Arc)
formed adjacent to an Archean paleocontinent. Syn-orogenic immature sediments were
deposited in the trench or forearc basin and were later tectonically transported towards the
TTG-greenstone terranes, being preserved in elongated keels of Mesoarchean mafic-
ultramafic volcanic rocks. During the collision, this arc was buried or obliterated. Erosion of
the magmatic arc might have provided sediments to the distal Paleoproterozoic basins of the
Faina and Serra de Santa Rita greenstone belts, located in the southern portion of the Crixas-
Goids Domain. The final collage of the different terranes in the Rhyacian formed the
crystalline basement of the Goias Massif as a part of the western border of the Sao Francisco-
Congo paleocontinent. The region was latter subject to regional ca. 1.7 - 1.5 Garifting events
and formation of intracontinental basins (Martins-Ferreira et al., 2018), and involved in the

Neoproterozoic Brasiliano Orogeny during the amalgamation of Western Gondwana.

58



e 2.2-2.1Ga: Widespread Rhyacian orogenesis and

multi-arc fermation:
S&o Francisco Paleocontinent

Archean Paleccontinent
(ca.3.1-2.7 GaTTG - greenstones) Crixas Arc Campinorte Arc

Jaysiie Peraluminous granites ca. 2.5 - 2.4 Ga TTG-greenstone
(Aurumina Suite) (Almas Terrane)

&
e

<4 Archean paleccontinent Syn-oragenic
- sedimentation

e ~2.1Ga:Docking of the Juvenile Crixds Arc to the adjacent

Archean paleocontinent:
$&do Francisco Paleocontinent
Archean Paleocontinent Juvenile Peraluminous granites
(ca. 3.1 - 27 GaTTG - greenstones) Crixés Arc Campinorte Arc (Aurumina Suite) ca.2.5-24GaTTG-greenstone

(Almas Terrane)

&

S~

lochthon
Lm:\\;me sedimentar

b

ForearC
ous - Rocks
e =

o ~2.1-2.08 Ga: Accretion of the different terranes and formation of the
Goids Massif crystalline basement:

Crixas-Goas Campinorte Cavalcante-Arraias Almas-Conceigao do
Domain Domain Domain Tocantins Domain

NE

Fig. 15. Paleoproterozoic amalgamation of the Goids Massif (modified after Cordeiro and Oliveira, 2017).
During ca. 2.2 - 2.1 Ga, arc formation occurred in different settings: Continental arcs were established along
the older Siderian crust (TTG and greenstone belts) of the Almas-Concei¢do do Tocantins domain (Cuadros et
al., 2017a; Martins-Ferreira et al., 2020). This accretionary orogen was coeval with the juvenile Campinorte
island arc and its associated mature clastic sedimentary rocks of the Campinorte Sequence (Giustina et al.,
2009; Cordeiro et al., 2014). A Rhyacian island arc (Crixas Arc) formed adjacent to an older Archean
paleocontinent. Syn-orogenic sedimentation in a trench or forearc basin started with deep-ocean back shale
deposition in an anoxic environment followed by episodic turbidite currents of poorly sorted immature sands.
Sedimentary rock layers were tectonically transported to the continent and preserved in the elongated keels of

Mesoarchean mafic-ultramafic volcanic rocks. The Goids Massif was established as a single block after the
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final collage of the different arc terranes, belonging to the western Sao Francisco-Congo paleocontinent (see
Fig. 1). The deposition and tectonic emplacement of the sedimentary rocks of the Crixas greenstone belt are

highlighted in the squares.

6. Conclusions

The Crixas greenstone belt comprises Mesoarchean metakomatiites and metabasalts
overlaid by allochthonous Paleoproterozoic metasedimentary rocks. Our integrated
petrographical, geochemical, and geochronological data of the upper metagraywackes and
carbonaceous phyllites indicate that the original protoliths were deposited in a basin related
to a proximal magmatic arc and received a mixed mafic and felsic contribution. Syn-
orogenic sedimentation started with deep-ocean back shale deposition in an anoxic
environment followed by episodic turbidite currents of poorly sorted immature sands.
Sediments were deposited in a trench or forearc basin filled by rapid erosion of a rising ca.
2.2 - 2.1 Gaisland arc (Crixas Arc) formed adjacent to an older Archean crust constituted of
TTG-greenstone terranes, of which the current Crix4s-Goias Domain may represent a
detached fragment. Although the exact geographical position and extension of that early
Archean crust are still uncertain. Sedimentary rock layers were tectonically transported to
the continent and preserved in elongated keels of Mesoarchean mafic-ultramafic volcanic
rocks. Furthermore, the Rhyacian magmatic arc was probably the main distal source area for
the provenance of the sedimentary rocks of the greenstones located in the southern Crixas-
Goids Domain; where the variety of rocks may reflect different types of basins,
sedimentation conditions, and distance to the arc source area.

No extensive occurrences of Rhyacian magmatic rocks outcropping within the
Crixas-Goias Domain suggest that most of this island arc was buried, obliterated, or eroded
during the Paleoproterozoic. Massive gabbro and diorite intrusions that occur below the
detachment zone of the lowest level of metagraywackes recorded by deep drill cores can
evidence remnants of the Rhyacian magmatic arc roots. Future works can provide further
evidence of records of this orogeny and its relations with the neighboring Rhyacian terranes,
such as the Campinorte Arc. We correlate our tectonic model with the amalgamation of the
Goids Massif throughout the Siderian-Rhyacian crustal growth related to a successive
collage of arc-related terranes in the formation of the Sdo Francisco paleocontinent, that was
latterly involved in the Western Gondwana assembly during the Brasiliano/Pan-African
Orogeny. This is the first work specifically addressing Rhyacian rocks of the Crixas-Goids

Domain in the same broad geological evolution context of the pre-Brasiliano crystalline
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basement of the Brasilia Belt. Moreover, the sediment provenance study of metasedimentary
rocks of the Crix4s greenstone belt proved to be crucial for the recognition and

characterization of Paleoproterozoic crust that is apparently no longer preserved in outcrops.
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Abstract

The Archean-Paleoproterozoic Crixas greenstone belt is one of the most important components of the Crixds-Goias Domain,
the oldest crustal segment of the Central Brazil Goias Massif. This gold-bearing greenstone comprises amphibolite facies
ultramafic-mafic metavolcanic rocks overlaid by a low-grade metasedimentary succession associated with rocks of
intermediate composition. We present new integrated geochemical and isotopic data of the metaigneous rocks to
characterize the stages of magmatism and delineate the petrogenetic processes and tectonic environment of the different
units. The data give important insights into the geological evolution of the Crixas greenstone belt during the Archean and
Paleoproterozoic, including that the Crixas greenstone belt consists of genetically and temporal unrelated rocks that are
spatially associated in a structural framework marked by stacking and imbrication. Two lithological assemblies were
described: i) a Mesoarchean komatiite-tholeiite association formed by heterogeneous mantle plume melting in an oceanic
plateau setting, and ii) a Rhyacian intraoceanic arc association. These units are allochthonous and override an Archean
crustal basement dominated by granites and gneisses of mostly TTG composition. Chemical composition of the
metakomatiites is similar to the Barberton-type Al-depleted komatiites, whilst the metabasalts consist of high-Mg tholeiites
with flat chondrite-normalized REE patterns and immobile trace element systematics that resemble Phanerozoic oceanic
plateau lavas. Eruption age of the ultramafic and mafic lavas is roughly estimated at ~3.0 Ga, based on previously published
Sm-Nd and Pb-Pb isotopic studies, whereas whole-rock Re-Os isotopic data of samples of metakomatiite and metabasalt
presented here yield a 2609 + 65 Ma isochron age. This younger age may reflect a Neoarchean overprinting event associated
with metasomatic Re-addition recorded in the lower ultramafic-mafic metavolcanic rocks, possibly related to the late stages
of the cratonization of the Crixas-Goias Domain during the emplacement of the younger granites of the region (~2.7 Ga).
Newly described meta-andesites and metadiorites possess a subduction zone fingerprint. LA-ICP-MS U-Pb zircon dating
of a meta-andesite sample provided an upper intercept Concordia age of 2172.2 + 12.7 Ma, constraining the age of the
intermediate magmatism. Thus, these rocks are coeval and correlated with the Rhyacian syn-orogenic poorly-sorted
metagraywackes and carbonaceous phyllites of the greenstone’s upper stratigraphy. Meta-andesites and metadiorites have
homogeneous Paleoproterozoic two-stage Nd model ages of 2.28 to 2.26 Ga and positive initial eNd values of +2.34 to
+2.69, indicating a juvenile nature for the arc magmatism. Re-Os geochronology of gold-related arsenopyrite from a
metasedimentary rock-hosted massive sulfide provided an age of 2137 + 11 Ma, suggesting that the mineralization is also
coeval to the Rhyacian collisional stage.

Keywords: Greenstone Belt, Tocantins Province, Goias Massif, Al-Depleted Komatiites, Oceanic Plateau.
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1. Introduction

Granite-greenstone terranes are a window to explore the tectonic styles acting during
the early Earth and how the first continental landmasses grew and stabilized. Several argu-
ments from different perspectives point out the existence of uniformitarian processes con-
trolling the Earth’s geodynamics since the Archean Eon (Barley et al., 1984; Wyman, 2013;
Kusky et al., 2018; Brenner et al., 2020). Systematically documentation of structural patterns
and assemblies of igneous, metamorphic, and sedimentary rocks in ancient terranes have
shown similarities to those produced by modern plate tectonics in the Phanerozoic (Cawood
et al., 2018; Kusky et al., 2018; Windley et al., 2021).

In this sense, cratons are commonly thought to be composed of accreted terranes. For
instance, the Superior Craton comprises oceanic arcs, oceanic plateaus, and sedimentary
prisms accreted to older continental fragments (Langford and Morin, 1976; Card, 1990;
Kusky and Polat, 1999; Percival et al., 2012); and the early and middle Archean greenstone
belts of SW Greenland have been considered one of the best examples of Archean collisional
orogenies embracing dismembered fragments of supra-subduction oceanic crust (Polat et al.,
2008; Nutman and Friend, 2007, 2009). Accretionary orogenic systems have also been well
described in other worldwide cratons such as the Zimbabwe, Yilgarn, Pilbara, and Kaapvaal
cratons (Condie, 2007, Kusky et al., 2021; and references therein).

The Crixas-Goids Domain of the Goias Massif (Cordeiro and Oliveira, 2017) holds
valuable information about Archean and Paleoproterozoic crustal growth processes in Cen-
tral Brazil. One of the main components of this domain is the Crixas greenstone belt, a
metavolcanosedimentary sequence consisted of Mesoarchean amphibolite facies metako-
matiites and metabasalts overlaid by a low-grade Paleoproterozoic metasedimentary succes-
sion associated with intermediate metaigneous rocks (Borges et al., 2021). Previous studies
have addressed the chemical characteristics of the Archean spinifex-textured komatiitic
flows (Arndt et al., 1989; Kuyumjian and Jost, 2006), the provenance of the Paleoproterozoic
clastic sediments (Jost et al., 2010; Ferreira et al., 2021; Borges et al., 2021), and the main
characteristics of the gold deposits (Fortes, 1996; Jost et al., 2014). Nevertheless, the Crixas
greenstone belt is still little explored regarding the petrogenetic processes, the tectonic envi-
ronment of the different metaigneous units, and the space and time relations between the
stages of magmatism and the processes of sedimentation and mineralization.

In this contribution, we investigate these rocks with integrated petrographic analysis,
whole-rock geochemistry, and radiogenic isotopes. In this multidisciplinary approach, the

chemical composition and Sm-Nd isotopic data are present for metakomatiites, metabasalts,
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metadiorites, and meta-andesites. We also obtained the first LA-ICP-MS U-Pb zircon dating
of the associated intermediate magmatism. Re-Os systematics of the metakomatiites and
metabasalts as well as dating of gold-related arsenopyrite are also presented to give further
geochronological constraints and context.

In summary, we suggest that the ultramafic and mafic rocks of the Crixés greenstone
belt were formed in a ca. 3.0 Ga (Arndt et al., 1989; Fortes et al., 2003) oceanic plateau
setting and were tectonically imbricated with ca. 2.2 — 2.1 intraoceanic arc units (arc-related
immature sedimentary rocks and intermediate magmatism). This occurred during the colli-
sion of a Rhyacian magmatic arc onto the precursor Archean paleocontinent of which the
Crixas-Goias Domain derived, evidencing a complex stacking of temporally and genetically
unrelated tectonic units. This orogenic episode is related to the main period of gold mineral-
ization in the region and is treated in the context of the Paleoproterozoic amalgamation of
the Goias Massif, a building component of the western border of the Sdo Francisco-Congo

paleocontinent (Cordeiro and Oliveira, 2017; Martins-Ferreira et al., 2020).

2. Geological Background

The Crixas greenstone belt is located in the Crixas-Goias Domain, which is a part of
the Goias Massif (Cordeiro and Oliveira, 2017; Borges et al., 2021). The massif comprises
a complex collage of Archean and Paleoproterozoic distinct terranes that can be divided into
four tectonic domains (Cordeiro and Oliveira, 2017) (Fig. 1): 1) The Crixas-Goias Domain,
constituted of an association of Archean TTG (tonalite-trondhjemite-granodiorite) and Ar-
chean-Paleoproterozoic greenstone belts (Queiroz et al., 2008; Jost et al., 2013; Borges et
al., 2017, 2021); i1) The Campinorte Domain, comprising granites, gneisses, granulites and
metavolcanosedimentary rocks related to a ca. 2.2 - 2.1 Ga juvenile arc (Campinorte Arc)
(Giustina et al., 2009; Cordeiro et al., 2014; Filgueiras et al., 2020); iii) the Cavalcante-
Arraias Domain, formed of ca. 2.2 - 2.1 Ga peraluminous granites of the Aurumina Suite
intruded in Rhyacian passive margin metasedimentary sequences of the Ticunzal Formation
(Botelho et al., 2006; Fuck et al., 2014; Cuadros et al., 2017a, 2017b); and iv) the Almas-
Conceigao do Tocantins Domain, comprising ca. 2.4 Ga greenstones and 2.4 —2.1 Ga varied
granite-gneissic rocks, including TTG and peraluminous granites (Cruz et al., 2003; Sousa
et al., 2016; Fuck et al., 2014; Martins-Ferreira et al., 2020; Saboia et al., 2020).

It is believed that the different domains of the Goids Massif were amalgamated dur-
ing successive orogenic cycles and accretion of intraoceanic and continental arcs in the

Paleoproterozoic, forming the western margin of the Sdo Francisco-Congo paleocontinent
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(see Cordeiro and Oliveira, 2017, Martins-Ferreira et al., 2020, and Borges et al., 2021 for a
review). The massif was later involved in Statherian-Calymmian extensional events that re-
sulted in the formation of intracontinental basins, that largely cover the Paleoproterozoic
crystalline basement in some regions, and intrusions of anorogenic granites (Pimentel et al.,
1991; Martins-Ferreira et al., 2018; Toscani et al., 2021) (Fig. 1). During the Neoproterozoic,
the Goias Massif acted as the continental margin in which the Brasiliano/Pan-African Orog-

eny took place, building the Western Gondwana supercontinent (Cordeiro and Oliveira,

2017).
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Fig. 1. The central northern part of the Brasilia Belt, highlighting the Goias Massif (modified after Cordeiro

and Oliveira, 2017). The Crixds-Goias Domain is located in the southwesternmost region of the massif.

2.1. The Crixas-Goias Domain

The Crixas-Goias Domain contains the oldest crustal fragments of the Goids Massif.
This domain comprises six Archean granite-gneiss complexes (Hidrolina, Moquém, Cai-

amar, Anta, Caigara, and Uva complexes), mostly of TTG composition, and five Archean-
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Paleoproterozoic greenstone belts (Crixas, Guarinos, Pilar de Goias, Faina, and Serra de
Santa Rita greenstone belts) (Fig. 2a). Polycyclic stages of magmatic pulses are recorded in
the granite-gneiss complexes. The oldest rocks outcrop in the Uva and Caigara complexes
as ca. 3.1 — 2.9 Ga tonalitic to granodioritic batholiths that are intruded by smaller bodies of
ca. 2.8 Ga tonalites, granodiorites, monzogranites, and charnockites (Beghelli Jr, 2012; Jost
etal., 2013). The complexes of the northern Crixas-Goias Domain record two stages of mag-
matism: the first consists of ca. 2.8 Ga tonalitic and granodioritic gneisses of the Hidrolina,
Moquém, and Caiamar complexes, and the second stage consists of ca. 2.7 Ga granodiorites
and granites intruded in the Moquém Complex (Queiroz et al., 2008). Various degree of
crustal contamination is evidenced by Nd isotopes and inheritance of zircon xenocrysts that
show the influence of continental crust as old as ca. 3.3 Ga, of which there is no known
exposure so far (Queiroz et al., 2008).

The greenstone belts of the Crixas-Goids Domain are located between the granite-
gneiss complexes and have received increased attention from researchers in the last decades
especially because they host different types of gold mineralization and also have the potential
for Fe, Cu, and Ni deposits (Jost et al., 2014). In general, the five greenstones are synformal
keels formed by basal metavolcanic rocks (mostly metakomatiites and metabasalts) super-
imposed by contrasting metasedimentary successions (Jost and Oliveira, 1991; Resende et
al., 1998).

The age of the ultramafic-mafic volcanism is particularly well constrained in the
Faina and Serra de Santa Rita greenstone belts, southern Crixas-Goids Domain, based on U-
Pb zircon dating of amphibolite and chloritite samples that yielded a ca. 2.96 Ga age (Borges
et al., 2017). Nevertheless, the current geochronological data of the mafic and ultramafic
metavolcanic rocks of the greenstones of the northern Crixas-Goids Domain are still limited
and poorly constrained. In the Crixas greenstone belt, whole-rock Pb-Pb and Sm-Nd data of
metakomatiites provided imprecise isochron ages of 2728 + 140 and 2825 + 98 Ma, respec-
tively (Arndt et al., 1989). A Mesoarchean age for the ultramafic and mafic volcanism was
further reinforced by Fortes et al. (2003), who obtained a whole-rock Sm-Nd “errochron”
with an age of 2998 + 70 Ma.

Conversely, several geochronological data of the metasedimentary successions of the
greenstone belts of the Crix4s-Goids Domain are available and have shown provenance from
mixed Archean and Paleoproterozoic (predominantly Rhyacian) sources (Resende et al.,
1999; Fortes et al., 2003; Tassinari et al., 2006; Jost et al., 2010, 2012, 2014, 2019; Brant et
al., 2015; Ferreira et al., 2021; Borges et al., 2021). The variety of sedimentary lithofacies
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associations in each greenstone mainly reflect different tectonic settings, depositional envi-
ronments, and distance to the source areas (Borges et al., 2021).

The region of the Crixas-Goias Domain also contains an important dike swarm that
crosscuts the granite-gneisses and record a period of Siderian crustal extension after the Ar-
chean cratonization. The dikes strike mainly NE and correspond to high-Ti and low-Ti dia-
bases, metabasites, and amphibolites emplaced at ca. 2.49 Ga (Corréa da Costa and Girardi,
2005; Corréa da Costa et al., 2006). Local Rhyacian felsic-intermediate magmatism is also
present and corresponds to ca. 2.14 diorite intrusions near the Hidrolina Complex (Jost et al.,
1993), trondhjemite stocks in the Pilar de Goids greenstone belt (Jost et al., 1992; Queiroz,
2000), and ca. 2.06 Ga syenites in the Faina greenstone belt (Bogossian, 2020). Influences
of the Neoproterozoic Brasiliano Orogeny are manifested as ca. 600 Ma granitic intrusions
(Pimentel et al., 2003), anatexis and isotopic recycling of Archean orthogneisses (Queiroz
et al., 2008; Jost et al., 2013), overgrowth margins in detrital zircon (Ferreira et al., 2021),
and hydrothermal alteration (Fortes, 1996; Fortes et al., 2003), possibly causing the remobi-

lization of ore deposits.

2.2. The Crixas Greenstone Belt

The Crixas greenstone belt, where our study is focused, is an NW-trending
greenschist- to amphibolite-facies metavolcanosedimentary sequence located in the northern
Crixas-Goias Domain (Fig. 2a). The belt is tectonically limited to the west and east by the
Meso-Neoarchean Anta and Caiamar granite-gneissic complexes, respectively, and over-
thrusted by rocks of the Neoproterozoic Mara Rosa Magmatic Arc to the north (Fig. 2b). In
the northeastern sector, an allochthonous fault-bounded supracrustal fragment, named Mina
Inglesa Sequence, overrides the metasedimentary rocks of the Crixds greenstone belt
(Kuyumjian and Costa, 1999; Jost et al., 2019) (Fig. 2b).

The lowest units of Archean ultramafic and mafic metavolcanic rocks of the Crixas
greenstone belt have been well described since the pioneering works of Danni and Ribeiro
(1978), Sabdia (1979), Saboia and Teixeira (1980), and Teixeira et al. (1981). Komatiitic
flows, sometimes presenting spinifex textures, comprise the Corrego Alagadinho Formation
and are superimposed by mafic lavas of the Rio Vermelho Formation (Saboia, 1979; Saboia
and Teixeira, 1983; Jost and Oliveira, 1991) (Fig. 2c). Either the metakomatiites and
metabasalts may show some intercalations of chert, iron-formation, and carbonaceous schist

(Jost and Oliveira, 1991).
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The metasedimentary succession of the Crixas greenstone belt consists of thick pack-
ages of carbonaceous phyllites with dolomite lenses of the Ribeirdo das Antas Formation
that gradually transition to metagraywackes of the Corrego Geral Formation, which prevail
at the top of the sequence (Jost and Oliveira, 1991; Jost et al., 2019) (Fig. 2¢). Petrographic
and geochemical aspects of the carbonaceous phyllites and metagraywackes are presented
elsewhere (Borges et al., 2021). Extensive U-Pb detrital zircon geochronology of those rocks
shows unimodal age spectra, with a dominant peak at ca. 2.2 - 2.1 Ga and incipient contri-
bution of Archean and Siderian grains (Jost et al., 2010; Ferreira et al., 2021; Borges et al.,
2021). It was interpreted by Borges et al., (2021) that the poorly-sorted and immature sedi-
mentary protoliths of the Crixds greenstone belt are allochthonous and were derived from
the erosion of a rising Rhyacian magmatic arc (named Crixas arc) and originally deposited
in a trench or forearc basin. The authors further suggested that the sedimentary rocks were
tectonically transported after the collision of the Rhyacian arc and the Archean paleoconti-
nent (formed of TTG and greenstones) of which the current Crix4s-Goias Domain derived.

More recently, it was recognized that the metasedimentary succession of the Crixas
greenstone belt is also associated with thin layers of distinct schists, interpreted in this work
as meta-andesites (see next sections), as well as to diorite intrusions revealed by deep drilling
cores in the central-northern part of the greenstone. Borges et al., 2021 suggested that those
rocks might represent the remnants of the Rhyacian magmatic arc that provided the sedi-
ments for the synchronous sedimentary rocks.

The present configuration of the different units of the Crixas greenstone belt shows
a complex framework developed after tight to isoclinal folding, thin-skinned thrust faulting,
duplex structures, and stratigraphic overturning (Fig. 2d) as a consequence of multiphase
deformational events (Jost et al., 2010, 2019 and references therein). Low-angle thrust faults
control the gold deposits hosted in the metasedimentary rocks. Mineralization occurs as
stacked massive lenses, quartz veins, and disseminated orebodies (Jost et al., 2010, 2014).
Re-Os dating of arsenopyrite from gold-bearing massive sulfide lenses provided ages of
2126 + 16 Ma (Marques et al.,2013) and 2137 + 11 Ma (this work), which may be interpreted
either as the approximate timing of the gold mineralization and a minimum depositional age
for the hosting sedimentary rocks of the Crixas greenstone belt, showing that the carbonate-
siliciclastic basin stage was restricted to a relatively short period since the formation of its

main Rhyacian source area (Borges et al., 2021).
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schematic section (shown by the red line on the geological map) of the central-northern part of the Crixas

greenstone belt, evidencing the tectonic imbrication and repetition of layers due to detachment-thrusting.

3. Methods

3.1.  Sampling

Most samples studied in this work were collected from nine drill holes roughly
aligned in a NW-SE section located in the central-northern part of the Crixéas greenstone belt
(Fig. 2b), in the vicinity of the Minera¢do Serra Grande S.A. — AngloGold Ashanti, an ex-
ploration and mining company in the region of Crixas (Goias State, Central Brazil). Drill
cores demonstrate the stratigraphic overturning, as seen by the overriding of metakomatiites
onto the metabasalts, which also override the metasedimentary rocks, and the common rep-
etition of layers resulting after successive detachment thrusting (Fig. 2d). Cores were logged
and carefully described, and some representative intervals of well-preserved rocks were sam-
pled for petrographical, geochemical, and isotopic analyses. Our work also includes samples
from outcrops of spinifex-textured metakomatiites in the southern part of the Crixas green-
stone belt (Fig. 3a); samples from an outcrop of pillowed metabasalt in the central-northern
part of the belt (Fig. 3b); and samples of meta-andesite collected in underground mine (Fig.
3f).

In total, we selected ten samples of metakomatiite, sixty-two of metabasalt, three of
meta-andesite, and eighteen of metadiorites for whole-rock geochemistry. Whole-rock Sm-
Nd isotopic analyses were performed in one sample of metakomatiite, seven of metabasalt,
one of meta-andesite, and two of metadiorite. To determine the age of the intermediate mag-
matism, we selected one sample of meta-andesite for LA-ICP-MS U-Pb dating. Additionally,
whole-rock Re-Os analyses were conducted in four selected core samples of metabasalt and
one outcrop sample of spinifex-textured metakomatiite. Finally, arsenopyrite separates of
two samples were selected for Re-Os geochronology: 1) a hand sample of sedimentary rock-
hosted massive sulfide with coarse-grained arsenopyrite (collected in underground mining
of the upper mineralized zone; Mina 3) (Fig. 4); and ii) a ~10 cm thick core sample of
strongly foliated sedimentary rock hosting oriented and disseminated arsenopyrite crystals
(collected at Mina Nova) (Fig. 4).

All samples used in this study and their respective coordinates, depth, protolith, and

type of data provided are listed in Supplementary Material 1. Locations of the samples are

also represented in the geological map of Fig. 2b.
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3.2, Whole-rock Geochemistry

Approximately 15 g of each sample was pulverized and analyzed at the ALS Geo-
chemistry Laboratory. Major elements were determined by ICP-AES. Trace elements, in-
cluding the rare earth elements (REE), high field strength elements (HFSE), and large ion
lithophile elements (LILE), were analyzed by ICP-MS, and the concentrations of the base
metals were determined by ICP-AES. Details of the analytical methods and laboratory pro-
cedures are available in the Whole Rock Analysis & Lithogeochemistry catalog (Complete
Characterization Package CCP-PKGO01), accessible on the ALS Geochemistry website

(www.alsglobal.com).

Percentages of major element oxides were recalculated to 100 wt. % anhydrous.
Chondrite and Primitive Mantle compositions of Sun and McDonough (1989) were used for
normalizations. Anomalies of Eu and Ce (Eu/Eu* and Ce/Ce*, respectively) were calculated
relative to the neighboring elements on the REE diagrams, following Taylor and McLennan
(1985). Major (wt. %) and trace elements (ppm), and their respective detection limits, are

listed in Supplementary Material 2.

3.3.  U-Pb Geochronology

About 5 kg of a meta-andesite sample was crushed, milled, and sieved at the Geo-
chronology Laboratory of the University of Brasilia. Non-magnetic heavy concentrates were
segregated using a Frantz isodynamic magnetic separator. Zircon grains were individually
handpicked using a binocular microscope and mounted in epoxy resin to be polished and
cleaned. Cathodoluminescence and back-scatter electron imaging obtained with a FEI
Quanta™ 450 Field Emission Scanning Electron Microscope were used to reveal the texture
and internal structure of the individual zircon crystals.

The analyses were conducted using an MC-ICP-MS Finnigan Neptune coupled to a
New Wave 213 um Nd-YAG laser equipment at the Geochronology Laboratory of the Uni-
versity of Brasilia. Details of the analytical methods are described by Biihn et al (2009). 233U
was analyzed in the H4 Faraday cup, 2*?Th in the H2 Faraday cup, 2%®Pb in the L3 Faraday
cup, and 2%Pb in the L4 Faraday cup. 2°’Pb, 2**Hg/>**Pb, and 2*>’Hg were measured using ion
counting (IC) fixed in the L4 Faraday cup. Correction of isobaric interference of 2°*Hg on
204ph was applied. Laser ablation was performed in 25 um spots with a frequency of 10 Hz
and an intensity of 3.92 J/cm?. The pulverized material was carried with a flux of He (-0.38

L/min) and Ar (-1.00 L/min). Signals were collected in a single block of 40 cycles with an
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integration time of 1.049 s. 2“Hg, 2*(Pb + Hg), 2°°Pb, and 2*’Pb were measured in counts
per second (CPS), and >**Th and ?*°U were measured in millivolts (mV). The sample-stand-
ard bracketing technique was used to instrumental mass bias and drift correction.

Two international standards were employed: The GJ-1 zircon was used as the primary
standard and has an ID-TIMS age of 608.5 + 0.4 Ma (Jackson et al., 2004); and the 91,500
zircon was used as the internal secondary standard and has an ID-TIMS age of 1065.4 + 0.3
Ma (Wiedenbeck et al., 1995). U-Pb data reduction was carried out using the Chronus Add-
in for Excel (Oliveira, 2015) and the decay constant values recommended by Steiger and
Jager (1977) were adopted. Concordia age was plotted with the IsoplotR toolbox (Vermeesch,
2018). LA-ICP-MS zircon U-Pb data are listed in Table 1.

3.4.  Sm-Nd Isotopes

Whole-rock samples were powdered in a tungsten carbide shatterbox and analyzed
at the Geochronology Laboratory of the University of Brasilia. For each sample, approxi-
mately 100 mg of whole-rock powder was spiked with a "’'Nd-'*’Sm tracer and dissolved
with a 5:1 HF-HNOs solution in Savillex ® vials. Samples were redissolved with 7 ml of 6N
HCI after cooling and evaporation of the 5:1 HF-HNOj solution and then immersed in 3 ml
of 2.5N HCI. Extraction of Sm and Nd followed the procedures of Gioia and Pimentel (2000).
Each sample was loaded with 0.25N H3PO4 on Ta and Re filaments for Sm and Nd, respec-
tively.

Isotopic ratios were measured using a Thermo Scientific TRITON™ Plus Thermal
Ionization Mass Spectrometer (TIMS) operating in static multicollector mode. We typically
collected 100-200 ratios with a 0.5 to 1-V **Nd beam. Nd ratios were normalized to
16Nd/"Nd = 0.7219. Repeated analyses of the USGS BHVO-1 standard provided
SNd/"Nd = 0.512996 + 0.000006 (2SD; n = 7). Average blank values were <100 pg and
<500 pg for Sm and Nd, respectively. Blank correction was insignificant for Nd isotopic
composition and Sm/Nd ratios. The present-day bulk earth (CHUR) values of '*’Sm/!*Nd =
0.1967 and "*Nd/'*Nd = 0.512638 (Jacobsen and Wasserburg, 1980) were adopted. Single-
stage Nd model (Tpwm) and two-stage model age (T2pm) parameters were calculated following
DePaolo (1981, 1988) and Liew and Hofmann (1988), respectively. Sm-Nd isotopic data are
listed in Table 2.
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3.5.  Re-Os Isotopes

Initial preparation of the samples and the analytical methods were carried out at the
Department of Geosciences of the University of Arizona (Tucson, USA). All samples were
firstly wrapped in Texwipe TechniCloth sheets and crushed with a steel hammer, protecting
them from metal contact. Samples were then separately handpicked and sieved. Fresh core
samples were taken from the inner parts to avoid the edges with drilling marks. For the sam-
ples of metabasalt, metakomatiite, only the whole-rock fragments with grain size less than 2
mm were collected. For the individual arsenopyrite separates (hosted in mineralized
metasedimentary rocks), only the coarser grains (>0.1 mm) were collected to account for the
common Re and Os heterogeneous distribution in sulfide minerals.

Approximately 0.8 g of whole-rock metabasalt and metakomatiite samples, and 0.25
g of arsenopyrite separates were loaded in Carius tubes. Precisely weighed amounts of '®°Re
and '"°Os spikes were added with a mixture of 3ml HCI (10N), 9 ml HNOs (16N), and 2 ml
H>0,, following the procedures described by Shirey and Walker (1995). During this process,
each Carius tube was partially submerged in a liquid nitrogen and ethanol slush, so that
spikes and reagents were chilled upon introduction into the tubes, retarding potential chem-
ical reactions. Carius tubes were sealed and warmed to room temperature, and later heated
in an oven at 240° C for about 48 h to achieve complete dissolution of each sample.

From the resulting solution, separation of Os was treated in a two-stage distillation
process (Négler and Frei, 1997), and a later microdistillation technique (Birck et al., 1997)
was used for Os purification. After Os extraction, the remaining solution was dried out and
then dissolved with 0.1 N HNOs;. Re was recovered through a two-stage anion exchange
chromatography, similar to the procedures described by Morgan and Walker (1989). Purified
fractions of Re and Os were loaded on Ni and Pt filaments, respectively. To enhance ioniza-
tion, 1 pl of Ba(OH); and Ba(NO:s); salts were loaded on the specific filaments with Re and
Os, respectively. All samples were analyzed by Negative Thermal Ion Mass Spectrometry
(N-TIMS) on a VG 54 equipment. Os was measured using a Daly collector, and Re using a
Faraday collector.

Regression plots were performed using the IsoplotR toolbox (Vermeesch, 2018).
187Re decay constant of 1.666 x 107! year (Smoliar et al. 1996) was adopted. yos is the
percentage deviation of the Os isotopic composition between the sample and the reference
chondrite reservoir at a specified time (t). Tma refers to the model age calculated as the time
of separation from the chondritic mantle evolution curve. For these parameters, we adopted

an average '*’Re/'®0s = 0.40186 of chondrites and an initial '¥’Os/!%30s = 0.09531 of the
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early solar system, following Shirey and Walker (1998). Re-Os isotopic of data are listed in
tables 3 and 4.

4. Results

4.1.  Macroscopic Aspects and Petrography

4.1.1. Metakomatiites and Metabasalts

Although the Mesoarchean ultramafic-mafic metavolcanic rocks of the Crixas green-
stone belt underwent deformation and metamorphism with a peak at lower amphibolite-fa-
cies, well-preserved primary igneous features are still present in some outcrops. Some me-
takomatiites have spinifex texture (Fig. 3a), and the massive ultramafic flows show relicts
of cumulates. Less deformed ultramafic rocks gradually give place to strongly foliated
schists (Fig. 3¢) and serpentinites lacking primary textures. The metabasalts consist of dark
greenish amphibolites that are commonly highly deformed and foliated. However, primary
volcanic features, such as amygdales and pillow lavas (Fig. 3b), are locally well-preserved.
There is an increase in the grain size of the amphibolites, evidenced in some intervals of the
drill cores, where fine-grained rocks gradually progress to massive coarse-grained amphib-
olites (Fig. 3d). This grain size variation is a primary feature of the protoliths and might be
related to the central parts of the thick mafic lava flows, although some coarse-grained rocks
also occur as gabbroic sills.

Despite the locally well-preserved primary igneous textures, the rocks are mostly
recrystallized and the original mineralogy was fully replaced by metamorphic assemblies.
Ultramafic rocks are composed of variable amounts of serpentine, tremolite, chlorite, talc,
ilmenite, and carbonate. Spinifex-textured metakomatiites contain parallel platy olivine phe-
nocrysts (now totally transformed into Mg-chlorite) enclosed in a recrystallized fine-grained
groundmass consisting mostly of tremolite, talc, carbonate, and opaques (Fig. 5a and 5b);
and the cumulate horizons in the layered ultramafic flows are dominantly composed of ser-
pentine aggregates that still preserve the shape of the precursor olivine grains. Ultramafic
schists predominate in the high-strain corridors and are characterized by a prominent lepid-
oblastic texture marked by the preferential orientation of talc and chlorite in one or more
directions, and associated nematoblastic domains formed of euhedral tremolite crystals.

Essential minerals of the metabasalts are Mg-hornblende and plagioclase (ranging

from oligoclase to andesine; Anis-32) (Fig. 5S¢ and 5d), with minor epidote, quartz, carbonate,
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ilmenite, sphene, and apatite. The mineral paragenesis is diagnostic of mafic rocks metamor-
phosed under amphibolite-facies, which marks the metamorphic peak in the region of the
Crixas-Goiads Domain. Some amphibole crystals have actinolite cores and Mg-hornblende
rims, which suggest a prograde metamorphic reaction from greenschist- to lower amphibo-
lite-facies. Chlorite and biotite substitute the hornblende in various degrees and indicate late
processes of hydrothermal alteration or low-grade retrometamorphism. Relics of intergran-
ular texture are also commonly preserved, especially in massive coarse-grained amphibolites,
and are characterized by recrystallized plagioclase and quartz filling the interstices between
the larger euhedral to subhedral hornblende grains, that are likely pseudomorphs of primary
pyroxene (Fig. 5d). Some metabasalts present mm-sized rounded features that resemble
amygdales filled with secondary carbonate and quartz. Along the deformed zones, the am-
phibolites are highly schistose, with a well-marked foliation evidenced by the preferential
orientation of Mg-hornblende crystals in a nematoblastic texture, while the plagioclase and
quartz grains form stretched granoblastic domains. Carbonate and quartz-filled veinlets, and

sulfide dissemination (mainly chalcopyrite and pyrrhotite) are common in all rock types.

4.1.2. Meta-andesites and Metadiorites

Along the upper Rhyacian metasedimentary sequence of the Crixds greenstone belt,
some rare layers of biotite-muscovite-plagioclase-quartz schist (Fig. 3f) have been inter-
preted as felsic/intermediate metavolcanic rocks. These grayish schists have been recognized
both in drill core records and underground mining. The schists show a granolepidoblastic
texture characterized by a fine-grained groundmass formed of recrystallized plagioclase
(mostly albite) and quartz, adjacent to aggregates of oriented biotite and muscovite. Larger
grains of plagioclase (albite; Ani.2) and quartz are embedded in the groundmass (Fig. 51),
resembling recrystallized and rotated phenocrysts of the precursor volcanic protolith. Rutile,
epidote, zircon, and ilmenite are common accessory minerals. Frequently, the rocks are as-
sociated with carbonate alteration and pyrrhotite dissemination. As will be discussed in the
next sections, the schists have a chemical composition consistent with intermediate rocks
and are referred to as meta-andesites in this work. These rocks should not be confused with
the immature and poorly-sorted metagraywackes of the Crixas greenstone belt, which can
show similar petrographic textures but are distinct by having metamorphic garnet in the
modal composition, primary preserved sedimentary textures, and common intercalation with

mm-thick carbonaceous phyllite layers (Borges et al., 2021).
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Deep drilling in the Crixas greenstone belt has also revealed diorite intrusions that
occur just below the detachment zone of the lowest levels of metagraywackes in the central
northern part of the belt (Fig. 2d). These are massive to slightly foliated medium- to coarse-
grained rocks (Fig, 3e) that occur in tectonic contact with some metasedimentary rocks.
Well-preserved massive domains have relics of igneous texture characterized by subhedral
pleochroic greenish hornblende crystals with regular contacts, in which the anhedral to sub-
hedral recrystallized grains of plagioclase (albite; An3) and quartz occur in the interstices
(Fig. 5e). Ilmenite, sphene, and apatite are accessory minerals. Hornblende is partially re-
placed by biotite and chlorite, although primary biotite with euhedral shapes also occurs.
Plagioclase shows variable alteration to epidote. Foliation is well developed in some metadi-
orites and is characterized by the preferential orientation of hornblende, biotite, and chlorite.

Late-formed euhedral garnet porphyroblasts can be present.
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Fig. 3. Macroscopic characteristics of metaigneous rocks of the Crixds greenstone belt. (4) Spinifex-textured
metakomatiite. (B) Pillow lavas preserved in amphibolite (metabasalt) outcrop. (C) Drill core aspects
evidencing the contact between ultramafic schist (metakomatiite) and sheared amphibolite (metabasalt). (D)
Well-preserved amphibolite showing a gradual transition between a fine-grained and a massive coarse-grained
rock (increasing depth from the left to right). (E) Drill core aspects of the massive metadiorite. (F) Hand sample

of a foliated meta-andesite collected in underground mining (Corpo V).
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Arsenopyrite

Aspy 1

3am

Fig. 4. Macroscopic and microscopic (reflected light) aspects of the arsenopyrite hosted in metasedimentary
rocks (carbonaceous phyllites) of the Crixas greenstone belt. Arsenopyrite separates from ASPY-1 (massive
sulfide) and ASPY-2 (disseminated sulfide) samples were selected for Re-Os geochronology. Gangue minerals
are mostly quartz, muscovite, biotite, ilmenite, and carbonaceous matter. Abbreviations: Aspy (arsenopyrite)

and Ilm (ilmenite).
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Fig. 5. Photomicrographs of metaigneous rocks of the Crixds greenstone belt. (A and B) Spinifex texture in
metakomatiite characterized by relicts of parallel platy olivine phenocrysts (totally transformed into Mg-
chlorite) enclosed in a recrystallized fine-grained groundmass composed essentially of tremolite, chlorite, talc,
carbonate, and opaques. (C) Fine-grained amphibolite (metabasalt) composed mostly of hornblende and
plagioclase. (D) Massive coarse-grained amphibolite with preserved primary intergranular texture. (E)
Massive metadiorite composed of hornblende, plagioclase, quartz, biotite, and ilmenite. Rounded euhedral
crystals are late-formed garnet. (F) Meta-andesite showing a primary preserved porphyritic texture consisted
of euhedral to subhedral plagioclase and quartz crystals embedded in a fine-grained recrystallized groundmass
Jformed of quartz, plagioclase, muscovite, and biotite. Opaque minerals are oxides and/or secondary sulfides.
Planar polarized lights: A, C, D, and E. Crossed polarized lights: B and F. Abbreviations: Trm (tremolite), Srp
(serpentine), Qz (quartz), Pl (plagioclase), Ms (muscovite), Bt (biotite), Grt (garnet), Ilm (ilmenite), Ep
(epidote), Cal (calcite), and Po (pyrrhotite).
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4.2. Major and Trace Elements

4.2.1. Metakomatiites and Metabasalts

The metakomatiites of the Crixds greenstone belt have low contents of Si02 = 42 —
48 wt%, Al,O3 =2 — 5 wt%, and TiO; = 0.3 — 0.5 wt%, very high contents of MgO = 24 —
38 wt%, FeoO3 =11 — 16 wt%, Cr = 1190 — 2040 ppm, and Ni = 1490 — 2540 ppm, and low
and variable contents of CaO =1 — 8 wt%, Na,O =0.02 — 0.29 wt%, and K>2O =0.01 —0.04

wt% (Supplementary Material 2). All analyzed samples are consistently classified as ko-

matiites on the Jensen’s ternary cationic diagram (Fig. 6a). On chondrite-normalized dia-
gram, the metakomatiites display flat to enriched patterns of LREE (La/Smcy, = 0.91 — 1.96)
and markedly depleted patterns of HREE (Gd/Yben = 1.26 — 2.20) (Fig. 7a), with the excep-
tion of one sample (CXSRGSRO06) that possess a flat HREE pattern (Gd/Yben = 0.91). Neg-
ative anomalies of Zr — Hf and Ti are the most prominent features on the primitive mantle-
normalized diagram (Fig. 7b).

The metabasalts (amphibolites) of the Crixas greenstone belt are characterized by
Si02 =49 — 55 wt%, MgO =5 - 14 wt%, Fe:O3 = 10 — 16 wt%, ALO3 =11 — 15 wt%, TiO2
= 0.6 — 1.6 wt%, CaO = 8 — 13 wt%, Na;O = 1.3 — 3.6 wt%, K20 = 0.1 — 0.3 wt%, and a
large range of Ni = 28 — 404 ppm, and Cr = 10 — 1250 ppm (Supplementary Material 2).

These rocks are classified as basalts on the Nb/Y vs. Zr/Ti diagram (Fig. 6b) and show a
typical tholeiitic magmatic affinity, as seen on the Zr/Y vs. Th/Yb diagram (Fig. 7c). The
amphibolites plot predominantly in the field of the high-Mg tholeiitic basalts on the Jensen’s
cationic diagram, with only a few samples plotting in the high-Fe tholeiitic basalt and ko-
matiitic basalt fields (Fig. 6a). On the chondrite-normalized diagram, most metabasalts show
flat patterns of LREE, but depleted to slightly enriched patterns are also observed in some
samples (La/Smen = 0.78-1.66; La/Yben = 0.99-2.10) (Fig. 7¢). The HREE patterns range
from near-flat to slightly fractionated (Gd/Yben = 1.20-1.60). On the primitive-mantle nor-
malized diagram, the metabasalts show near-flat patterns without significant anomalies (Fig.

7d).

4.2.2. Meta-andesites and Metadiorites

The meta-andesites of the Crixas greenstone belt are characterized by SiO2 = 60 — 62

wt%, MgO = 1.9 — 2.4 wt%, Fe203 = 6.0 — 6.4 wt%, A0z =16 — 17 wt%, TiO2 =0.7 — 0.8
wt%, CaO = 2.3 — 3.5 wt%, Na,O = 8.2 — 9.2 wt%, K20 = 0.4 — 0.7 wt%, P.Os = 0.1 — 0.2
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wt%, Ni =37 — 45 ppm, and Cr = 90 — 120 ppm. In comparison to the meta-andesites, the
metadiorites of the Crixas greenstone belt show generally lower SiO> (51 — 65 wt%), Na,O
(2.6 — 4.9 wt%), Ni (4 — 52 ppm), and Cr (10 — 70 ppm); moderately higher MgO (1.4 — 5.1
wt%), Fe203 (6 — 13 wt%), TiO2 (0.8 — 1.4 wt%), CaO (1.7 — 6.7 wt%), and K»O (0.3 — 2.7
wt%); and similar A1,O3 (14 — 17 wt%), and P20s (0.17 — 0.31 wt%) (Supplementary Mate-
rial 2).

The meta-andesites and metadiorites plot in the andesite field on the Nb/Y vs. Zr/Ti
diagram, although few samples of metadiorite plot in the basalt field (Fig. 6b). An interme-
diate composition for both groups is also evidenced on Jensen’s ternary cationic diagram,
where most samples plot in the andesite field (Fig. 6a). The meta-andesites show a calc-
alkaline magmatic affinity according to the Zr/Y vs. Th/Yb diagram, while the metadiorites
plot mostly in the transitional field (Fig. 6¢). The meta-andesites and metadiorites of the
Crixas greenstone belt display similar trace element systematics on the chondrite- and prim-
itive mantle-normalized diagrams. Samples are characterized by LREE-enriched patterns
(La/Smen = 2.06 — 4.00) and flat to slightly depleted HREE patterns (Gd/Yben = 1.06 — 1.90)
(Fig. 8a and 8c). Various magnitudes of Eu negative anomalies are present (Eu/Eu* = 0.68
—0.93) (Fig. 8a and 8c). Samples also show prominent negative anomalies of Nb and Ti and

incipient negative anomalies of Zr (Fig. 8b and 8d).
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Fig. 6. Classification diagrams for the metaigneous rocks of the Crixds greenstone belt. (4) Ternary cationic

proportion diagram (Jensen, 1976). (B) Nb/Y vs. Zr/Ti diagram (Pearce, 1996 after Winchester and Floyd,
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Fig, 7. Chondrite- and primitive mantle-normalized diagrams for the metakomatiites (A and B) and metabasalts

(C and D) of the Crixds greenstone belt. Normalization values are those of Sun and McDonough (1989).
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4.3.  Zircon U-Pb Geochronology

Zircon crystals recovered from the meta-andesite sample (MVA-1A) consist of eu-
hedral prismatic and sub-rounded grains with internal growth zoning. Th/U ratios of the in-
dividual grains range from 0.46 to 1.38 (Table 1), typical of magmatic zircon values (e.g.
Rubatto and Gebauer, 2000). U-Pb analytical data (Table 1) from nine zircon grains were
plotted on a Concordia diagram and defined the upper intercept age of 2172.2 + 12.7 Ma and
a lower intercept age of 501 + 249 Ma (MSWD = 1.4) (Fig. 9).

5
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Upper Intercept: 2172.2 £ 12.7 Ma
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Fig. 9. U-Pb Concordia plot for the sample of meta-andesite (MVA-1A4) of the Crixds greenstone belt.
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4.4.  Sm-Nd Isotopes

Samples of metakomatiite and metabasalt presented in this study have high
147Sm/!**Nd ratios of 0.1835 to 0.2012 (Table 2), reflecting strong Sm/Nd fractionation. Nd
model ages were not calculated for these samples as their evolution curves become sub-
parallel to the mantle evolution curve, thus yielding unreliable ages. These samples form a
tight cluster on a "*’Sm/'"*Nd vs. '*Nd/'**Nd diagram, without sufficient spread to yield an
isochron (not shown). Therefore, we have calculated the initial values of ¢ng for our samples
of metakomatiite and metabasalt assuming t = 2998 Ma (Fortes et al., 2003) and obtained
the positive values of +1.30 to +4.39.

The analyzed sample of meta-andesite has a '*’Sm/!*Nd ratio of 0.1917, substan-
tially higher than those of the metadiorites (!4’Sm/'**Nd = 0.1440 — 0.1444). We have hence
calculated two-stage Nd model ages (T2pm; Liew and Hofmann, 1988) for those samples and
obtained coherent and homogeneous values of 2.28 — 2.26 Ga. Single-stage Nd model ages
(Tpwm; De Paolo, 1981, 1988) are also presented in Table 2 for comparison. The values of
Tpwm and Topwm are similar for the metadiorites (Tpm = 2.24 Ga; Topm = 2.25 Ga) but differ
significantly for the meta-andesite sample (Tpm = 2.52 Ga; Topm = 2.28 Ga). A three-point
isochron provided by the samples of meta-andesite and metadiorite yields an age of 2117 =
50 Ma (MSWD = 0.24) (not shown). We opted to calculate the initial values of ¢ng for all
samples of meta-andesite and metadiorite at t = 2172 Ma (U-Pb zircon age of the meta-
andesite presented in this study) and obtained positive values between +2.34 and +2.69 (Ta-
ble 2).



Table 2. Sm-Nd data of the metaigneous rocks of the Crixds greenstone belt.

Sm Nd SNd/MNd = t ENd Tom Tapm
Sample Type 47Sm/"Nd
(ppm) (ppm) 20 Ma) (' (G (Ga)’
CXSRGSROI Metakomatiite 2.753 9.070 0.1835 0.512600 + 13 2998  +4.39 - -
PL-1 Pillowed metab. 3.814 11.863 0.1943 0.512710 £ 12 2998  +2.33 - -
CPIVESDO0016-3 Metabasalt 2.319 7.181 0.1952 0.512750+9 2998  +2.79 - -
CPIVESDO0016-8 Metabasalt 2.698 8.231 0.1982 0.512733 +14 2998 +1.30 - -
CPIVESDO0029-1 Metabasalt 3.213 9.820 0.1978 0.512795+14 2998  +2.65 - -
CPIVESDO0031-114 Metabasalt 2473 7.432 0.2012 0.512831+16 2998  +2.06 - -
CPIVESDO0031-186 Metabasalt 1.794 5.550 0.1954 0.512804 £ 11 2998  +3.77 - -
CPIVESDO0035-7 Metabasalt 3.120 9.817 0.1921 0.512752+18 2998 +4.03 - -
MVA-1 Meta-andesite 2.428 7.657 0.1917 0.512686 + 11 2172 +234 252 2.28
MN3EUDO008-8 Metadiorite 5,165 21,616 0.1444 0.512027+3 2172 +2.69 2.24 2.26
MN3EUDO0013-6 Metadiorite 4,923 20,665 0.1440 0.512020+ 5 2172 +2.67 2.24 2.26

! Initial values of ENd were calculated at t = 2998 Ma (Fortes et al., 2003) for the metakomatiites and metabasalts, and at t = 2172 Ma (this study) for the
meta-andesites and metadiorites.

2 Nd model ages were calculated using the model of DePaolo (1981, 1988).

* Two-stage model ages were calculated following Liew and Hofmann (1988).

Present-day reference values for CHUR: '7Sm/"Nd = 0.1967 and '**Nd/"*Nd = 0.512638 (Jacobsen and Wasserburg, 1980).

4.5.  Re-Os Isotopes

Whole-rock Re-Os data of the metabasalt samples of the Crixas greenstone belt show
large variation in the Re and Os concentration (Re = 1.23 — 0.27 ppb; Os = 0.27 — 0.04 ppb),
and especially in the isotopic ratios (3’Re/!#0s = 409.8 — 17.96; '¥70s/!80s = 18.24 — 0.86)
(Table 3). The analyzed sample of metakomatiite possesses lower Re and higher Os contents
(0.12 ppb and 0.53 ppb, respectively), and substantially lower '®’Re/!%80s and *70s/!%30s
ratios (1.11 and 0.15, respectively) (Table 3). Samples display a negative correlation be-
tween Re and Os (Fig. 10a), and a relatively good-fitting regression on a '*’Re/!*®Os vs.
18705/1880s plot. The isochron yielded a 2609 = 65 Ma age (MSWD = 7; n = 5) and an initial
1870s/'80s ratio of -0.0085 =+ 0.082 (Fig. 10b).

Three analyses were conducted in arsenopyrite samples (Table 4). The Os budget of
the analyzed arsenopyrite separates is almost exclusively radiogenic (Rad. Os ~ 100 — 99%)),
and can be classified as “low-level highly radiogenic sulfides” (sulfide samples that can be
evaluated similarly as molybdenite, i.e. very low common Os in relation to their high radio-
genic '¥’Os content resulting from decay of Re; see Stein et al., 2000). As the common Os
is virtually absent relative to the radiogenic '®’Os in these minerals, a single analysis may
provide accurate and geological meaningful ages, much like the approach used for the mo-

lybdenite geochronometer (Stein et al., 2000; 2014). Thus, Re-Os data in Table 4 are pre-

92



sented in terms of '¥’Re and '*’Os concentrations, and age could be calculated for each anal-
ysis. Arsenopyrite from ASPY1 sample (Re = 0.032 ppm; Os = 0.72 ppb) is more enriched
in both Re and Os when compared to arsenopyrite from ASPY2 sample (Re =0.010 —0.009
ppm; Os = 0.18 — 0.15 ppb). A single analysis for the ASPY1 sample provided a 2137 £ 11
Ma age. For the ASPY2 sample, two analyses provided largely varied and younger ages of
1893 + 9 and 1367 + 7 Ma.
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Fig. 10. Revs. Os (A) and ¥’ Re/'"** Os vs. 137 0s/'®3Os (B) plots for the metakomatiite and metabasalt samples
of the Crixas greenstone belt. Isochron (Model 3) was built using IsoplotR toolbox (Vermeesch, 2018).
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5. Discussion

5.1.  Element Mobility

The rocks of the Crixés greenstone belt have undergone metamorphism with a peak
at amphibolite facies and various extent of hydrothermal alteration (e.g. silicate and car-
bonate alteration) that were responsible for the replacement of the original igneous mineral-
ogy and stabilization of newly formed mineral phases. Therefore, even though in this work
we have tried to carefully sample the most well-preserved rocks, it is necessary to discuss
the alteration processes and the extent to which the chemical composition of the metaigneous
rocks of the Crixas greenstone belt might reflect the primary composition of their protoliths
and provide petrogenetic information.

Loss on ignition associated with the metakomatiites are variable and possess the

highest values (LOI = 4 — 10 wt%; Supplementary Material 2), consistent with varying de-

grees of volatile component enrichment due to the formation of hydrated metamorphic as-
semblies (e.g chlorite, tremolite, talc, and serpentine). Two samples show minor positive
anomalies of Eu (Eu/Eu* =1.21 — 1.23) (Fig. 7a), which, when occurring in ultramafic rocks,
has been generally attributed to post-magmatic alteration (e.g. Siepierski and Ferreira Filho,
2016; Singh et al., 2019). Highly altered igneous rocks also frequently show Ce anomalies,
which could indicate LREE mobility (Polat and Hofmann, 2003). Nevertheless, Ce anoma-
lies are not present in samples of metakomatiites of the Crixas greenstone (Fig. 7a). The
metabasalts have generally low and homogeneous loss on ignition, ranging from 0.72 —3.19

wt%, but mostly around 1 - 2 wt% (Supplementary Material 2). The metadiorites are also

associated with low LOI values, ranging from 0.48 — 3.04 wt%, but largely lower than 1 wt%
(Supplementary Material 2). On the other hand, the samples of meta-andesite show higher

LOI (3.39 — 4.29 wt%; Supplementary Material 2), indicating volatile component enrich-

ment, likely related to hydrothermal alteration, which is consistent with the common pres-
ence of secondary minerals (carbonate, sulfides, and rutile), explicit in petrographic analysis
(Fig. 5f). Among all mafic and intermediate rocks, only two samples of metabasalt have
slightly positive Ce anomalies (Ce/Ce* = 1.19 and 1.22).

Major and trace elements were plotted vs. Zr (Fig. 11 and 12), one of the most im-
mobile elements, which is useful to understand igneous differentiation and post-magmatic
alteration. In general, SiO> and AlO show a good to moderate positive correlation with Zr,
MgO show a good negative correlation, while Fe2O3, CaO, K>O, and Na,O data are highly

dispersed, showing weak to no correlation with Zr.



Distinct trends are evidenced on the TiO> vs. Zr plots: A good positive correlation is
shown for the metakomatiites and metabasalts, and a weak negative correlation is shown for
the meta-andesites and metadiorites (Fig. 11). A strong positive correlation of selected trace
elements (Th, Nb, La, Sm, Lu, and Y) vs. Zr is evidenced in Fig. 12, while Cr and Ni show
fairly negative trends with Zr, as expected. Zr also correlates moderately well with Re (pos-
itive correlation; Fig. 13a) and Os (negative correlation; Fig. 13c) in the samples of ultra-
mafic and mafic rocks analyzed for Re-Os isotopes. Furthermore, different trends are high-
lighted by some trace elements (especially Th and La) vs. Zr, distinguishing a low-slope
trend defined by the metakomatiites and metabasalts, and a higher slope trend defined by the
meta-andesites and metadiorites. It is worth noting that the meta-andesite samples do not
share a continuous trend with the metadiorite samples in some trace element bivariant plots
(Th, Lu, and Y vs. Zr) (Fig. 12).

Trace element distribution on the chondrite- and primitive mantle-normalized dia-
grams of each group of samples consistently show relatively smooth and coherent patterns
(Fig. 7 and 8). With all those considerations, we believe that even some major elements of
the metaigneous rocks of the Crixas greenstone belt have experienced limited post-magmatic
remobilization (e.g. Al2O3, TiO2, and MgO). However, the relatively immobile trace ele-
ments (e.g. the REE and HFSE) appear to reflect the original composition of the protoliths
more accurately and, therefore, will be emphasized in this work for subsequent petrogenetic
interpretations and discussions. Careful must be taken, nevertheless, for the samples of meta-

andesite, as they showed the highest aspects of alteration.
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Fig. 11. Plots of Zr vs. major elements for the metakomatiites, metabasalts, meta-andesites, and metadiorites

of the Crixas greenstone belt.
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Fig. 13. Bivariant plots of Zr vs. Re (4) and Os (B), and Re vs. S (C) and Cu (D) for samples of the

metakomatiite and metabasalt of the Crixas greenstone bellt.

5.2 Re-Os Isotopic Systematics of the Ultramafic-Mafic Metavolcanic Rocks and Ar-

senopyrite of the Crixas Greenstone Belt: Geochronological Constraints

5.2.1. Ultramafic-Mafic Metavolcanic Rocks

Re-Os isotopic systematics of mantle-derived peridotites and volcanic rocks, which
are strongly controlled by the presence of sulfide minerals in those rocks, trace the isotopic
evolution of the mantle through time and give potential information on ancient melt-deple-
tion events (Carlson 2005). High-precision data have been increasingly reported for several
lower- to medium-grade komatiites and basalts in worldwide greenstone belts.

For instance, the Late Archean komatiites of Western Australia define a whole-rock
Re-Os isochron with an age with a close agreement with robust previous U-Pb zircon ages
(~2.7 Ga) and a near-chondritic initial '370s/!%80s (0.10889 + 0.00035), showing that the
Re-Os system remained closed since the emplacement of the volcanic flows (Foster et al.,
1996). Re-Os elemental systematics were also shown to be a primary magmatic feature of
many ca. 2.7 Ga komatiites in the Abitibi greenstone belt, even after large-scale alteration

and lower greenschist metamorphism, where samples display Re-Os isochron age in general
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agreement with previously determined U—-Pb zircon ages of associated felsic rocks and also
with Sm-Nd and Pb—Pb isochron ages of the same flows (Gangopadhyay and Walker, 2003).
Komatiites, komatiitic basalts, and chromite separates of the Abitibi greenstone belt display
essentially chondritic initial Os isotopic composition (Gangopadhyay and Walker, 2003;
Gangopadhyay et al., 2005; Puchtel et al., 2009), which has also been reported in the ca. 2.7
Ga komatiites of the Belingwe greenstone belt (Puchtel et al., 2009), ca. 3.48 — 3.26 Ga
komatiites of the Komati and Weltevreden systems in the Barberton greenstone belt (Puchtel
et al., 2014), and many others. Thus, it has been suggested that the combined Re-Os data of
komatiites indicate that the mantle sources of most Archean mantle-derived rocks evolved
with essentially uniform long-term Re/Os ratios within the chondritic range, and are similar
to the chondritic composition of the contemporaneous convective upper mantle (Gangopadh-
yay and Walker, 2003; Gangopadhyay et al., 2005; Puchtel et al., 2014).

Exceptions occur, however, as pointed out by the Re-Os systematics of ultramafic-
hosted chromites from the Isua supracrustal belt (West Greenland), one of the oldest oceanic
crust remnants on Earth, that roughly display a suprachondritic initial '*’Os/!¥0s composi-
tion at ca. 3.81 Ga (average yos = +1.3 £ 2.5), possibly related to enriched subduction com-
ponents or core-mantle interaction (Frei and Jensen, 2003), and also by komatiites from the
Kostomuksha greenstone belt in the Baltic Shield, characterized by a coupled '*0s—!870Os
enrichment at the time of lava emplacement at ca. 2.8 Ga (y0s = +2.5 £ 0.6), which origin has
been linked to the outer core in a rising mantle plume context (Puchtel et al., 2005). Enrich-
ment related to crustal contamination is also sensitively monitored by the Re-Os isotopic
system as Os is highly concentrated in the mantle relative to crustal rocks. Thus, the conti-
nental crust evolves with high Re/Os ratios and, consequently, high radiogenic Os in com-
parison to mantle-derived rocks. Lahaye et al., 2001 reported that the ca. 2.7 Ga komatiites
associated with Ni-Cu sulfide deposits from Alexo, Texmond, and Hart in the Abitibi green-
stone belt have highly radiogenic Os isotopic composition (yos = +20.2 and +33.2), suggest-
ing that the ultramafic flows were contaminated by crustal-derived materials, likely Os-rich
black shales.

The large variation on the Re and Os contents (Re = 1.23 — 0.12 ppb; Os = 0.53 —
0.04 ppb) (Table 3) of our samples of metakomatiite and metabasalt of the Crixds greenstone
belt are within the range of the average Re and Os concentrations of komatiites and basalts
(Shirey and Walker, 1998; Carlson 2005). However, the isotopic ratios ('’Re/'*¥0s = 409.8
— 1.11; 870s/!¥80s = 18.24 — 0.15) (Table 3) are substantially higher than those shown by

the komatiites and basalts that have been interpreted to reflect their primary magmatic com-
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position (*70s/'®0s generally lower than 0.20; e.g. Pegram and Allégre, 1992; Gangopadh-
yay and Walker, 2003; Gangopadhyay et al., 2005; Puchtel et al., 2014). Our samples pro-
vide substantially varied Tma ('*’Os model-ages calculated in reference to a chondritic man-
tle evolution curve; Shirey and Walker, 1998) of 2.60 — 1.93 Ga (Table 3). Initial values of
yos calculated at the currently most cited age estimate for the ultramafic-mafic volcanism of
the Crixas greenstone belt (t = 3.0 Ga; Fortes et al., 2003) are also varied and range from -
101 and -386 (Table 3).

These features could suggest that the original Re-Os isotopic composition of the ul-
tramafic-mafic metavolcanic rocks of the Crixds greenstone belt has not remained undis-
turbed since the eruption. This is a common situation as many rocks are often susceptible to
various extents of open-system behavior of the Re-Os isotopes due to a range of post-mag-
matic processes. For example, matrix ore and mineral separates from the Alexo komatiites
of the Abitibi greenstone belt are aligned along a 1.2 Ga reference isochron, which is related
to a Re-Os disturbance during the Greenville orogeny (Lahaye et al., 2001). Whole-rock Re-
Os systematics of Archean-Paleoproterozoic komatiite-hosted Ni-Cu-PGE sulfide deposits
in Finland indicates resetting of the Re-Os isotopic system at ~1.87-1.83 Ga as a conse-
quence of the Svecofennian orogeny (Moilanen et al., 2019). In the western-northwestern
sector of the Isua belt, whole-rock Re-Os data have extremely varied yOs (ranging from -
8500 to +9), which were interpreted to reflect early to late Archean metamorphic events
associated with the emplacements of tonalites into the supracrustal sequences and conse-
quently Re-additions carried by metasomatic fluids (Frei and Jensen, 2003).

When plotted in bivariant diagrams that could give further shreds of evidence of pos-
sible element mobility, the samples of the Crixas greenstone belt display a moderate negative
correlation between Re and Os (Fig. 10a), a moderate positive correlation between Zr and
Re (Fig. 13a), and a negative correlation between Zr and Os (Fig. 13c¢). Positive correlations
are also present with Re vs. S (Fig. 13b) and Cu (Fig. 13d) contents, indicating that its abun-
dance is controlled by sulfides in the rocks (mostly chalcopyrite). A relatively good-fitting
regression is shown on a '8’Re/!%0s vs. '870s/!%80s plot, yielding an isochron age of 2609
+ 65 Ma (MSWD = 7; n = 5) with an initial '8’0s/"*8Os ratio of -0.0085 = 0.082 (y0s = -100)
(Fig. 10b), suggesting the absence of initial radiogenic Os in the system at ~2.6 Ga. A 2998
Ma reference line (assuming a chondritic initial Os isotopic composition of the volcanic
protoliths) was also plotted in Fig. 10b for comparison. This reference isochron refers to the
presumable age of the ultramafic-mafic volcanic flows of the Crixas greenstone belt (based

on a Sm-Nd “errochron” presented by Fortes et al., 2003).
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In this sense, one possible interpretation is that the 2609 + 65 Ma age provided by
the whole-rock Re-Os isochron (Fig. 10b) indicates the timing of a hydrothermal-metaso-
matic event associated with Re addition that overprinted the original Re-Os isotopic compo-
sition of the protoliths. If this assumption is correct, it brings direct implications for the age
of the ultramafic-mafic volcanism itself, since the ~2.6 Ga metasomatic event confirms that
the hosting metavolcanic rocks are older, favoring previous suggestions of a Mesoarchean
age for the volcanism (Arndt et al., 1989; Fortes et al., 2003). The youngest Archean gran-
odiorites and granites of the region were emplaced at ~2709-2704 Ma (Queiroz et al., 2008),
marking the late stages of the Neoarchean cratonization of the block, which remained stable
until the Paleoproterozoic (Jost et al., 2014; Borges et al., 2021). Considering the age uncer-
tainty of the Re-Os isochron, it could be argued that the ~2.6 Ga hydrothermal-metasomatic
event in the ultramafic-mafic volcanic rocks of the Crixas greenstone belt reflects the late
stage of this continental amalgamation period and was responsible for the Neoarchean iso-
topic resetting of the Re-Os system.

It is nevertheless important to stress that limitations to this interpretation arise when
we consider the possibility that the Re-Os isochron provided by the metakomatiite and
metabasalt samples (Fig. 10b) could represent a mixing line between sulfides of different
generations at whole-rock scale, as the Archean rocks in the region has also been affected
by orogenic events in the Paleoproterozoic (Borges et al., 2021) and Neoproterozoic (Pimen-

tel et al., 2003; Queiroz et al., 2008; Jost et al., 2013).

5.2.2. Arsenopyrite

The Re-Os age provided by the coarse-grained arsenopyrite separates of sample
ASPY1 (2137 £ 11; Table 4) (Fig. 4) is similar to the Re-Os age (2126 + 16) of the arseno-
pyrite grains analyzed by Marques et al. (2013), which was collected in massive sulfide
lenses of the Crixas greenstone belt, thus supporting a Rhyacian age for the arsenopyrite and
gold mineralization, and also constraining a minimum depositional age for the hosting
metasedimentary rocks (see Borges et al., 2021). Our Re-Os data for the two analyses of
arsenopyrite separates from sample ASPY?2 (Fig. 4) are somewhat varied and younger (1893
+ 9 and 1367 = 7 Ma). Arsenopyrite from this sample is disseminated, oriented, and de-
formed with the hosting metasedimentary rock, thus indicating that the Re-Os isotopic sys-
tem has not remained closed after the Rhyacian mineralization in some parts of the Crixas

greenstone belt, yielding to local Re and/or Os loss due to metamorphism and deformation.
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5.3, Metakomatiites and Metabasalts of the Crixas Greenstone Belt: Remnants of an

Archean Oceanic Plateau

Chemical composition of the Crixas metakomatiites has been formerly examined by
few studies (Arndt et al., 1989; Costa Jr et al., 1997; Kuyumjian and Jost, 2006), while geo-
chemical data regarding the metabasalts are even more scarce (Kuyumjian and Araujo Filho,
1991). A peculiar feature observed by Arndt et al. (1989) is that the metakomatiites of the
Crixas greenstone belt have “hump-shaped” chondrite-normalized REE patterns, with both
depletion of LREE and HREE in the spinifex-textured horizons, contrasting from the cumu-
late zones of the same flows, that are more enriched in LREE. These unusual geochemical
patterns were speculated by those authors to reflect element migration after hydrothermal
alteration or metamorphism, even though those komatiites were still considered to be likely
of the Al- and HREE-depleted type (Arndt et al., 1989), which was also suggested by
Kuyumjian and Jost (2006).

Samples of metakomatiite investigated in our work have low ratios of Al>O3/Ti0> (7
to 11) (Fig. 14), flat to enriched patterns of LREE (La/Sm¢, = 0.91 — 1.96), fractionated
patterns of HREE (Gd/Ybcn typically higher than 1.26, and reaching extreme values of 2.27)
(Fig. 7a), and prominent negative anomalies of Zr and Hf on the primitive-mantle normalized
diagram (Fig. 7b). These characteristics have striking similarities with those of the Al-de-
pleted komatiites (ADK) (Arndt et al., 2008; Dostal, 2008) (Fig. 14). In contrast, when com-
pared to the metakomatiites, the metabasalts of the Crixas greenstone belt have much varied
and mostly higher A1,O3/Ti10;ratios (8 - 23) (Fig. 14), display mostly flat patterns of LREE,
with only a few samples showing LREE depletion or enrichment (La/Smc, = 0.78 — 1.66)
(Fig. 7c), display near-flat to variably depleted patterns of HREE (Gd/Yben = 1.20 — 1.60)
(Fig. 7c), and lack the prominent negative anomalies of Zr and Hf on the primitive-mantle
normalized diagram (Fig. 7d).

The above geochemical differences likely reflect a combination of heterogeneous
mantle source, variable depth of mantle melting, and variable degree of partial melting. It is
generally a consensus that the abundant occurrence of komatiites associated with high-Mg

tholeiites implies anomalously hot melting temperatures (1600 — 1900° C) that have been

linked to deep-seated anhydrous mantle plumes (e.g. Campbell et al., 1989; Campbell, 1998).

We, therefore, suggest that the komatiites of the Crixas greenstone belt are the product of
mantle melting of the anomalous hot core of the plume, at sufficient depth to retain residual

majorite garnet in the source, whilst the basalts were formed by lower degrees of partial
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melting at shallower depths (plume head), involving more depleted parts of the mantle. This
interpretation is consonant with the zoned and heterogeneous mantle plume model to account
for the origin of some genetically related komatiites and basalts in other greenstone belts
(e.g. Campbell et al., 1989; Dostal and Mueller, 2013). Moreover, the occurrence of pillow
lavas indicates submarine eruption.

On the Nb/Yb vs. Th/Yb discriminant diagram (Pearce, 2008), the metakomatiites
and metabasalts of the Crixds greenstone belt form a cluster between the N-MORB and E-
MORB components within the MORB-OIB array (Fig. 15). The metabasalts plot around the
primitive mantle composition and the metakomatiites tend to plot closer to the E-MORB
(Fig. 15). No imprint of subduction-derived fluids or crustal contamination is evidenced by
neither metakomatiites and metabasalts on this diagram. This is consistent with the low
Th/Nb ratios of the samples (~0.1), the lack of negative anomalies of Nb on the primitive
mantle-normalized immobile trace element plot (Figs. 7b), the positive values of ¢nd (t) (Ta-
ble 2), and the absence of inherited zircon xenocrysts (based on numerous attempts per-
formed by the present authors to recover any zircon grain from those rocks). It is thus in-
ferred that the komatiitic and basaltic lavas of the Crixas greenstone belt were not generated
by melting of a subduction-zone metasomatized mantle wedge, and neither interacted with
older continental crust.

Mantle domain components can be further investigated using the relationship be-
tween HFSE and REE ratios expressed on the diagrams of Fig. 16 (Condie, 2003, 2005). The
metakomatiites and metabasalts of the Crixas greenstone belt plot predominantly in the oce-
anic plateau field (OPB) on the three diagrams. Metabasalt samples are arranged in clusters
close to the primitive mantle composition (PM), whereas the metakomatiite samples are
sparser. A distinct trend is visualized on the Nb/Th vs. Zr/Nb diagram, where some metako-
matiite samples plot toward the OIB deep mantle component due to their low Zr/Nb ratios
(Fig. 16a). A steep vertical trend from OPB toward N-MORB is present by the metabasalts
on the La/Yb vs. Th/Ta diagram (Fig. 16b), which suggest a variable contribution of a shal-
low depleted mantle (DM) component, based on the low Th/Ta ratios of some mafic samples.
Once more, the interclement ratios reveal the absence of interaction with continental crust
or subcontinental lithosphere, since no samples of metakomatiite and metabasalt plot close
to the enriched component (EN) (Fig. 16).

Oceanic plateaus are large areas of over-thickened (>30 km) ocean floor, which, un-
like normal oceanic crust, are not a primary product of seafloor spreading. Instead, the for-
mation of oceanic plateaus has been widely attributed to the decompression melting of hot

mantle plumes (Kerr, 2014). Indeed, the mafic metavolcanic rocks of the Crixas greenstone
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belt share many geochemical similarities with volcanic rocks of Phanerozoic oceanic plat-
eaus. Most basaltic lavas from the Caribbean and Ontong Java plateaus typically possess flat
chondrite-normalized REE patterns, often defined as T-MORB (transitional composition be-
tween the depleted and enriched types), whereas the high-magnesian lavas (picrites and ko-
matiites) from the Caribbean Plateau are more chemically heterogeneous in terms of trace
elements (Kerr et al., 2000; Revillon et al., 2000; Serrano et al., 2011). This is believed to
reflect the heterogeneity of the mantle plume source, whilst the origin of the chemically
homogeneous mafic lavas results from the entrapment of earlier primitive and heterogeneous
magma either in the melting column or in large chambers and subsequent mixing, crystal
fractionation, and homogenization (Kerr et al., 1997, 2000).

This correlation is also highlighted by the interrelation between the Th/Nb and Ce/Nb
ratios, as visualized in Fig. 17, where the metabasalts and metakomatiites of the Crixas
greenstone belt plot in the field defined by ultramafic and mafic volcanic rocks of the Car-
ibbean Plateau. Several worldwide Archean and Proterozoic terranes have also been inter-
preted to contain fragments of oceanic plateaus, particularly regarding komatiites and
tholeiites in greenstone belts, which origin has often been considered analogs to the modern
representatives (e.g. Puchtel et al., 1998; Arndt et al., 2001; Condie et al., 2002; Chavagnac,
2004; Velasquez et al., 2011; Maier et al., 2013; Schneider et al., 2019).

5.4.  Meta-andesites and Metadiorites of the Crixas Greenstone Belt: Records of a Rhy-

acian Magmatic Arc

The ca. 2.17 Ga meta-andesites and metadiorites of the Crixds greenstone belt present
an obvious arc signature as evidenced by the HFSE depletion on the primitive mantle-nor-
malized diagrams (Figs. 8b and 8d) and the trace element systematics on the tectonic discri-
minant diagrams of Figs. 15, 16, and 17. A juvenile character of the intermediate arc mag-
matism is indicated by the positive and homogeneous values of ¢ng 1y = +2.34 to +2.69 (Table
2).

However, in addition to the mineralogical differences between the meta-andesites
and metadiorites, some geochemical characteristics of the two groups are distinct: The meta-
andesites display higher average SiO> and lower MgO than the metadiorites. The former is
also more enriched in LREE and generally shows higher depletion of HREE than the metadi-
orites (Figs. 7c and 7e¢). Moreover, the meta-andesites and metadiorites do not share the
sample trends on the bivariant plots of Zr vs. immobile trace elements (Fig. 12). Conjointly,

these characteristics can indicate that the protoliths of the meta-andesites and metadiorites,
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although likely cogenetic, might not represent the same parental magma batch and that the
andesitic lavas represent a more evolved magma than the dioritic intrusions, denoting the
variability of the magmatism of intermediate composition in the Crixds greenstone belt.

However, as discussed earlier in this work, hydrothermal alteration could also have over-

printed some of the major and trace element characteristics specifically of the meta-andesites.

The ca. 2.2 - 2.1 Ga is marked by crustal compression and is considered the main
metallogenic epoch in the Crixds-Goias Domain (Jost et al., 2010; 2014). It was interpreted
by Borges et al. (2021) that the protoliths of the upper metasedimentary succession of the
Crixas greenstone belt, consisting mostly of poorly-sorted metagraywackes and carbona-
ceous phyllites, are allochthonous and formed after rapid erosion of a rising juvenile Rhya-
cian magmatic arc and originally deposited as turbidites in a forearc or trench type basin.
Unimodal age spectra of the detrital zircon U-Pb data performed by Borges et al. (2021)
constrained the age range of the proximal arc source area, between 2213.4 £ 5.6 and 2162.2
+ 9.2 Ma, and the geochemical composition of the metagraywackes and carbonaceous phyl-
lites indicated a mixed mafic and felsic provenance, which is also consistent with contribu-
tion from arc rocks of intermediate composition.

Interestingly, no known occurrences of extensive Rhyacian crust outcrop in the re-
gion of the Crixds-Goids Domain. This has led to different interpretations regarding the
origin of the Rhyacian provenance of the metasedimentary rocks of the Crixds greenstone
belt. For instance, Jost et al. (2019) suggested an external arc source area occurring to the
west of the Crixas-Goias Domain, possibly the basement of the Araguaia or the Paraguay
belts, while Cordeiro et al. (2014) suggested a provenance from the Campinorte Arc
(Campinorte Domain), located at northeast of the Crixds-Goias Domain (see Fig. 1).

Alternatively, Borges et al. (2021) interpreted that a distinct Rhyacian juvenile arc
(named Crixas Arc) formed adjacent to the Archean paleocontinent of which the “proto”
Crixas-Goias Domain crust derived. Syn-orogenic sedimentary rocks were tectonically trans-
ported during docking of the intraoceanic arc onto the TTG-greenstone continental crust.
The authors pointed out that the arc-related sedimentary basin occurring in the upper Crixas
greenstone belt (and possibly also in the other greenstones of the Crixas-Goids Domain)
currently provides the best evidence of this Rhyacian orogeny since most of the magmatic
arc was buried, eroded, or obliterated. Remnants of this arc magmatism are nonetheless pos-
sibly preserved as local outcrops of ca. 2.15 Ga diorites (Jost et al., 1993) and trondhjemites
(Queiroz, 2000) within the Hidrolina TTG Complex and Pilar de Goids greenstone belt, re-
spectively. Queiroz (2000) also reported a ca. 2.15 Ga U-Pb SHRIMP age of metamorphic

sphene from Archean tonalitic gneiss of the Caiamar Complex.
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In summary, the ca. 2.17 Ga metadiorites and meta-andesites characterized in this
work are suggested to represent the first documentation of Rhyacian magmatism within the
Crixas greenstone belt tectonostratigraphy. These intermediate rocks can be correlated with
the Rhyacian Crixas Arc (Borges et al., 2021), giving a further piece of evidence of the ca.
2.2 — 2.1 Ga crustal growth of the Crixas-Goids Domain. This indicates that occurrences of
Rhyacian arc-related magmatic rock remnants in the region of the Crixas-Goias Domain are
higher than previously thought, and it should be better recognized and detailed in the future

with more work focused on geological mapping associated with geochronology.
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HIMU (high mu U/Pb source), EM1 and EM2 (enriched mantle sources), DEP (deep depleted mantle), EN (enriched

component), and REC (recycled component). References: Weaver (1991); Condie (2003, 2005).
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Fig. 17. Plots of the metaigneous rocks of the Crixas greenstone belt on the Th/Nb vs. Ce/Nb diagram (Saunders
et al.,, 1988). Abbreviations: N-MORB (normal ocean ridge), OIB (oceanic island basalts), SDC (supra-sub-
duction zone), DMM (depleted MORB mantle component), PM (primitive mantle), and UCC (upper continental
crust). Compositional data of komatiites and basalts of the Caribbean Plateau are from Arndt et al. (1997),
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from Mahoney et al. (1993) and Fitton and Godard (2004).

5.5.  Implications to the Evolution of the Crixds Greenstone Belt and the Northern

Crixas-Goias Domain

The above discussions have characterized two different units of rocks formed in
distinct tectonic settings in the Crixas greenstone belt: 1) A Mesoarchean (~3.0 — 2.8 Ga;
Arndt et al., 1989; Fortes et al., 2003) plume-related komatiites and basalts (high-Mg
tholeiites) with a strong oceanic affinity, interpreted to have formed in an oceanic plateau
environment, and ii) a juvenile Paleoproterozoic (Rhyacian) magmatic arc assembly com-
prising andesites, diorites, and syn-orogenic poorly-sorted immature sedimentary rocks
deposited in an arc-related basin (Borges et al., 2021; this work). Despite being genet-

ically and temporal unrelated, those rocks are spatially associated (Fig. 2b), and their
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structural framework indicates stacking and imbrication as an outcome of horizontal ac-
cretionary tectonics and multiple thrusting (Fig. 2d). Furthermore, those units are alloch-
thonous and override an Archean crustal basement dominated by granites and gneisses of
mostly TTG composition.

Oceanic plateaus are substantially thicker and more buoyant than normal oceanic
crust and often interact with subduction zones. During this interaction, buoyant oceanic
plateaus typically resist subduction and are readily accreted onto the margins of conti-
nents. It is believed that these terrains have performed an important contribution to the
continental crustal growth throughout Earth’s history as accretionary processes favor the
preservation of dismembered oceanic plateaus in the geological record (Kerr and Ma-
honey, 2007; Kerr et al., 2000, Kerr, 2015).

In this context, assuming that uniformitarian processes have operated since the
Archean, we propose a geological evolution model for the Crixas greenstone belt and the
northern Crix4s-Goids Domain as follows (Fig. 18): A Mesoarchean oceanic plateau was
formed above an upwelling mantle plume and accreted to the Archean granite-gneissic
complexes of the northern part of the Crixds-Goids Domain, although the exact timing of
this accretion can only be roughly estimated between 2.8 and 2.7 Ga, on the basis of the
current geochronological data. Polydetormed granite-gneissic complexes of the northern
part of the Crixas-Goias Domain (Fig. 2a) record a dominant juvenile stage of TTG mag-
matism emplaced at ca. 2.84 — 2.78 Ga. However, the existence of older sialic crust is
indicated by inherited zircon xenocrysts as old as 3.3 Ga identified in the hosting Mesoar-
chean orthogneisses (Queiroz et al., 2008). The juvenile crustal growth stage was fol-
lowed by ca. 2.71 Ga granitic magmatism characterized by crustal rework in the Moquém
Complex, interpreted as the final stage of the orogenic systems. Titanite grains hosted in
ca. 2.82 Ga orthogneisses were dated at ca. 2.71 Ga, constraining the age of the final
Archean metamorphism and deformation, which was interpreted by Queiroz et al. (2008)
to register the cratonization period of the region. Considering the associated error, we
believe that this period is also related to the hydrothermal-metasomatic event that over-
printed the original Re-Os systematics of the ultramafic-mafic metavolcanic rocks of the
Crixas greenstone belt, which records a ~2.6 Ga isochron.

After the cratonization of the Archean crustal segment of the Crixas-Goias Do-
main, the region remained stable until the Siderian, when it experienced extensional re-
gime after regional uplift and cooling, marked by intrusions of NE (and less frequent NW)
high- and low-Ti mafic dike swarms derived from a heterogeneous mantle source and

crystallized at ca. 2.49 Ga (Corréa da Costa and Girardi, 2005; Corréa da Costa et al.,
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2006). In the Rhyacian, the Crixas-Goias Domain was involved in an important conver-
gent process that can be correlated with the Paleoproterozoic amalgamation of the Goias
Massif, during successive collages of arc-related terranes (see Cordeiro et al., 2017; Mar-
tins-Ferreira et al., 2020; Borges et al., 2021). As proposed by Borges et al. (2021), a ca.
2.2 -2.1 Ga magmatic arc (Crixds Arc) was formed in an intraoceanic setting and collided
with the Archean paleocontinent referred to in this work as the proto-crust of the Crixas-
Goids Domain (consisted of Meso-Neoarchean granite-gneisses and Mesoarchean ultra-
mafic-mafic volcanic flows of the greenstone). Arc-continent collision was accompanied
by accretion and tectonic transport of the magmatic arc units onto the Archean continental
crust, resting on the older terranes. This is also the main metallogenic epoch in the region,

as shown by Re-Os ages of gold-related arsenopyrite (Marques et al., 2013; this work).
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Fig. 18. Schematic diagrams illustrating the evolution of the Crixads greenstone belt throughout the Archean
and Paleoproterozoic. (A) Mesoarchean (>2.8 Ga) Al-depleted komatiites and high-Mg tholeiites were derived
from heterogeneous mantle plume melting in an oceanic plateau setting. Komatiites were formed at high melt-
ing degrees at great depth, in the presence of residual garnet, whist the basalts were formed at shallower
depths. (B) Generation of ca. 2.8 Ga TTG magmatism that comprises most of the gneissic complexes of the
northern Crixdas-Goias Domain. In the figure, the precursor Anta and Caiamar blocks are represented (see
Fig. 2a). This juvenile TTG magmatism interacted with older continental crust, as reveled by inherited zircon
as old as 3.3 Ga (Queiroz et al., 2008). (C) After the accretion of the oceanic plateau onto the the ca. 2.8 Ga
TTG rocks of the Anta and Caiamar blocks, cratonization of the region occurred at ca. 2.7 Ga and followed
crustal reworking and emplacement of ca. 2.7 granites (currently recognized only in the Moquém Complex,
located at east of the Caiamar Complex, Queiroz et al., 2008). (D) Formation of a Rhyacian (2.2 - 2.1 Ga)
intraoceanic arc adjacent to the Archean paleocontinent (stabilized TTG-greenstone terranes, proto Crixds-
Goias Domain). This is inserted in the context of the arc systems of the Goias Massif (Cordeiro and Oliveira,
2017, Borges et al., 2021). (E) Accretion of the Rhyacian intraoceanic arc onto the Archean paleocontinent
resulted in tectonic transport of the arc units (arc volcanics and intrusives, and syn-orogenic sedimentary
rocks) and imbrication with the older Archean terranes, such as the oceanic plateau remnants (Crixas ko-

matiites and basallts).

6. Conclusion

The Crixas greenstone belt consists of temporal unrelated rock units formed in dif-
ferent geological environments, with a complex tectonostratigraphy that includes two con-
trasting assemblies of rocks: Archean metakomatiites and metabasalts overlaid by Paleopro-
terozoic metagraywackes and carbonaceous phyllites associated with newly recognized
meta-andesites and metadiorites.

Metakomatiites are chemically similar to the Al-depleted type komatiites (ADK),
while the metabasalts are high-Mg tholeiites with mostly flat patterns of REE, and a trace
element systematics analogous to Phanerozoic oceanic plateau basalts. An origin from a het-
erogeneous mantle plume is proposed for the komatiite-tholeiite association of the Crixas
greenstone belt, in which the komatiites were formed at high degrees of partial melting at
greater depths, and the basalts derived from lower degrees of partial mantle melting at shal-
lower depths. It is believed that this oceanic plateau was formed in the Mesoarchean, based
on previous Sm-Nd and Pb-Pb isotopic data (~3.0 — 2.8 Ga; Arndt et al., 1998; Fortes et al.,
2003). However, we highlight the necessity of more robust geochronological data to give
further constraints on the time of eruption of the komatiite and basalt flows. Whole-rock Re-
Os data of the ultramafic-mafic metavolcanic rocks yield an isochron of 2609 + 65 Ma
(MSWD = 7; n=15). This age is interpreted to reflect a Neoarchean overprinting event asso-

ciated with hydrothermal-metasomatic Re-addition recorded in the lower ultramafic-mafic
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metavolcanic rocks, possibly related to the late stages of the cratonization of the Crixés-
Goias Domain during the emplacement of the younger Archean granodiorites and granites
of the region (~2.7 Ga).

LA-ICP-MS U-Pb zircon geochronology of a meta-andesite sample provided an up-
per intercept Concordia age of 2172.2 + 12.7 Ma (MSWD = 1.4), interpreted as the age of
the intermediate magmatism. Samples have homogeneous Paleoproterozoic two-stage Nd
model ages (2.28 to 2.26 Ga), positive initial eNd values (+2.34 to +2.69), and geochemical
fingerprinting of subduction zone. These rocks are interpreted to have formed in a Rhyacian
juvenile magmatic arc setting and correlated with the syn-orogenic metagraywackes and car-
bonaceous phyllites occurring in the upper succession of the Crixas greenstone belt (see
Borges et al., 2021). Two samples of gold-related arsenopyrite hosted in metasedimentary
rocks were analyzed for Re-Os geochronology. Coarse-grained arsenopyrite separates from
a massive sulfide sample provided a Re-Os age of 2137 + 11 Ma, in agreement with previous
works that support a Rhyacian age for the gold mineralization (e.g. Marques et al., 2013;
Jost et al., 2010, 2014). Although it is possible that post-Paleoproterozoic events could have
been responsible for remobilization of some ore deposits. Arsenopyrite separates from a fo-
liated drill core sample yielded younger and varied ages (1893 +£9 and 1367 + 7 Ma), which

likely indicate local disturbance of the Re-Os isotopic system in the sheared zones.
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Capitulo IV - Conclusao

1. Consideracoes Finais

A abordagem multidisciplinar deste trabalho possibilitou uma melhor caracterizagdo
das diferentes unidades estratigraficas que compde o greenstone belt Crixas. Com os dados
coletados, integrados com informagdes disponiveis na literatura, foi possivel elaborar um
modelo evolutivo para o greenstone belt Crixas e fornecer implicacdes em ambito regional,
no contexto do Dominio Crixas-Goias ¢ do Maci¢o de Goias.

Como discutido no segundo artigo, os metakomatiitos da base do greenstone belt
Crixas sdo quimicamente semelhantes aos komatiitos depletados em Al (Arndt et al., 2008;
Dostal, 2008). Essas caracteristicas incluem as baixas razdes Al,03/TiO2, a deplecdo nos
padrdes de elementos terras-raras (ETR) pesados, e as anomalias negativas em Zr-Hf. Tal
correlagdo ja havia sido proposta em trabalhos anteriores (Arndt et al., 1989; Kuyumjian &
Jost, 2006). No entanto, os dados geoquimicos de metakomatiitos apresentados neste
trabalho permitem apontar algumas diferencas importantes em relacdo aos dados anteriores;
por exemplo, a auséncia de padrdes depletados em ETR leves, que, junto aos padrdes
depletados de ETR, levaram Arndt et al. (1989) a caracterizar os padrdes convexos de ETR
(hump-shaped REE patterns) dos komatiitos do greenstone belt Crixas, interpretados por
aqueles autores como possivel evidéncia de alteragdo pds-magmaética. Por outro lado,
Kuyumjian & Jost (2006) interpretaram que esses padroes de ETR refletiam as
caracteristicas da fonte mantélica: i.e., fusdo parcial do manto depletado, gerando deplegao
em ETR leves, e retencao da granada no manto residual, gerando deple¢dao também nos ETR
pesados. Entretanto, os dados do presente trabalho mostram apenas padroes planos a
enriquecidos em ETR leves, e depletados em ETR pesados, e se assemelham mais aos dos
tipicos komatiitos depletados em Al (ex: do tipo Barberton), que apresentam maior
concentracdo de elementos incompativeis (ex: ETR leves, Th) quando comparados aos
komatiitos ndo-depletados em Al (Dostal, 2008).

Os primeiros dados geoquimicos de alta qualidade referentes aos metabasaltos do
greenstone belt Crixas também sdo apresentados no segundo artigo. Essas rochas sdo
classificadas como basaltos toleiticos de alto Mg metamorfizados em facies anfibolito e
possuem predominantemente padrdoes planos de ETR. As razdes de elementos trago

relativamente imodveis e os diagramas discriminantes permitem correlacionar os
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metabasaltos com platds oceanicos. Deste modo, os protolitos vulcanicos dos
metakomatiitos e metabasaltos do greenstone belt Crixas sdo interpretados como gerados
devido a acdo de uma pluma mantélica. As assinaturas geoquimicas mostram que as lavas
ultraméficas foram formadas sob altas taxas de fusdo parcial nas por¢des mais profundas do
manto, com retencdo de granada como mineral residual, enquanto os basaltos toleiticos
foram formados em taxas de fusdo parcial menores e em profundidades mais rasas. Além
disso, de acordo com os dados geoquimicos e isotdpicos apresentados, essas rochas ndo
interagiram com crosta continental mais antiga, o que contrasta com modelos propostos
anteriormente para a bacia do greenstone (ex: Jost et al., 2019; Ferreira et al., 2021).

No entanto, a idade da sequéncia metavulcanica ultramafica-méfica do greenstone
belt Crixas ainda pode ser apenas estimada de maneira imprecisa, com base em dados
isotdpicos publicados de Pb-Pb e Sm-Nd, que resultaram em “errocronas” com as idades
~2.8 Ga (Arndt et al., 1989) e ~3.0 Ga (Fortes et al., 2003). E importante ressaltar que durante
este trabalho inimeras tentativas de obter cristais de zircao nas rochas maficas para datagao
U-Pb foram realizadas; infelizmente sem éxito. Tal dificuldade nao é incomum, tendo em
vista que o zircdo raramente ¢ uma fase mineral acessoria encontrada em rochas ultramaficas
¢ maficas. Os dados Re-Os em rocha total de amostras de metakomatiito ¢ metabasalto, no
entanto, forneceram uma isocrona de ~2.6 Ga, interpretada como um evento de reequilibrio
do sistema isotopico Re-Os, o que representaria uma idade minima do vulcanismo
ultramafico e mafico, e confirmaria que essas rochas sdo de fato arqueanas. Apesar disso,
destaca-se a necessidade de profunda investigacdo geocronoldgica dos metakomatiitos e
metabasaltos.

Apos as primeiras publicagdes que reportaram que a sequéncia metassedimentar do
greenstone belt Crixas ndo ¢ de idade arqueana (Fortes et al., 2003; Tassinari et al., 2006;
Jost et al., 2010), como originalmente interpretada (ex: Saboia, 1979; Jost & Oliveira, 1991),
o primeiro artigo deste trabalho possibilitou uma melhor caracterizagdo dessas rochas e
investigacdo das potenciais areas-fonte com base na integragdo de dados petrograficos,
geoquimicos, isotopicos (Sm-Nd) e geocronoldgicos (datacdo U-Pb em zircdo detritico). Os
protdlitos sedimentares apresentam baixa maturidade textural ¢ mineraldgica, como
destacado especialmente nas metagrauvacas. A composi¢ao quimica sugere erosdo de areas-
fonte predominantemente de composi¢do intermediaria e relacionada a um arco magmatico.
Idades modelo Sm-Nd sdo em torno de 2.4 ¢ 2.3 Ga, ¢ os valores de ¢na (t = 2.1 Ga) variam
entre valores aproximadamente condriticos e valores positivos (-0.27 a +1.25). Os dados U-
Pb em zircdo detritico decorrente de amostragem sistematica de metagrauvacas e filitos

carbonosos em diferentes profundidades de testemunhos de sondagem apresentam
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distribuicdo unimodal (2.2 — 2.1 Ga), com contribuicdo apenas incipiente de fontes do
Sideriano (~2.4 Ga) e Arqueano (~2.7 Ga). As rochas ainda apresentam sistematica de
elementos traco coerente com bacias sedimentares relacionadas a arco magmatico.

Foi realizada uma tentativa de datagao da deposig¢ao dos protolitos sedimentares ricos
em matéria organica pelo método Re-Os em amostras bem preservadas de filito carbonoso.
No entanto, como ressaltado no relatorio presente em anexo neste trabalho, os dados de
concentracdo dos elementos Re-Os e as razdes isotOpicas apresentam baixa correlacdo e
provavelmente indicam alteracdo pds-deposicional, impossibilitando a datagdo por este
método. Por outro lado, a datagdo Re-Os de cristais de arsenopirita provenientes de sulfeto
maci¢o hospedado em filitos carbonosos forneceu a idade de 2137 + 11 Ma, semelhante a
idade previamente reportada por Marques et al. (2013). Essa idade pode ser considerada
como uma idade minima para a sedimentacdo no greenstone belt Crixas e ¢ relativamente
proxima a idade maxima de sedimentacdo calculada a partir dos cristais de zircao detritico
mais jovens (2149 + 4 Ma). Portanto, os dados geocronoldgicos indicam que as rochas
sedimentares sdo relativamente sincronas com a principal area-fonte do Riaciano e foram
depositadas em uma bacia relacionada a um arco magmatico intraoceanico (denominado
Arco de Crixas). Sugere-se que as rochas sedimentares sdo aloctones e foram transportadas
tectonicamente sobre um embasamento arqueano (granitos e gnaisses TTG, e vulcanicas
ultraméficas e maficas) durante a colisdo do arco magmadtico com um paleocontinente
arqueano (referido neste trabalho como uma proto-crosta do Dominio Crixas-Goias, 1.e. a
dominante parte Arqueana do bloco). Neste trabalho, essa orogénese ¢ correlacionada com
a amalgamag¢do do Maci¢o de Goias durante o Paleoproterozoico, ao longo de sucessivas
colisdes entre arcos intraocednicos e continentais na formagdo do paleocontinente Sao
Francisco (Cordeiro & Oliveira, 2017).

A caracterizacdo deste arco magmatico foi feita no primeiro artigo deste trabalho com
base nas evidéncias indiretas fornecidas pelos registros sedimentares, tendo em vista a
auséncia de crosta continental riaciana significativa aflorante dentro do Dominio Crixas-
Goias. Tal fato levou a sugestdo de que a maior parte deste arco magmatico foi erodido,
obliterado e¢/ou encontra-se encoberto. No entanto, o segundo artigo deste trabalho também
apresenta os primeiros registros ¢ descri¢des de meta-andesitos e metadioritos associados a
sequéncia metassedimentar do greenstone belt Crixas. A datacdo U-Pb em cristais de zircao
provenientes de uma amostra de meta-andesito forneceu idade de 2172.2 + 12.7 Ma,
interpretada como a idade do magmatismo intermediario. As rochas apresentam idades
modelo Sm-Nd em torno de 2.2 Ga e valores positivos de ¢nq inicial (+2.34 a +2.69). Portanto,

essas rochas sao correlacionadas com os folhelhos negros e grauvacas sin-orogénicas, como
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parte um arco magmatico riaciano. Além disso, os meta-andesitos e metadioritos do
greenstone belt Crixas se somam a outras locais ocorréncias de rochas magmaticas riacianas
que vinham sendo reconhecidas na regido do Dominio Crix4s-Goias nas ultimas décadas
(Jost et al., 1993; Queiroz, 2000; Bogossian, 2020).

Em sintese, o greenstone belt Crixas compreende duas assembleias de rochas
formadas em periodos e contextos tectonicos distintos, € que se encontram imbricadas
tectonicamente. A mais antiga compreende uma associa¢do de komatiitos e toleitos de alto
Mg arqueanos relacionados a uma pluma mantélica em um ambiente de platd oceanico. A
outra associacdo compreende rochas magmaticas de composi¢ao intermedidria associadas a
rochas sedimentares depositadas em uma bacia proximal, formada em um arco intraoceanico
de idade riaciana, que também esta relacionado ao principal periodo de formagdo de
depositos de ouro na regido.

Acredita-se que o modelo evolutivo apresentado neste trabalho pode ser corroborado
e aperfeicoado com base especialmente na determinacdo de idades robustas dos
metakomatiitos e metabasaltos do greenstone belt Crixas. Além disso, o detalhamento
geoldgico e o estudo geocronoldgico da Sequéncia Mina Inglesa, localizada em contatos
tectonicos a noroeste do greenstone belt Crixas, também sdo de suma importincia. Por fim,
estudos futuros focados nas sequéncias metavulcanicas e metassedimentares dos outros
greenstones que compoe a por¢ao norte do Dominio Crixas-Goias podem fornecer novas
implicacdes ¢ ajudar a elucidar questdes como o posicionamento do Arco Crixas em relacdo
ao continente paleoarqueano, os processos controladores da sedimentagdo em cada bacia
especifica, e o reconhecimento de mais registros magmaticos do arco paleoproterozoico e

suas relagdes com os diferentes tipos de depositos na regido.
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