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RESUMO

Nesta tese, discorremos, sob a perspectiva da hipétese de "decratonizagdo"do Paleocontinente Sao Francisco
(PSF), a origem e controle das mineralizagdes de ferro de alto teor associados as formagdes ferriferas (FF).
Para isso, investigamos duas areas: a primeira no noroeste do Craton Sdo Francisco (CSF), Complexo
Sobradinho; a segunda no sudoeste da Provincia Borborema (PB), Terreno Sdo Pedro. Depositos de alto
teor de ferro resultam da substituicio gradual dos minerais primarios de ferro e da remocao da silica,
influenciados pela percolagdo de fluidos hipogénicos e supergénicos. Neste sistema mineralizador, o contexto
geodindmico desempenha um papel crucial, por regular desde a sedimentagdo até o enriquecimento dos
minerais. Para testar a hipdtese de correlagdo entre as areas de estudo, separadas durante a fragmentagdo do
paleocontinente, e tragar os ambientes deposicionais do protominério, utilizamos gravimetria de satélites. Estes
dados serviram para mapear estruturas crustais profundas, suas caracteristicas geométricas e continuidades
laterais. Além disso, utilizamos lineamentos gravimétricos para compreender os mecanismos de transporte
dos fragmentos crustais. Em seguida, datamos, por U-Pb em zircdo, rochas do embasamento coletadas ao longo
das anomalias gravimétricas. Nossos dados revelaram uma conexao significativa entre as duas regides de
estudo, especialmente na distribui¢do de rochas plutdnicas mesoarqueanas e o neoarqueanas, ¢ sedimentacoes
com idades maximas de deposicdo no Estateriano. Para compreender a influéncia da decratonizagdo na
formacao dos depositos, estudamos em escala regional o controle estrutural do Distrito Ferrifero de Curral Novo.
Identificamos, por meio de dados litoestratigraficos disponiveis na literatura, levantamentos estruturais e
sensoriamento remoto, quatro eventos deformacionais que atuaram génese do minério. O evento DI,
relacionamos a colisdo, que originou intensa atividade mag- matica em torno de 2.8-2.7 Ga e possiveis
magmatismos anorogénicos em 2.6 Ga, causando circulagdo de fluidos hidrotermais. O evento D2 envolveu
as rochas arqueanas do embasamento durante a colisdo Transamazonica, conforme indicado pelas idades das
bordas dos zircoes e dados geoquimicos. Durante D3, por volta de 1.8-1.6 Ga em um contexto extensional,
houve a preservacdo dos depositos minerais e a circulagdo de fluidos hidrotermais. O evento D4, relacio- namos
ao desenvolvimento e reativagdes de zonas de cisalhamento durante o neoproterozoico, que influenciaram na
circulagdo de fluidos hipogénicos e na geometria dos corpos de minério.

Palavras-chave: Decratonizagio; Depositos de ferro; Craton Sao Francisco; Provincia Borbo- rema.



ABSTRACT

In this thesis, we discuss, from the perspective of the "decratonization"hypothesis of the Sdo Francisco
Paleocontinent (PSF), the origin and control of high-grade iron mineralizations as- sociated with iron
formations (FF). To do this, we investigate two study areas: the first in the northwest of the Sdo Francisco
Craton (CSF), Sobradinho Complex; the second in the southwest of Borborema Province (BP), Sdo Pedro
Terrain. High-grade iron deposits result from the gradual replacement of primary iron minerals and the removal
of silica, influenced by the percolation of hypogene and supergene fluids. The geodynamic context is crucial in
this mineralizing system, regulating everything from sedimentation to mineral enrichment. We used satellite
gravimetry to test the hypothesis of correlation between the study areas, separated during the fragmentation of the
paleocontinent, and to delineate the depositional environments of the protore. These data were used to map
deep crustal structures, geometric characteristics, and lateral continuities. Additionally, we used gravimetric
lineaments to understand the mechanisms of crustal fragment transport. We then dated basement rocks collected
along the gravimetric anomalies using U-Pb on zircon. Our data revealed a significant connection between the
two study regions, especially in mesoarchean and neoarchean plutonic rocks distribution and sedimentations with
maximum deposition ages in the Ectasian. To understand the influence of decratonization on deposit forma- tion,
we studied the structural control of the Curral Novo Iron District at a regional scale. We identified four
deformational events that acted on ore genesis through available lithostratigraphic data in the literature, structural
surveys, and remote sensing interpretations. Event D1 relates to collision, which originated intense magmatic
activity around 2.8-2.7 Ga and possible anorogenic magmatism around 2.6 Ga, causing hydrothermal fluid
circulation. Event D2 involved Archean rocks of the basement during the Transamazonian collision, as
indicated by zircon rim ages and geochemical data. During D3, mineral deposits were preserved around
1.8-1.6 Ga in an extensional context, and hydrothermal fluids circulated. Event D4 relates to developing
and reactivating neoproterozoic shear zones, which influenced hypogene fluid circulation and ore body
geometry.

Keywords: Decratonization; Iron deposits; Sdo Francisco Craton; Borborema Province.
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1. Introducao

Existem duas principais unidades geoldgicas que compdem a superficie dos continentes:
os cratons e os cinturdes orogénicos. Os cratons (S engor et al. 2021), ao contrario dos cinturdes
orogénicos, sdo areas estaveis da litosfera continental que permaneceram rigidas por pelo
menos 1 Ga (Hoffman 1988; Hoffman 2014; Yoshida & Yoshizawa 2021) e sdo cobertos por
camadas significativas de rochas sedimentares. A estabilidade dos cratons estd relacionada a
raizes litosféricas mais espessas (Sleep 2005; Peslier et al. 2010; Lee et al. 2011; Yoshida &
Yoshizawa 2021). Dois principais mecanismos explicam essa espessura: o empilhamento de
litosferas ocednicas por acregdo e por atuacdo de plumas mantélicas ressurgentes (subcregdo da pluma)
(Arndt et al. 2009; Aulbach 2012; Griffin et al. 2003; Lee 2006; Pearson & Wittig 2008; Aulbach et
al. 2007). Essa litosfera mais espessa, embora empobrecida por fusdo, confere maior flutuabilidade aos
cratons arqueanos em comparacdo com a litosfera continental proterozoica (Boyd 1989; Sleep
2005; Snyder et al. 2017).

No entanto, ¢ importante salientar que alguns cratons, considerados estaveis, passaram
por eventos episodicos de rejuvenescimento ao longo de sua historia (Holdsworth et al. 2001; Lee et
al. 2011; Wu et al. 2019; Kusky et al. 2014). Esse processo de rejuvenescimento envolve a
destruigao dos cratons, conhecida como decratonizagdo (Gao et al. 2004; Menzies et al. 2007; Wu et
al. 2019), que ¢ um fendmeno raro e foi bem estudado no Craton do Norte da China (CNC) (Yang et
al. 2008) e no Craton do Wyoming (Snyder et al. 2017; Kusky et al. 2014). Varios modelos
tém sido propostos para explicar o processo de decratoniza¢do (Wu et al. 2019), por exemplo, a
erosdo termomecanica (Davies 1994; Ruppel 1995) e quimica (Bedini et al. 1997), e delaminagao
(Bird 1978; Bird 1979; Kay & Kay 1993).

No Craton do Norte da China (CNC), onde hd um avango consideravel no
entendimento da decratonizagdo, dois modelos sdo usados para explicar o afinamento da litosfera
durante o0 Mesozoico (Wu et al. 2019; Li & Santosh 2014). O modelo de erosdo termomecanica
(Griffin et al. 1998; Menzies & Xu 1998; Li & Santosh 2014), atribui a reciclagem da
astenosfera e a ascensdo da pluma do manto como a principal causa da erosdo na base da
litosfera. Em contrapartida, o modelo de delaminagdo (Deng et al. 2004; Gao et al. 2002; Li &
Santosh 2014), que ¢ a remogdo da parte inferior da litosfera, particularmente do material eclogitico
denso, que afunda no manto devido a sua alta densidade. Em ambos os modelos, as margens cratonicas e
os limites entre microblocos sdo identificados como é4reas de fraqueza que estdo sujeitas a erosdo
termomecanica ou delaminacao (Li & Santosh 2014).

Dentre os cratons da plataforma sul-americana, o Craton Sdo Francisco (SFC)
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(Almeida et al. 1981), localizado no nordeste do Brasil, ¢ notavel por uma extensa pesquisa que
abrange aspectos geocronologicos, geofisicos e evolutivos (Heilbron et al. 2017). O
embasamento do SFC ¢ constituido por nucleos arqueanos que registram eventos magmaticos
entre 2,8-2,7 Ga (Teixeira et al. 2017). Durante a orogenia Rhyaciana-Orosiriana, esses nucleos foram
aglutinados (Trompette et al. 1992; Barbosa & Sabaté 2004; Teixeira et al. 2017; Brito Neves 2011).
O CSF ¢ circundado por sistema orogénicos desenvolvidos entre sua colisdo ¢ de sua contraparte
africana o Craton do Congo, os cratons Amazonico e Sao Luiz-Africa Ocidental (Brito Neves et al.
2000).

Entre estes sistemas orogénicos destaca-se a Provincia Borborema (PB) (Almeida et al.
1981) que ¢ constituida por blocos de nticleos arqueanos retrabalhados no Paleoproterozoico, os quais
foram intrudidos por granitos neoproterozdicos e recobertos por bacias neoproterozoicas (Caxito et al.
2020). O CSF e o PB compartilham semelhangas pré-brasilianas, como a presenca de rochas
arqueanas, rochas siderianas, riftes intermitentes e eventos magmaticos intraplaca entre 1,78 ¢ 1,50
Ga (Neves 2021). Devido a essas semelhancas, alguns pesquisadores sugerem a possibilidade de que os
terrenos antigos do PB sejam produto da fragmentagdo do CSF, em um processo de descratonizagao
(Neves 2021; Ganade et al. 2021), embora seus mecanismos ainda ndo estejam estabelecidos.

Os cratons e suas margens sdo conhecidos por conterem altas concentragdes de depdsitos
minerais (Groves & Santosh 2021). Embora alguns trabalhos explorem a relagdo entre o processo de
decratonizagdo e a génese de depdsitos minerais, por exemplo, Li & Santosh (2014), Yang et al.
(2022), Yang et al. (2021), Yang & Santosh (2020) e Li et al. (2022), estes abordam
principalmente depositos de ouro. Neste trabalho, procuramos entender, a partir da hipotese de
decratonizagao do Craton Sao Francisco (CSF), conforme discutido em Neves (2021) e Ganade et
al. (2021), como este processo influenciou na formagdo dos depositos de ferro associados as
formagoes ferriferas da margem noroeste do CSF e no sudoeste da Provincia Borborema. Assim, a
pergunta central ¢: de que modo a decratonizacdo controlou a formagdo e distribuicdo regional desses
depositos de ferro?

Formagoes Ferriferas (FF) sdo rochas sedimentares quimicas, que exibem camadas de
ferro, com teores entre 20 e 30%, intercaladas por SiO, (James 1954; James 1983) e possuem
ampla distribuicdo espago-temporal, com registros do Arqueano ao Fanerozoico (Gross 1983; Klein
2005). A deposicao destas rochas resultou da complexa interacdo entre processos man-
télicos,tectonicos, ocednicos e biosféricos (Bekker et al. 2010). As FF pré-cambrianas foram
divididas em dois tipos, o Tipo Superior € o Tipo Algoma, com base em de suas carateristicas
deposicionais e associagdes litologicas (Gross 1965; Gross 1980).

As FF do Tipo Superior foram depositadas em ambientes de margens passivas e hoje
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sdo encontradas associadas a sequéncias plataformais cratonicas. Elas estdo intercaladas com
carbonatos, quartzo-arenitos, folhelhos negros e restritas rochas vulcanicas (Gross 1965; Gross 1980). Ja
as FF do Tipo Algoma estdo associadas a sequéncias vulcanossedimentares em terrenos granito-
greenstone belts. Sua génese esta relacionada a processos hidrotermais exalativos (Gross 1980; James
1983; Beukes & Gutzmer 2008; Bekker et al. 2010; Bekker et al. 2014).

O sistema mineralizador responsavel pelo enriquecimento das FF ¢ complexo e envolve
a atuacdo conjunta de processo sin- € pds-deposicinais (Hagemann et al. 2016; Angerer &
Hagemann 2010). Processos sin-deposicinais definem a fertilidade de ferro nas FF e estdo
relacionados a estratigrafia e caracteristicas geodinamicas dos ambientes deposicionais. Os
processos pos-deposicinais sdo responsaveis pela dissolu¢ao da silica e envolvem a percolacao de
fluidos hipogénicos e supergénicos, favorecida pela permeabilidade em varias escalas. Além disto
estruturas geologicas atuam na exumagdo, geometria, preservagdo e modificagdo dos corpos
mineralizados (Thorne et al. 2014).

Diante disso, o conhecimento geodindmico regional assume papel fundamental na desco-
berta, exploracdo e desenvolvimento de depositos de ferro associados a formacdes ferriferas. A
compreensdo da relagdo entre o processo de decratonizagdo do CSF e a formacao e distribuicao dos

depdsitos ¢ fundamental para o nosso estudo.

1.1. Area de estudo

Este projeto investigard duas formagdes ferriferas geograficamente correlatas, localizadas
no nordeste do Brasil no estado do Piaui, porém situadas em diferentes contextos geoldgicos
(Figura 1.1). A unidade investigada corresponde as rochas que hospedam o Distrito Ferrifero de Curral
Novo (DFCN) (Sato 2011), situado no Terreno Sao Pedro (TSP) (Brito Neves et al. 2023), Zona
Transversal da Provincia Borborema. A outra unidade corresponde as formagdes ferriferas do
Complexo Sobradinho no municipio de Sdo Raimundo Nonato, limite noroeste do Craton Sao

Francisco.

1.1.1. Distrito Ferrifero de Curral Novo do Piaui

O Distrito Ferrifero de Curral Novo (DFCN) (Sato 2011) localiza-se no setor sul
do Terreno Granjeiro (TGS) no estado do Piaui. O Terreno Sdo Pedro faz parte da Zona Transversal

da Provincia Borborema (Figura 1). Esse terreno possui duas dreas de exposi¢do (Vasconcelos &
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Gomes 1998; Delgado et al. 2003): a primeira aflora no estado do Ceara; e a segunda abrange os
estados do Piaui e Pernambuco. A continuidade entre esses dois setores estd encoberta pela Bacia
do Araripe.

O arcabougo tectonico do Terreno Sdo Pedro ¢ formado pelo embasamento, denominado
Complexo Granjeiro ¢ pela Sequéncia Metavulcanossedimentar Arrojado. O Complexo Granjeiro é
constituido por gnaisses para- e ortoderivados de valores eNd positivos e idades modelo TDM Nd de
2,65¢e 2,55 Ga(Silvaetal. 1997) . A Sequéncia Metavulcanossedimentar Arrojado ¢ composta
por formacdes ferriferas, xistos, quartzitos, marmores, calcissilicaticas, metacherts, metabasitos
anfibolitizados e metatufos félsicos e maficos (Vasconcelos & Gomes 1998; Gomes & Vasconcelos
2000) com idade de sedimentagdo entre 2.7 - 2.5 Ga (Ancelmi 2016).

O TSP apresenta trés unidades o embasamento TTG, sequéncias metavulcanossedimen-
tares e intrusdes sienograniticas. O embasamento ¢ formado por uma suite TTGs gndissico-
migmatitica de idade paleoarqueana (Martins 2017; Vale 2018; Pitarello et al. 2019). As for-
magoes ferriferas estdo associadas a sequéncias metavulcanossedimentares, intercaladas por
unidades metamaéficas e metaultramaficas (Costa 2010). Essas duas unidades foram intrudidas por

sinenogranitos com idades de 2.6 Ga (Martins 2017; Vale 2018; Pitarello et al. 2019).

1.1.2. Formacgdes Ferriferas de Sio Raimundo Nonato

A segunda area de estudo localiza-se no extremo noroeste do Craton Sdo Francisco e faz
limite com a Provincia Parnaiba a oeste. Nessa regido os litotipos podem ser divididos em trés
grandes grupos: o embasamento arqueano, os granitdides paleoproterozoicos € os sedimentos
paleozoicos da Bacia do Parnaiba. O embasamento arqueano do craton, formado pelos Complexo
Sobradinho-Remanso (Souza et al. 1979), Lagoa da Ema (Souza et al. 1979) e Lagoa do Alegre
(Angelim et al. 1997). Essas rochas sdo intrudidas pelos granitos paleoproterozicos Fartura do Piaui
e Monte Alegre (Augusto et al. 2017).

As FF objeto de estudo fazem parte do Complexo Lagoa do Alegre. Esse
complexo formado pelas unidades Minadorzinho e Macambira (Angelim et al. 1997). A Unidade
Mina- dorzinho corresponde a rochas metavulcanossedimentar carcaterizadas por micaxistos, gnaisses
e quartzitos, além de metabasitos, marmores ¢ formagdes ferriferas. A Unidade Macambira ¢
constituida por metamaficas, metaultramaficas (talcoxistos), silexitos, paragnaisses e, menos
frequentemente, metavulcanicas 4cidas, calcdrios cristalinos, rochas calcissilicaticas e quartzitos

(Augusto et al. 2017).
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1.2. Objetivo e Metas

O objetivo deste estudo foi investigar o papel da decratonizagdo na influéncia na formacdo e
distribuicdo dos depositos de ferro localizados na regido noroeste do Craton Sao Francisco e no
sudoeste da Provincia Borborema.

Metas de trabalho

. Estabelecer relagao entre os blocos do embasamento do noroeste do CSF e sudoeste da
Provincia Borborema;

. Definir a fun¢do das estruturas geologicas nos processos de enriquecimento dos protomi- nérios
e na geometria das mineralizagdes;

. Investigar a possivel correlagdo genética entre as FF que ocorrem em Sdo Raimundo
Nonato e as que hospedam o minério de ferro em Curral Novo do Piaui.

. Criar um modelo prospectivo regional de minério de ferro como base nos dados obtidos.
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2. Materiais e métodos

2.1. Gravimetria de Satélite

Os dados gravimétricos de satélite sdo fundamentais para estudar as estruturas profundas da
crosta terrestre, uma vez que informam sobre a geometria, dire¢do, cinematica e continuidade laterais
entre diferentes blocos crustais. Nesta tese, utilizamos os dados gravimétricos do modelo EGM2008
(Modelo Gravitacional da Terra de 2008 - Earth Gravitational Model 2008) para investigar os
blocos crustais arqueanos-paleoproterozoicos remanescentes do Paleocontinente S3o Francisco, das
margens NW do CSF e SW da Provincia Borborema.

O modelo EGM2008 ¢ composto por grades médias com uma resolucido de
2.5x2.5 minutos de arco, criadas a partir de uma combinagao de dados gravimétricos terrestres, aéreos e
de satélite (ITG-GRACEOQ3S) (Pavlis et al. 2012). Este modelo tem uma abrangéncia até o grau
2190 e a ordem 2159, o que permite capturar variagdes extremamente precisas ¢ detalhadas no campo
gravitacional da Terra, tanto em termos de mudangas radiais quanto angulares (Pavlis et al. 2012). Isso
resulta em uma representacdo precisa e detalhada da gravidade em vérias regides do planeta. A
anomalia Bouguer Total utlizada foi obtida do Bureau Gravimétrique International (BGI), cujas
correcdes sao computadas em escalas regionais usando o método FA2BOUG (Fullea et al. 2008). A
corre¢do topografica ¢ aplicada em uma faixa de até 167 km, usando o modelo digital de terreno
de 1 minuto de arco, ETOPOL, e densidade de reducfio de 2.67 g/em’. A figura

2.1 apresenta a anomalia Bouguer Total do territorio brasileiro, com destaque na area de

estudo.

2.1.1.  Filtragem dos dados

Para separar as fontes rasas e profundas da anomalia Bouguer Total, usamos o método de
Spector & Grant (1970), que envolve a andlise da inclinacao da curva do espectro de poténcia.
Aplicamos um filtro gaussiano com desvio padrdo de 0.005 rad/km para separar o componente
regional (baixa frequéncia) do componente residual (alta frequéncia). Utilizamos os softwares GMT
e Oasis Montaj para realizar o processamento dos dados.

As componentes regional e residual da anomalias Bouguer foram realgadas usando angulo
de inclinagdo Tilt angle (Eq. 2.1) (Miller & Singh 1994). Esse método extrai o angulo tangente da
razdo entre a derivada vertical e horizontal (Miller & Singh 1994) (Fig. 2.2), permitindo
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individualizar anomalias de grande e pequenas amplitudes (varia entre —7/2 e +n/2). O angulo de
inclinacdo proporciona uma melhor visualizagdo de fontes profundas, que, muitas vezes, sdo
obscurecidas por fontes mais superficiais (Miller & Singh 1994), além de melhorar a delimitacdo de
suas extensdes laterais. Godin & Harris (2014), por exemplo, aplicaram o dngulo de inclinagdo aos
dados de gravidade Bouguer do EGM2008 para identificar as direcdes dos campos potenciais que estdo
associados as estruturas geoldgicas regionais transversais aos Himalaias, interpretando- as como falhas

cruciais.
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Fig. 2.1 — Anomalia Bouguer do Modelo EGM2008 para o territorio brasileiro. Em destaque a

area de estudo.
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Fig. 2.2 — Defini¢do geométrica do 4ngulo de inclinacdo. °/ = derivada do campo na direcdo x, 2

I = derivada na ox Oy direcao vy, 2" =derivada na direcdo z, a_f = gradiente horizontal do
campo. O angulo de inclinagao, 0, ¢ 0z oh medido em relagdo a horizontal. Modificado de
Miller & Singh (1994).

2.2. Levantamentos geoldgicos de campo

Esta etapa consistiu na definicdo dos litotipos metavulcanossedimentares encaixantes
das mineralizagdes, suas relacoes de contato, discordancias e empilhamento litoestratigrafico. Para
isso foram realizados o levantamento bibliografico e cartografico das éareas de estudo, e o
processamento ¢ interpretacdo de imagens Landsat 8 - OLI (Operational Land Imager)
(https://earthexplorer.usgs.gov/), o modelo de superficie digital Copernicus DSM GLO- 30
(https://scihub.copernicus.eu/) e ocorréncias minerais disponibilizadas pelo Servigo Geologico
do Brasil (http:/geosgb.cprm.gov.br/). Essas informagdes serviram de base para o

mapeamento das unidades geoldgicas.

2.3. Datacoes U-Pb

Investigamos cinco amostras por geocronologia U-Pb LA-ICP-MS: duas do Bloco Gran- jeiro,
SMD-011 (3A) e RPW-04; duas do embasamento da Faixa Ri- acho do Pontal, RPE-27 (3C) e
RPB-22 (3E); e uma coletada ao longo do Lineamento Pernambuco no Dominio Itaizinho, RPB-25
(3F). As analises foram realizadas no Instituto de Geociéncia da Universidade de Cam- pinas —

UNICAMP e os resultados obtidos podem ser visualizados no material suplementar em anexo.
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Os zircdes examinados foram extraidos de cerca de Skg de rocha. As amostras foram moidas,
bateada e os graos concentrados através de separador magnético isodinamico Frantz. Separamos o
concentrado através de microscopio binocular, e os grdos selecionados colados em mounts epoxy,
polidos e limpos com acido nitrico 3%. Em seguida, imageamos os graos por catodoluminescéncia
(CL) e elétrons retroespalhados (BSE) utilizando microscopio de varredura eletronica LEO 430i e
EDS. Usamos estas imagens para descrever a morfologia e textura dos zircdes e definir os pontos
de andlise.

Os dados isotopicos foram coletados em spots de 25 um durante tempo de aquisicdo de 60
segundos, em um sistema Photon Machines Excite 193 equipado com célula de ablagdo HelEx
acoplada a ICP-MS Thermo Scientific Element XR. O sistema operou com frequéncia de
10Hz, fluéncia de 4, 74 Jem e quantifica¢do dos is6topos 204Pb, 206Pb, 207Pb, 232Th, 235U
e 238U. A correcdo do fracionamento elementar baseou-se no padrdo primario 91500
(Wiedenbeck et al. 1995), e para o controle de qualidade o padrdo secundario Peixe (Navarro et al.
2017). Os resultados foram reduzidos usando o software Iolite, versdo 2.5 Visual Age (2014.10), na
plataforma Igos-Pro 6.3.7.2 (Paton et al. 2010; Petrus & Kamber 2012). Finalmente, usamos o
pacote IsoplotR (Vermeesch 2018) e o software DensityPlotter (Vermeesch 2012) para gerar os

graficos.
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3. Formacdes Ferriferas e Sistema Mineral de depositos de Fe
3.1. Formacoes Ferriferas

Formagao ferrifera (FF) € o termo litologico e estratigrafico usado para denominar rochas
sedimentares quimicas que exibem altos teores de ferro (Trendall 1983; Trendall 2002). Estas rochas
possuem ampla distribuicdo temporal, indo desde do Arqueano até o Fanerozoico (Gross 1983; Klein
2005) (Fig. 3.1), e sua génese esta relacionada a uma complexa interagdo entre 0 manto, processos
tectonicos, oceanicos e biosféricos (Bekker et al. 2010). As grandes deposicdes de FF no Pre-
Cambriano, por exemplo, estdo associadas a liberacdo de Fe em oceanos andxicos devido o
aumento de atividades mantélicas(Bekker et al. 2010; Bekker et al. 2014; Abbott & Isley 2002)
(Fig. 3.1A). Por outro lado, o menor registro no Fanerozoico pode estar associado tanto as
mudangas no estilo da tectonica de placas (Lascelles 2013), quanto ao aumento da oxigenagao

(Cloud 1973; Holland 1973; Holland 1978; Holland 1984) (Fig. 3.1B).
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Fig. 3.1 — Distribuigao espacgo temporal das formagdes ferriferas e sua relagdo com a variagao das

atividades de plumas mantélicas (A)(segundo Abbott & Isley (2002)) e os niveis de oxigénio na

atmosfera (linha tracejada em B)(modificado de Klein (2005)).

Além de serem importantes registros paleoambientais, as FF t€m relevancia economica,
sendo responsdveis pelas maiores reservas mundiais de minério de ferro com alto teor (> 60%) (Beukes
et al. 2003; Kock et al. 2008). Esses depositos se formam pela lixiviagdo da silica e substituicao

de minerais primarios por magnetita ¢ hematita (Hagemann et al. 2016). A seguir,
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serdo apresentadas definicdes gerais sobre os ambientes deposicionais e mineralogia das FF, o
Sistema Mineralizador e os elementos criticos essenciais para a formagdo das mineralizagdes, bem

como os critérios mapeaveis que geram as variaveis preditoras para os modelos prospectivos.

3.1.1. Ambientes de deposicao de FF

As FF sao rochas sedimentares quimicas que possuem teores de ferro entre 20-30%
e podem apresentar ou nao intercalagdes de Si0; (James 1954; James 1983). Essas rochas sao
classificadas em trés grupos com base em suas caracteristicas deposicionais e associagdes
litologicas: tipo Algoma, tipo Superior e tipo Rapitan (Gross 1965; Gross 1980). Os tipos Algoma e
Superior correspondem a idades arqueanas-paleoproterozoicas, enquanto o tipo Rapitan estd restrito ao
Neoproterozoico e ocorre associado a diamictitos glaciais (Klein & Beukes 1993; Klein 2005;

Beukes & Gutzmer 2008) (Fig. 3.2).
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Fig. 3.2 — Ocorréncias das FF quanto aos tlpos dep0s101nals e suas distribuigdes globais em

relacdo aos cratons pré-cambrianos. Modificado de Beukes & Gutzmer (2008).

As FFs do Tipo Algoma possuem idades que variam do Eoarqueano ao Paleoproterozoico

e estdo intercaladas a sequéncias vulcanossedimentares hidrotermais exalativas marinhas em
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terrenos greenstone belts (Gross 1980; James 1983; Beukes & Gutzmer 2008; Bekker et al.
2010; Bekker et al. 2014; Goodwin 1973) (Fig. 3.3A). Elas exibem o maior niimero de depdsitos e
distribuicdo geografica (Figura 3.3B), entretanto de menores espessuras e extensdo quando
comparados as FF do tipo Superior (Beukes & Gutzmer 2008), raramente excedendo 10’ Mt
(Huston & Logan 2004) (Fig. 3.3 C). Alguns autores ressaltam (Bekker et al. 2010; Gole & Klein
1981) que as atuais dimensdes geométricas dessas rochas podem ndo refletir as originais, pois a maioria
dos registros estdo intensamente deformados e tectonicamente desmembrados.

As FF do Tipo Superior foram depositadas em margens passivas a partir do Mesoar-
queano até o Proterozoico. Elas sdo tipicamente intercaladas a carbonatos, quartzo arenitos e
folhelhos negros, com pouca presenga de rochas vulcanicas (Gross 1965; Gross 1980) (Fig.
3.3A). Comparadas as FF do Tipo Algoma, essas formagdes sdo consideravelmente maiores,
apresentando extensas continuagdes laterais e contendo valores superiores a 10® Mt de ferro a 15%

em peso de Fe (James 1983; Isley 1995) (Fig. 3.3B e C).
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Fig. 3.3 — Tipos de ambientes deposicionais e relacdo espago-temporal de Formagdes Ferriferas.

<

(A) Classificagdo das FF em relacdo ao ambiente deposicional (modificado de Gross (1980));
Distribuicdo temporal dos numeros (B) e quantidades (C) de FF em relagdo ao ambiente de

deposi¢do ao longo do Pré-cambriano - modificado de Beukes & Gutzmer (2008)).
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3.1.2. Classificacio

A classificacdo das FFs ¢ baseada na mineralogia e textura das rochas. James (1954)
propos uma classificagdo mineraldgica, baseada nas descrigdes das rochas da regido do Lago
Superior no Canadd, que divide as FFs em quatro facies: silicato, carbonato, ¢xido e sulfetos
(Tabela 3.1). De acordo com o autor, essa classificagdo reflete a sequéncia deposicional, sendo o

potencial de oxidagdo um dos principais fatores que influenciam na formacdo das facies (Fig.
3.4).

Nivel do mar
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Fig. 3.4 — Modelo de facies deposicionais de James (1954).

Embora a facies sulfeto esteja incluida na classificagdo de FF, ela consiste em sedimentos
piriticos e ndo ¢ considerada uma FF stricto sensu (Bekker et al. 2014). Essas rochas podem estar
relacionadas a deposi¢ao de depositos VMS (Volcanogenic Massive Sulfide - Sulfetos Macicos
Vulcanogénicos) ou formagdes ferriferas com enriquecimento hidrotermal, e frequentemente

hospedam importantes depdsitos de ouro em terrenos arqueanos (Ohmoto et al. 2006; Groves et al.

1987; Gourcerol et al. 2016).

Tabela 3.1 — Principais minerais presentes na classificacao das facies de FF segundo James (1954).

Facie silicato Facie o6xido Fécie carbonato Féacie sulfeto
greenalita magnetita siderita pirita
F€6Si4010(OH)8 FC304 FCCO3 FGSZ
minnesotaita hematita dolomita - anquerita
2 Fe3Si4010(OH)2 F6203 CaMg - CaFe(CO)3)2
stilpnomelano

F62 ' 7(Si,Al)4(O,OH) 12 'XHzO

As FF sao divididas em dois tipos texturais, que refletem estilos deposicionais diferentes

(Beukes & Gutzmer 2008). As formagdes ferriferas bandadas (BIF) sdo dominantes no Arque- ano
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e aleoproterozoico Antigo (Beukes & Gutzmer 2008). Elas sdo compostas por laminas alternadas
ou camadas de precipitados quimicos de chert (40-50%) e minerais de ferro (20-30%), incluindo
oxidos, carbonatos e silicatos (James 1954; James 1983; Simonson 2003; Beukes & Gutzmer
2008). As formagdes ferriferas granulares (GIF) sdo mais comuns no Novo Paleopro- terozoico e
sdo compostas por camadas centimétricas relacionadas a areais sedimentadas em ambientes

proximais e rasos (Simonson 2003; Simonson 1985).

3.1.3. Mineralogia e metamorfismo

De acordo com Klein (2005), as FF do tipo Algoma e Superior sdo semelhantes
em termos mineralogicos, apresentando principalmente chert (ou quartzo - SiO,), magnetita (Fe;Oy),
hematita (Fe,03), Fe-silicatos e siderita (FeCOs). Essas fases nao refletem a mineralogia primaria, mas
sdo resultado de sobreposicdes diagenéticas e metamorficas. Acredita-se que os silicatos presentes
nos FFs sejam provenientes de géis hidratados ou coloides com composi¢des proximas a greenalita
(Fe Si O OH) e ao stilpnomelano (Fe Si O OH(Na,K,Al)) (Klein 2005; Li et al. 2017).
J4 os carbonatos presentes sdo misturas de CO,, Fe*”, Mg e Ca. E importante ressaltar que essas
fases sdo resultado de processos diagenéticos e metamorficos e ndo refletem a mineralogia primaria
das FF (Klein 2005).

A hematita pode ter se formado de diversas maneiras, incluindo a desidratacao de
hidréxidos de ferro (Fe(OH);) precipitados em zonas foticas (Kappler et al. 2005), a oxidagdo
enzimatica e a oxidacdo por O2 derivado de cianobactérias (Planavsky et al. 2014). Em relagdo a origem
da magnetita, existem duas linhas de raciocinio em discussdo. A primeira defende que esse mineral
foi formado por processos diagenéticos (Krapez et al. 2003; Ewers & Morris 1981). J4 a segunda linha
de raciocinio sugere que a magnetita foi formada por redugdo dissimilatoria de Fe(IIl) (DIR -
Dissimilatory Fe(IIl) Reduction), que ocorreu por biomineralizagdo a partir de sedimentos
inicialmente ricos em Fe™ (Li et al. 2013; Li et al. 2017).

Segundo Klein (1983), Klein (2005) ¢ Miyano & Klein (1983), existem trés graus
meta- morficos que sdo utilizados para classificar as formagdes ferriferas pré-cambrianas: diagenético
ou baixo grau, médio grau e alto grau. O metamorfismo age de forma progressiva nos minerais
silicaticos e carbonaticos, e em todos os intervalos, ¢ possivel encontrar quartzo, magnetita e
hematita, que aumentam a granulagdo com o aumento do grau do metamorfismo (Klein 2005). Os
registros de FF com assembleias tipicas de baixo grau, como sub-xisto verde e xisto verde, sdo
raros ¢ os melhores exemplos estdo restritos a Bacia de Hamersley, na Australia, e ao Craton Kaapval,

na Africa do Sul. Em Hamersley, as temperaturas de metamorfismo variam entre 200 e 300°C, com
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pressdo maxima de 1,2 kbar (Klein 2005). Ja para o Craton Kaapval, as temperaturas foram estimadas
entre 100 ¢ 150°C (Klein 2005).

Durante os estagios de baixo a médio grau de metamorfismo, ocorre a reagdo entre a
greenalita, stilpnomelano, quartzo e carbonatos, formando a minnesotaita. Além disso, outras fases
metamorficas podem estar presentes, como minerais do grupo da clorita (chamosita e ripidolita),
anfibolio (riebeckita) e biotita (ferri-anita) (Klein 2005). Quando a metamorfismo atinge os
estagios de médio a alto grau, nas zonas de granada e estaurolita, cianita e silimanita, carbonatos e
quartzo reagem para originar anfibolios ricos em ferro da série cummingtonita- grunerita. Em
estagios mais elevados de metamorfismo (zona da silimanita), podem ocorrer cummingtonita,
grunerita, granada e outras fases como piroxénios e fayalita, formadas por reagdes de altas

temperaturas (Klein 2005; Bekker et al. 2014).

3.2. Sistema mineralizador

O conceito de Sistema Mineral aborda os depositos minerais como expressdes em pequena
escala de processos geodinamicos ocorridos em diferentes escalas temporais e espaciais (Wyborn et al.
1994). Neste conceito, os sistemas minerais sdo formados pela combinacao de quatro elementos
criticos, que sdo: a arquitetura da litosfera, a geodinamica favoravel, fertilidade e preservagdo da
zona de deposi¢do primaria (McCuaig et al. 2010; Groves et al. 2022) (Fig. 3.5). A ideia de
Sistema Mineral foi inspirada no bem-sucedido conceito de Sistema Petrolifero utilizado na
industria de exploragdo do petroleo (Wyborn et al. 1994).

Na exploragao mineral, o uso de Sistema Mineral envolve identificar os fatores
criti- cos necessarios para a formacdo de um depodsito mineral (McCuaig et al. 2010). A
aplicacdo pratica deste conceito consiste em analisar gradualmente os elementos do sistema
investigado, traduzindo-os em informagdes Uteis e que sejam mapeaveis, para a identificagdo de alvos
(McCu- aig et al. 2010; Yousefi et al. 2019; McCuaig & Hronsky 2014). Em outras palavras, o
objetivo ¢ compreender os fatores fundamentais que levaram a formagdo do depdsito mineral e usa-los
para orientar a exploragdo mineral de forma mais eficiente. As incertezas ao traduzir os componentes de
um sistema mineral incluem, a qualidade da representatividade dos critérios, a falta de com- preensao
dos processos que controlam a mineralizagdo e a dependéncia de escala dos critérios mapeaveis
(McCuaig et al. 2010; Ford & McCuaig 2010).

De acordo com Angerer et al. (2015), a formagao e preservagao de depodsitos de minério
de ferro em FF requerem cinco elementos criticos: (i) presenga de fertilidade em ferro nas FF; (ii)

fluxos de fluidos que possam dissolver a silica presente; (iii) alta permeabilidade em vérias escalas;
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(iv) exumagdo e modificagcdo supergénica dos corpos de minério; (v) preservagdo dos corpos de
minério de ferro. Esses elementos podem ser resumidos como o cenario tectonico de deposi¢do do
protominério, a trajetoria dos fluidos e as alteragdes minerais (Hagemann et al. 2016). O controle
estrutural ¢ fundamental para o enriquecimento e transforma¢do do minério em baixo e alto teor de
ferro, uma vez que favorece a percolagdo dos fluidos que causam alteracdes hipogénicas e
supergénicas, originando diferentes tipos de minérios de ferro e preservando os corpos de minério
(Hagemann et al. 2016; Thorne et al. 2014; Dalstra & Rosiére 2008; Rosiere et al. 2001; Dalstra
2014).

Arquitetura
litosférica
favoravel

Fertilidade

Preservacao
(zona deposicional

+ primaria)

Geodinamica
(transitoria)
favoravel

Formacdo do minério

Fig. 3.5 — Elementos criticos de um Sistema Mineral. Modificado de McCuaig & Hronsky
2014).

3.2.1. Controles geotectonicos e origem dos fluidos

Os depositos de ferro hospedados em FF sdao formados em trés configuragdes geodina-
micas (Hagemann et al. 2016): as FF arqueanas-paleoproterozéicas do Tipo Algoma e Lago
superior ¢ FF neoproterozoicas do tipo Rapitan. O fluxo de fluidos hidrotermais hipogénicos
nestes cendrios sdo controlado por estruturas geoldgicas regionais, conhecidas como estruturas ativas,
que permitem a ascensdo de fluidos e a mineralizacdo hipogénica (Hagemann et al. 2016; Dalstra &
Rosiere 2008; Groves & Santosh 2021; Angerer et al. 2012; Thorne et al. 2014). Por outro lado,
estruturas passivas de alta permeabilidade, como fraturas, favorecem a geracdo de alteragdes
supergénicas pela percolagdo descendente de 4gua meteorica (Thorne et al. 2014).

As margens cratdnicas sdo locais propicios para a formagdo de depositos de ferro de alto

teor (Groves & Santosh 2021). Nessas regioes, ocorre o desenvolvimento de falhas extensionais
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profundas, que criam bacias sedimentares nas margens continentais, onde as FF sdo depositadas. Essas
bacias sedimentares sdo permeaveis e permitem a circulagdo de fluidos, que posteriormente atuam na
formacdo do minério. Além disso, a litosfera espessa e flutuante associada as margens de cratons
preserva grandes depoésitos minerais (Groves & Santosh 2021).

O tipo de fluido presente nos depositos ¢ controlado pelo cenario geotectonico (Evans
et al. 2013). No caso dos depositos do tipo Algoma, a mineralizacdo ¢ formada por fluidos
magmaticos, enquanto nos depositos do tipo Lago Superior, os fluidos sdo salmouras hipersalinas de alto
pH (>9) (Evans et al. 2013) que substituem bandas de chert por carbonatos. Em ambos os casos, ocorrem
processos de enriquecimento supergénico causados pela percolagdo descendente de dgua meteorica.

Neste sistema mineral, sdo identificados quatro estdgios de mineralizagdo hipogénica e um
estagio supergénico (Hagemann et al. 2016). O primeiro estdgio ¢ caracterizado pela lixiviacdo de silica
e formacdo de magnetita e carbonatos. No segundo estagio, ocorre oxidagdo da magnetita para
hematita, acompanhada da dissolu¢do de quartzo e formagdo de carbonatos, martitizagao e substituicao
de silicatos de ferro por hematita. O terceiro estagio envolve a formagao de novas microplacas de
hematita e hematita especular, além da dissolugdo de carbonatos. J4 o quarto estagio ¢ observado
em minérios de ferro metamorfisados, onde ocorrem recristalizagdo da hematita e formagdo de
textura granobldstica de magnetita/hematita, além do desenvolvimento de xistosidade em zonas de
cisalhamento e porfiroblastos de oxido de ferro (martita). O estdgio de alteragdo supergénica ¢
marcado pela substituicdo de magnetita e carbonatos por goethita, bem como a formagdo de

quartzo fibroso e argilominerais.

3.2.2. Controle estrutural

Hagemann et al. (2016) dividem as estruturas envolvidas na formagao e preservagao
de depositos de minério de ferro, associados a BIF, em trés grupos: pré-mineralizagio, sin-
mineralizagdo e pds-mineralizacao.

As estruturas pré-mineralizagdo sdo aquelas que se desenvolvem antes da mineralizacdo e
podem atuar na formacdo do minério de ferro passivamente, como as vias de fluido, ou ativamente,
quando reativadas durante a fase sin-mineralizagdo. As estruturas sin-mineraliza¢do, por sua vez, se
desenvolvem durante a génese do minério e podem ser ativas, como as falhas normais, ou
passivas, como as brechas de colapso de porosidade. Ja as estruturas pds-mineralizagdo facilitam o
fluxo de fluidos, causam modificagdes texturais e/ou mineraldgicas € moldam e preservam os
corpos de minério existentes. Entre as estruturas que favorecem o fluxo de fluidos estdo as

foliagoes, zonas de cisalhamento ductil, falhas e fraturas.
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As estruturas pds-mineralizacdo também podem ser subdivididas em trés grupos. O
primeiro grupo inclui as estruturas que preservam ou expdem corpos de minério de ferro apds sua
formagdo, como horsts e grabens ou impulsos. O segundo grupo consiste em estruturas que segmentam
os corpos de minério de ferro existentes, como falhas de deslizamento. Por fim, o terceiro grupo ¢
formado pelas estruturas que causam modificagdes texturais e/ou mineraldgicas em corpos de minério
existentes. E importante ressaltar que, devido a natureza de multiplos estigios da formagdo de
minério em qualquer deposito, pode haver estruturas pertencentes a0 mesmo subtipo, mas formadas

em idades diferentes.

3.2.3. Modelos de depositos de Fe

Com base nos critérios mencionados anteriormente, Hagemann et al. (2016) propdem
quatro modelos discretos de depositos de minério de ferro associados a FF: Carajas, Hamersley,
Urucum e Capanema. Cada um desses modelos ¢ controlado por diferentes tipos de fluidos e
estruturas geoldgicas. O modelo Carajas, por exemplo, ¢ hospedado em terrenos granito-
greenstone belts e € controlado por zonas de cisalhamento. Os fluidos que originam o minério sao
de origem hipogénica, com significativa contribui¢do de enriquecimento supergénico. O modelo
Hamersley ¢ uma bacia sedimentar controlada por zonas de falhas normais, com os fluidos
envolvidos sendo salmouras primitivas e aguas metedricas. O modelo Urucum, por sua vez, ¢
controlado por grabens precoces ¢ FF de baixo grau. Finalmente, o modelo Capanema ¢
caracterizado por um minério goethitico sem evidéncia de enriquecimento hipogénico.

E importante destacar que esta ¢ uma classificacio baseada na génese de depositos. Essa
nova classificacdo se sobrepde a classificagdo Superior-Algoma-Rapitan, baseada no ambiente
deposicional. Por exemplo, o modelo de depoésito do tipo "Carajas", encontrado em granito-
greenstone belts, também ¢ classificado como um BIF Algoma segundo a classificagdo de Gross

(1980).
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4.  Resultados
Os resultados desta tese estdo organizados nos seguintes capitulos:

. Artigo 1 - Exploring the Gravimetric and Geochronological Links in Ancient Terranes
of the Sao Francisco Craton and Borborema Province

Neste capitulo, nosso objetivo foi investigar conexdes entre os blocos do
embasamento arqueano-paleoproterozoico das faixas marginais do noroeste do Craton Sao Francisco
e sudoeste da Provincia Borborema. Para isto utilizamos dados gravimétricos de satélite e

geocronologia U-Pb em zircao.

. Artigo 2 - Sao Francisco Paleocontinent Construction, Fragmentation, and Reworking
in the Mineral System Evolution of the Curral Novo Iron District

Neste estudo, investigamos a influéncia das estruturas geoldgicas regionais nas fases de
enriquecimento mineral no Distrito Ferrifero de Curral Novo do Piaui. Relacionamos estas fases com o
processo de fragmentacdo do Paleocontinente Sdo Francisco e retrabalhamento dos blocos crustais

remanescentes na Provincia Borborema.
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4.1. Exploring the Gravimetric and Geochronological Links in Ancient Terranes of the
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ABSTRACT

This study aimed to map ancient terrane fragments from decratonization in the Sao Francisco Craton
in northeastern Brazil. We mapped deep crustal fragments and their structural lineaments using
satellite gravimetric data. Additionally, we dated rocks from the Sdo Pedro Terrane, the Borborema
Province Transversal Zone, and the Sobradinho Complex, forming the northwest basement of the Sdo
Francisco Craton. Our findings reveal a strong connection between these regions, highlighting
significant granitic rock generation between the Mesoarchean and Neoarchean and sediment
deposition dating back to the Statherian period. Neoproterozoic regional shear zones, likely from the
Transbrasiliano Lineament, were crucial in transporting these crustal fragments.

Keywords: Decratonization; Sdo Francisco Craton; Borborema Province; Statherian.
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1. Introduction

Various studies have underscored the dynamic nature of seemingly stable cratonic
regions, highlighting rejuvenation processes throughout their extensive geological histories
(Holdsworth et al., 2001; Lee et al., 2011; Wu et al., 2019). Decratonization mechanisms,
often associated with these rejuvenations, remain a subject of interest (Foley, 2008; Lee et al.,
2011; Wu et al., 2019), with lithospheric dynamics, thermal gradients, magmatism, tectonics,
and deformation identified as critical triggers (Lee et al., 2011; Wu et al., 2019).

While petrological studies and surface geology have yielded valuable insights into
decratonization mechanisms (Foley, 2008; Liu et al., 2021; Lee et al., 2011; and
references therein), challenges persist in resolving issues concerning cratonic crustal
architecture. Integrating geophysics, such as satellite gravimetry, with field data and
geochronology can enhance our understanding of cratonic areas and associated
decratonization processes.

We examined a geological area south of the Borborema Province (BP), located at the northern
limit of the Sao Francisco Craton (SFC), to discover the tectonic processes that trigger the
decratonization and remodeling of previously stable regions of the Earth crust. The BP is
made up of several terranes, probably derived from the SFC, and had its final structuring
during the Pan-African Brasilian Orogeny around 630 to 500 Ma (Santos and Brito Neves,
1984; Van Schmus et al., 1995; Van Schmus et al., 2008; Van Schmus et al., 2011; Brito
Neves et al., 2000; Trompette, 1994).

Recent studies suggest that decratonization of the SFC northern margin occurred through
extensional events between 1.0-0.92 and 0.9-0.82 Ga, followed by basin inversion around
0.60 Ga (Ganade et al., 2021; Neves, 2021). However, our findings indicate older
Paleoproterozoic crustal reworking events initiated decratonization at least 700 million years
earlier, extending the SFC limits into the BP (Neves, 2021). This work aims to understand
fragmentation mechanisms and investigate reworking processes, revealing tectonic and

thermal evolution from the Archean to the Mesoproterozoic.
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2. Geological settings

Among the cratons on the South American shelf, the SFC in northeastern Brazil
has been extensively studied in geochronological, geophysical, and evolutionary terms
(Almeida et al, 1981; Heilbron et al., 2017). Its basement comprises Archean nuclei
documenting tectonothermal events around 2.8-2.7 Ga, which were subsequently
amalgamated during the Rhyacian-Orosirian orogeny (Trompette et al., 1992; Barbosa and
Sabaté, 2004; Teixeira et al., 2017; Brito Neves, 2011). Neoproterozoic orogenic belts
developed along the SFC's margins due to collisions between the Sao Francisco- Congo
paleocontinent, Amazonian, and Sao Luiz-West Africa, forming part of the Gondwana
Supercontinent (Trompette, 1994; Arthaud et al., 2008; Caxito et al., 2020; Van Schmus et al.,
2008).

The BP is one such orogenic system resulting from these collisions (Almeida et
al., 1981; Santos and Brito Neves, 1984; Brito Neves et al., 2000). It comprises Archean
nuclei reworked in the Paleoproterozoic, intruded by neoproterozoic granites, and covered by
neoproterozoic basins (Caxito et al., 2020). Regional shear zones divide the province into
three segments: North, Transversal, and South sub-province, subdivided into domains
(Vauchez et al., 1995). This study investigates a region encompassing parts of the Sobradinho
Block, Riacho do Pontal, and Rio Preto orogens, along with the Sdo Pedro Terrane (Teixeira
et al., 2017; Caxito et al., 2017; Caxito et al., 2016; Barros et al., 2020; Brito Neves et al.,
2023).
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Figure 1. Location of the study area. (A) — Location of the study area in the context of West
Gondwana. (B) — Location of the study area at the Borborema Province and the Sao Francisco
Craton. In Figure B, in the upper left frame, the boundary of the Sdo Francisco Paleocontinent
proposed by Neves (2021). (C) — Simplified map of the main tectonic units in the study area
and the location of geochronology samples. Modified from Bizzi et al. (2003).
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3.  Satellite gravity
3.1. Data and processing

We utilized the EGM2008 (Pavlis et al., 2012) model' Bouguer gravimetric
anomaly data to analyze deep blocks and shallow structures, focusing on their horizontal
continuity, geometry, and kinematics. This model, known for identifying deep crustal
structures, uses mean grids with a 2.5x2.5 arc-minute resolution derived from a combination
of terrestrial, aerial, and satellite gravimetric data (GRACEO03S) (Pavlis et al., 2012). We
processed Bureau Gravimetrique International (BGI) data, applying topographic correction
with FA2BOUG (Fullea et al., 2008), employing a range of 167 km and a reduction density of
2.67 g/cm?. The data was separated into regional and residual components using a Gaussian
filter with a standard deviation of 0.005 rad/km. The depth of source tops was estimated using
the Spector and Grant (1970) method and processed through Oasis Montaj software (Figure
2A).

We aimed to detect gravimetric sources and assess their lateral extent. To increase
visibility, we applied the tilt angle method (Miller and Singh, 1994), which calculates the
tangent angle of the relationship between the vertical and horizontal derivatives. This
technique helps distinguish anomalies of varying amplitudes and identify potential field

directions associated with regional geological structures (Godin and Harris, 2014).
3.2. Bouguer anomaly

Figure 2B shows the Bouguer anomaly map from the EGM2008 model for the
SFC NW and the BP SW boundary. Figure 2C shows the regional Bouguer anomaly,
outlining the gravimetric domains corresponding to Tectonics Provinces. Low values
characterize the SFC, with intermediate to high values along the W-NW edge. The Parnaiba
Province has low values along the SE-NW direction, intermediate values in the NE-SW
directions, and cores with high values. In the Borborema Province, gravimetric values are
intermediate to high along the SE-NW direction in the Precambrian basement, while the
Araripe basin corresponds to the lowest values. Figure 2D shows the residual Bouguer
anomaly, highlighting high frequencies associated with shallow sources, particularly along the
BP boundaries and propagating towards the centers of the basins. The values are consistent
with data from Oliveira and Medeiros (2018) for gravimetric profiles of the boundaries
between the Borborema Province and the Sao Francisco Craton along the Riacho do Pontal

Orogen.
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3.3. Tilt derivative applied to deep and shallow gravity data

Tilt derivative (TDR) analysis of regional Bouguer anomaly data identified deep lineaments,
revealing two sigmoidal-shaped features: one extending from the Cristalandia block to Sao
Raimundo Nonato and the other from the Riacho do Pontal Belt to the Pernambuco
Lineament (Figure 2E). In the S3o Pedro Terrane, two regional lineaments were observed,
one along the Pernambuco Shear Zone and another northeast- southwest oriented. TDR of
residual data mapped "gravimetric worms" (Hornby et al., 1999) (Figure 2F), indicating
shallow anomalies, with one group suggesting shear zones parallel to deep lineaments and
another perpendicular to them. Figure 2G illustrates interpreted lineaments, outlining crustal

blocks and "gravimetric worms."
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41

4.  Geochronology

The samples for geochronology were processed at the UNICAMP Isotopic
Geology Laboratory. The extracted zircons were mounted on epoxy resin supports and
analyzed using a Zeiss scanning electron microscope (model LEO 4301). U-Pb isotopic data
were collected on 25 um spots using a Photon Machines Excite 193 system coupled to a
Thermo Scientific Element XR ICP-MS, operating at 10 Hz with a fluence of 4.74 J/cm—2.
Isotopes 204Pb, 206Pb, 207Pb, 232Th, 235U, and 238U were quantified, and data processing
utilized Iolite software version 2.5 Visual Age (Paton et al., 2010; Petrus and Kamber, 2012),
with isochrons plotted using IsoplotR (Vermeesch, 2018). We investigated nine samples by
geochronology, including two from the Sdo Pedro Terrane, two from the Riacho do Pontal
Belt basement, one along the Pernambuco Lineament, three from the Sobradinho-Remanso
Complex, and one from the Sdo Raimundo Nonato (Figure 1C). The results are in the

supplementary material.
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Figure 3. Field aspects of the studied rocks from the Sdo Pedro Terrane and Sobradinho
Complex. Sao Pedro Terrane: (A) SMDO11 - Tonalitic gneisses; lightly banded syenogranite
orthogneiss (RPE27; B) migmatitic banded syenogranite orthogneiss (RPW04; C); (D)
RPB25 - Rhyolitic dike, outcropping along the Transnortheast Railway, cutting through the
Paleoproterozoic supracrustal rocks of the Itainzinho Complex; (E) RPB22 - Basement
paragneiss of the Riacho do Pontal Belt. Sobradinho Complex: (F) SRNDOSA - Migmatitic
granitic gneiss dome; (G) SRNDOS5C - Sample of restite and granitic neosome present in the
migmatitic part of the gneiss dome; (H) SRNDO04 - Granodioritic orthogneiss outcropping;

(I) SRND16 - Metavolcano-sedimentary sequences cut by granitic aplite dikes, with a detailed

location where the sample for dating was collected.
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4.1.1. SMDI1I sample

Tonalitic orthogneiss is gray and fine—to medium-grained (Figure 3A), with metamorphic
banding alternating felsic and mafic minerals. Zircon grains are prismatic and light brown,
ranging from 100-300 pum, with oscillatory zoning. Seventeen zircon cores provided a

crystallization age of 3404 + 4 (MSWD = 1.6).

4.1.2. RPE-27 and RPW-04 Samples

Syenogranite orthogneiss, pink, medium to coarse granulation. Zircon grains, prismatic to
rounded, 100-150 pm, light to dark brown, some with oscillatory zoning. RPE-27: thirty-three
grains, seven with an age of 2703 = 4 (MSWD = 0.91). RPW-04: twenty-nine grains, twelve
aged 2672 £ 5 (MSWD = 1.5).

4.1.3. RPB-22 Sample

Paragneiss with mafic and felsic bands. Sixty-four zircon grains were analyzed, with ages
ranging from Mesoarchean to early Mesoproterozoic. The most significant population yields
ages within 2050 — 1850 Ma, peaking at 1997 Ma. Younger grains provide ages of 1597 + 38
Ma, 1580 + 35 Ma, and 1404 + 36 Ma.

4.1.4. RPB-25 Sample

Rhyolite intruding the Itainzinho Complex. Zircon grains are euhedral to rounded, with
textures including oscillatory zoning. Six concordant grains yield a crystallization age of 1614

+ 8 Ma (MSWD =2.5).

4.1.5. SRNDO05A and SRNDO5C Samples

Migmatitic gneiss dome. The grains suberic to euhedral, 100-300 um, with oscillatory zoning.
Ten core analyses yield an age of 3032 +14 Ma (MSWD = 1). SRNDO5C: melanosome and
leucosome parts, yielding ages of 3106 £7 Ma, 3024+9 Ma, and 2863+15 Ma for melanosome

grains, and 2631+16 Ma for zircon rims analyses.
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4.1.6. SRNDO04 Sample

Granitic to granodioritic orthogneiss. Subhedral to euhedral prismatic grains, 50- 300 pm,
with oscillatory zoning. Six analyses yield a crystallization age of 2881 + 12 Ma (MSWD =
3.3), like group III zircons from SRNDO5C.

4.1.7. SRNDI16 Sample

Muscovite schist crosscut by granitic aplites. Forty-four zircon grains were analyzed, with

dominant populations centered around 2935 Ma, 2550 Ma, and 2035 Ma. The youngest
concordant grain yields a 207Pb/206Pb age of 1625 + 34 Ma (20).
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5. Discussions

5.1. Gravimetric Lineaments

Deep gravimetric lineaments northwest of the Sdo Francisco Craton (SFC),
identified from the EGM2008 model Bouguer anomaly vertical derivative slope map,
spatially align with Archean and Paleoproterozoic terranes. Shallow lineaments, termed
"gravity worms," possibly indicate shear deformation or lateral fault movement bounding
crustal (Godin and Harris, 2014). These lineaments, in Figure SA alongside Paleoproterozoic
crustal blocks and their transport directions, suggest the geometry and movement of these
fragments, resembling exotic terranes as they migrate away from the SFC. Deep lineaments
parallel major shear corridors like the Transbrasiliano Lineament, corresponding to
Sobradinho, Cristalandia do Piaui, and Sao Pedro blocks (Brito Neves et al., 2023) blocks.
Along the Pernambuco Lineament in the Transversal Zone, these lineaments shift orientation
and behave as splays linked to the Transbrasiliano Lineament. Satellite gravimetric data
effectively map crustal fragments, indicating mafic-rich rocks in the BP Archean-
Paleoproterozoic terranes, likely remnants of the collision between the BP and Sao Francisco
block. Ganade et al. (2021) proposes two stages of decratonization deformation, involving an
oblique collision between SFC and West African Craton and subsequent dextral movement of
the Transbrasiliano-Kandi Fault, leading to transpressional orogeny of the BP (Figure 5B).
Paleoproterozoic blocks were transported via east-west shear zones, acting as corridors, from
fragments of the Sdo Francisco Paleocontinent located in the Transversal Zone of the BP,

exemplified by the Alto Moxot6 Terrane (Lira Santos ef al., 2022).
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Figure 5. Results of interpreting gravity lineaments from the EGM2008 model for the study
area. (A) Map showing the boundaries of anomalies interpreted as fragments of the Archean-
Paleoproterozoic basement. (B) The geometric configuration of the transported crustal

fragments during decratonization.

5.2.
Crust

Geochronology, Fragmentation, and Transport of the Archean-Paleoproterozoic

Our data strongly link the blocks in the northwest region of the Sao Francisco
Craton (SFC) and the Sao Pedro Terrane (SPT), particularly concerning magmatic activity
between 2.8 Ga and 2.6 Ga, aligning with the formation periods of the SFC (Gordilho
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Barbosa et al., 2023). Ages obtained for the SPT range from 3404 + 4 Ma to 2672 + 5 Ma,
while a paragneiss from the Riacho do Ponral Orogen exhibits a maximum age of 1625 + 34
Ma, consistent with 1614 + 8 Ma rhyolitic dikes in the Itainzinho Complex north of the study
area.

In the Sobradinho Complex within the Sobradinho Block, ages of 3024 + 9 Ma
(SRNDO5C) and 3032 + 14 Ma in leucosome from a gneissic dome were obtained. The
residue yielded an age of 3106 + 7 Ma. Additionally, ages of 2863 + 15 Ma from zircon cores
and 2631 + 15 Ma at their edges suggest an earlier thermal event, followed by granitic
magmatism around 2.8 Ga, the crystallization date of granodioritic orthogneiss. Muscovite
schist crosscut by granitic aplitic showed an age of 1625 + 34 Ma (Fig. 4N).

The similarities between the SFC and the Borborema Province support the
hypothesis of a genetic relationship originating from the decratonization process (Neves,
2021). Based on the concept of a metacraton (Abdelsalam et al., 2002; Liégeois et al., 2013;
Liégeois et al., 2003), this process suggests that the BP resulted from reworking the weakened
cratonic crust of the Sdo Francisco Paleocontinent. Our results corroborate this hypothesis,
especially for fragments northwest of the SFC and southwest of the BP.

Rocha et al. (2019) suggest that high P-wave velocities beneath the BP's Southern
Subprovince indicate the SFC's extension beneath this region. This implies a northern location
of the lithospheric boundary between the SFC and the BP than evident on the surface,
suggesting the possible presence of another small block separated from the Sdo Francisco
Paleocontinent.

The age differences imply a continuous continental margin arc formation process
between 3.0 - 2.8 Ga, with possible intraplate magmatism around 2.6 - 2.5 Ga (Barros ef al.,
2020; Vale et al., 2023). Volcanism around 1.6 - 1.5 Ga in the eastern Borborema Province
and the SCF Curac¢a dike systems suggest a shared weakened crust between the two blocks
(Neves, 2021).

We propose a scenario in which the Sobradinho Block, Sdo Pedro Terrane, and
Cristalandia Block originated during the Neoarchean collision, were later reworked during the
Riacian orogeny, and remained stable until the end of the Orosirian. By the Statherian, this
crust fragmented, possibly indicated by the intrusion of rhyolitic dikes in the Riacho do Pontal
Orogen (Amaral et al., 2023), with shear zones dispersing and transporting these crustal

fragments by the end of the Neoproterozoic.
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6. Conclusions

. Deep gravimetric lineaments represent fragments of Archean-Paleoproterozoic crust
extending from the Sdo Francisco Craton's northwest margin to the Pernambuco Shear Zone.

o Shallow gravimetric lineaments, or "gravimetric worms," indicate lateral displacement
of shallow crustal fragments, offering insights into kinematic processes.

o Geochronological analyses reveal similarities between the Sobradinho Block and Sao
Pedro Terrane, with intense magmatic activity between 3.4 — 3.1 Ga and 2.8 — 2.6 Ga.

o The alignment of zircon peaks in metasedimentary rocks with magmatic events supports
the connection between magmatism and metasedimentary rock formation.

. Evidence in the Borborema Province and Sao Francisco Craton links the breakup of the
Sobradinho-Sao Pedro Block to a taphrogenetic event around 1.7 - 1.5 Ga.

o Neoproterozoic shear zones transported the Archean-Paleoproterozoic fragments.
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4.2. Sao Francisco Paleocontinent Construction, Fragmentation, and Reworking in the
Mineral System Evolution of the Curral Novo Iron District Sdo Francisco Paleocontinent
Construction, Fragmentation, and Reworking in the Mineral System Evolution of the

Curral Novo Iron District

1. Introduction

Banded Iron Formations (BIF) are chemical sedimentary rocks containing layers
with 20 to 30% iron interspersed with Si02 (James, 1954, 1983). These rocks have a broad
spatial- temporal distribution, extending from the Archean to the Phanerozoic (Gross, 1983;
Klein, 2005; Beukes and Gutzmer, 2008; Konhauser et al., 2017), and their deposition results
from the intricate interplay of mantle, tectonic, oceanic, and biospheric processes (Bekker et
al., 2010, 2014; Konhauser et al., 2017). Precambrian BIF are categorized into Algoma and
Superior types based on their depositional characteristics and lithological associations (Gross,
1965, 1980). Algoma-type formations are linked to volcano-sedimentary sequences in granite-
greenstone belts, deposited from the Eoarchean to the Paleoproterozoic, with their genesis tied
to exhalative hydrothermal processes (Gross, 1980; James, 1983; Beukes and Gutzmer, 2008;
Bekker et al., 2010, 2014). On the other hand, Superior-type BIF is found in cratonic platform
sequences deposited during the Neoarchean and Paleoproterozoic, often interbedded with
carbonates, quartz arenites, black shales, and restricted volcanic rocks (Gross, 1965, 1980).

The world's significant iron ore reserves, with grades > 60%, are mainly enriched
Precambrian BIF (Beukes and Gutzmer, 2008; de Kock et al., 2008). These reserves are
predominantly hosted in Superior-type BIF, such as the Iron Quadrangle, characterized by
hematitic/goethitic ores with lower production costs (Rosicre and Chemale Jr, 2000). In
contrast, deposits hosted in Archean Algoma-type BIF, with magnetite as the dominant ore
mineral, are smaller (Duuring and Hagemann, 2013a, 2013b). Ore generation in both cases is
associated with syn-depositional processes, including the abundance of iron in host rocks, and
post-depositional processes like fluid percolation, silica remobilization, and mineralized body
preservation (Angerer et al., 2015; Hensler et al., 2015; Hagemann et al., 2016). Metamorphism
also influences this system, as increasing metamorphic grade enhances the growth of iron oxide
and quartz grains, aiding their separation during beneficiation (Maynard, 1991).

The mineralizing system enriching BIF involves syn- and post-depositional

processes (Angerer and Hagemann, 2010; Angerer et al., 2015; Hagemann et al., 2016). Syn-
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depositional processes, linked to the stratigraphy and geodynamic features of depositional
environments, dictate iron fertility in BIF. Post-depositional processes dissolve silica and
entail hypogene and supergene fluid percolation, facilitated by permeability at various scales.
Geological structures play critical roles in the exhumation, geometry, preservation, and
modification of mineralized bodies (Thorne et al., 2014).

Enrichment occurs via percolation of hydrothermal and meteoric fluids along
faults and fractures (Morris, 1980; Beukes et al., 2003; Dalstra and Rosiere, 2008; Lobato et
al., 2008; Hagemann et al., 2016; Keyser et al., 2018, 2019a). These fluids dissolve silica,
transforming primary iron-bearing minerals like siderite, ankerite, and iron silicates into
hematite and magnetite microplates (Morris, 1980; Beukes et al., 2003; Dalstra and Rosiere,
2008; Hensler et al., 2015; Hagemann et al., 2016). Trace element concentrations in iron
oxides and exhibited textures provide insights into physicochemical conditions during
enrichment (Rosiere et al., 2001; Keyser et al., 2018, 2019b). In polydeformed Archean
greenstone belt terranes, reconstructing depositional environments and the general geological
structure of Algoma-type BIF is challenging due to metamorphism and deformation (Klein,
2005; Bekker et al., 2010). Understanding syn- and post-depositional processes at regional and
deposit scales is critical for discovering new exploration areas.

Cratons and their margins are known for high mineral deposit concentrations
(Groves and Santosh, 2021). While some studies explore the relationship between
decratonization processes (Yang et al., 2008) and mineral deposit genesis, they often focus on
gold deposits (Li and Santosh, 2014; Yang and Santosh, 2020; Yang et al., 2021, 2022; Li et
al., 2022). The SFC and BP share pre-Brazilian similarities, such as older platform rocks,
Siderian rocks, and diachronic taphrogenic events (Neves, 2021). Due to these similarities,
some researchers suggest the possibility that the old terranes from BP are a product of Sao
Francisco Paleocontinent (SFP) fragmentation in a decratonization process (Ganade et al.,
2021; Neves, 2021). Here, we investigate how the construction and fragmentation of the SFP
influenced iron ore deposit formation associated with BIF on the northwest margin of the CSF
and in the southwest of the Borborema Province (BP) (Figure 1C). We demonstrate that BIF
deposition and initial enrichment occurred during SFP construction, with its destruction
possibly preserving proto-ore and ore. Transport and reworking of SFP fragments may have
enhanced the mineral fertility of the Borborema Province basement, not only in iron but also

in other metals.
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2. Geological settings

The Sado Francisco Craton (SFC) and Borborema Province (BP) share pre-
Brazilian similarities. Some researchers suggest that the old terrains of the BP might have
originated from the fragmentation of the SFC during a decratonization process (Ganade et al.,
2021; Neves, 2021). In this study, we investigated the iron formations of the Curral Novo Iron
District (CND) (Sato, 2011; Vale et al., 2023), located in the Granjeiro Complex (Caxito et
al., 2020; Brito Neves et al., 2023; Vale et al., 2023). This complex corresponds to the
basement bounded to the south by the Pernambuco Lineament, which borders the Riacho do
Pontal orogen to the north of the SFC and south of the BP (Caxito et al., 2016, 2017, 2020; dos
Santos, 2017; Amaral et al., 2023).

The Sao Francisco Craton (SFC) basement comprises Archean nuclei recording
magmatic events between 2.8-2.7 Ga (Teixeira et al., 2017). During the Rhyacian-Orosirian
orogeny, these nuclei amalgamated (Trompette et al., 1992; Barbosa and Sabate, 2004; Brito
Neves, 2011; Teixeira et al., 2017). Subsequently, intraplate basin formation and magmatism
episodes occurred, overlain by the Espinhago and Sao Francisco supergroups, along with
Neoproterozoic sedimentary rocks (Danderfer et al., 2009; Guadagnin, 2015; Paula-Santos et
al., 2015; Costa et al., 2018). The Archean nuclei of Sobradinho, Gavido, Serrinha, Jequié, and
Cristalandia constitute the North-Northwest basement of the SFC. The collision between
Gavido, Serrinha, and Jequié blocks in the Paleoproterozoic led to the formation of the Itabuna-
Curaga-Salvador orogenic belt (ICS) (Barbosa and Sabate, 2002, 2004; Martins De Sousa et al.,
2020).

Neoproterozoic orogenic belts developed along the SFC margins due to collision
between the S3o Francisco-Congo paleocontinent, Amazonian cratons, and Sao Luiz-West
Africa, forming the western sector of the Gondwana Supercontinent (Figure 1A) (Trompette,
1994; Arthaud et al., 2008; Van Schmus et al., 2008; Caxito et al., 2020). The Borborema
Province (BP) is one of the orogenic systems resulting from this collision (Almeida et al., 1981).
The BP comprises Archean nuclei reworked in the Paleoproterozoic, intruded by
Neoproterozoic granites, and covered by Neoproterozoic basins (Figure 1B) (Caxito et al.,
2020). Regional shear zones mark the end of this collision, dividing the province into three
segments: North, Transversal, and South sub-provinces, further subdivided into domains (Brito
Neves, 1975; Brito Neves and Cordani, 1991; Trompette, 1997). Extensive ductile shear zones
formed due to this convergence, characterized by a preferred NNE-SSW and E-W direction, as

evidenced by well-developed mylonitic belts (Figure 1B) (Corsini et al., 1991; Vauchez et al.,
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1995).

The Granjeiro Complex is bordered to the west by the Rio Piranhas-Serido6
Domain, to the north by the Ords-Jaguaribe Belt, limited by the Malta shear zone, and to the
south by the Paulistana-Monte Orebe and Itaizinho domains, delineated by the Patos
Lineament (Caxito et al., 2020). This complex is divided into two main exposure areas: one in
the central-eastern portion, near Granjeiro in Ceara state, and the other in the southwest of the
Patos Shear Zone, spanning Piaui and Pernambuco states. The connection between these two
sections is covered by the Araripe Basin (Vasconcelos and Gomes, 1998). These sections are
referred to as the Northern Granjeiro Complex (NGC), corresponding to the exposure area in
Ceard, and the Southern Granjeiro Terrane (SGC), occurring between Piaui and Pernambuco
states.

The oldest unit within the Granjeiro Complex consists of paraderived and
orthoderived gneisses and an exhalative metavolcano-sedimentary association, initially
interpreted as remnants of oceanic crust, intruded by Archean tonalitic to granodioritic
metaplutonic rocks (Gomes and Vasconcelos, 2000). The Tonalitic and granodioritic
orthogneisses in the GC exhibit calcic to alkali-calcic characteristics with low mafic mineral
content. They show low lithophile element concentrations, significant fractionation of light
rare earth elements, and slightly negative Eu anomalies (Vale et al., 2023). U-Pb
geochronology indicates a Paleoarchean protolith age of 3.5 — 3.4 Ga for tonalitic orthogneiss
zircon (Martins, 2017; Pitarello et al., 2019; Brito Neves et al., 2023; Vale et al., 2023).

The metavolcano-sedimentary unit consists of felsic and mafic metatuffs,
amphibolites, magnesian schists, serpentinites, originating from mafic and ultramafic
protoliths with a komatiitic and basaltic composition and banded iron formations (Gomes and
Vasconcelos, 2000; Costa, 2010; Ancelmi, 2016; Pitarello et al., 2019; Vale et al., 2023).
These rocks are linked to oceanic plate subduction, displaying geochemical affinities like
modern island arc rocks (Costa, 2010; Pitarello et al., 2019; Vale et al., 2023). Intrusive
syenogranitic plutons, dated to 2.651 Ga, intrude these units (Martins, 2017; Pitarello et al.,
2019; Brito Neves et al., 2023; Vale et al., 2023). These granites are metaluminous to
peraluminous, alkali-calcic, and ferrous, with a slight enrichment of light rare earth elements
over heavy rare earth elements and high lithophile and high field potential element contents
(Vale et al., 2023).

The GC underwent significant crustal reworking during the Paleoproterozoic,
starting from the Rhyacian, with a metamorphic peak in metavolcanosedimentary rocks

indicated by U- Pb dating of amphibolite zircon at 2.2 Ga (Vale et al., 2023). A significant
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magmatic event related to global continental extension during the Statherian period, dated to
1.75 — 1.6 Ga (Amaral et al., 2023; Vale et al., 2023), led to hydrothermal alteration in
surrounding amphibolites and iron formations, resulting in silicification, albitization,
potassification, carbonatization, sulfidation, and iron reconcentration. 634S values ranging
from -3.11 to +2.3 per mil in hydrothermal sulfides suggest magmatic sources for sulfur
associated with the hydrothermal system (Vale, 2018; Vale et al., 2023).

Based on mineralogical and geochemical analyses, the BIF of the CND were
categorized into three groups by Pitarello et al.(2019): 1) Magnetite Meta-BIF, interpreted as a
product of Oxide Facies metamorphism, with contributions from high-temperature
hydrothermal fluids indicated by positive Eu anomalies and minor Ce anomalies typical of
Archean BIF; ii) Grunerite Meta-BIF, corresponding to Silicate and Carbonate Facies
metamorphism. Although its geochemical signature did not exhibit characteristics of chemical
sediments, its REE pattern suggested that hydrothermal processes, interaction with adjacent
rocks, and supergene enrichment processes altered these rocks; iii) Garnet Meta-BIF, this
group would correspond to Silicate and Carbonate Facies metamorphism contaminated by
clastic debris, possibly deposited in areas close to the continent. Costa (2010) identified two
types of ore at the Manga Velha locality: i) Magnetite BIF, metamorphosed in the amphibolite
facies with amphiboles of the cummingtonite-grunerite series; ii) Hydrothermal IronStone
corresponding to magnetite injected into structural planes, interpreted as percolation and
remobilization of ore into the host rock by hydrothermal fluids. The geochemical signatures of
the host rocks suggested that these chemical sediments were deposited in a back-arc basin

(Costa, 2010; Ancelmi, 2016; Pitarello et al., 2019).
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61

3. Remote sensing
3.1. Structural lineaments

Geological structures are critical in thickening and enriching the proto-ore,
potentially doubling its thickness and facilitating the percolation of hypogenic and
supergene fluids (Dalstra and Rosicre, 2008; Dalstra, 2014; Thorne et al., 2014; Hagemann et
al., 2016). We used remote sensing to visualize the spatial distribution of these regional
structures and their relationship with the ore, aiming to understand their contribution to
forming the mineral system responsible for enriching the proto-ore. To map shear zones and
structural lineaments, we employed satellite imagery and the Copernicus DSM GLO-30 Digital
Surface Model (ESA, 2022), with a resolution of 30 meters. Through processing and
interpreting these images, we identified and delineated structural lineaments, predominantly
characterized by regional transpressional shear zones with dextral kinematics and inferred the
presence of faults (Figure 2A and 2B). To understand the relationship between high-grade ore
occurrences and geological structures, we investigated the proximity between the ore and fault
zones and how they interact with the density of structural lineaments in the region.

Figure 2C shows the distance between fault zones and high-grade ore. This map
reveals that the high-grade ore is located near regions of more significant ductile deformation,
with mineral occurrences, albeit less enriched, occurring at slightly greater distances, except
for samples northwest of the study area. The closer proximity to these ductile deformation
zones may have facilitated the percolation of supergene fluids, inferred by a stronger
association with hydrothermal minerals, as discussed in the next section. Figure 2D depicts
the density of structural lineaments derived from the Copernicus DEM. Here, high-grade ore
is associated with higher structural lineament density regions. We can attribute the higher
density of fractures to greater structural permeability, which contributed to increased

circulation of supergene fluids and late-stage ore enrichment.
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Figure 2 — Extraction of structural information from the Copernicus DSM GLO-30 Digital
Surface Model: (A) Digital model with lighting from 315N and a 45° inclination. (B)
Interpretation of shear zones and structural lineaments. (C) Distance map in kilometers from
the shear zones. (D) Density map of structural lineaments extracted from the interpretation of

the Copernicus DSM GLO-30 image.

3.2.  Principal Component Analysis

We utilized Landsat 8 OLI satellite imagery to visualize the spatial distribution of
iron oxide and hydrated minerals in the study area. To extract these insights, we applied
Principal Component Analysis (PCA) following the methodology proposed by [oughlin
(1991) adapted from Feature-Oriented Principal Components Selection (FPCS) (Crosta and
McMoore, 1989). In this technique, we utilized the loadings of the eigenvectors from the
Principal Components (PCs) to indicate which component images are related to the spectral
signatures of specific targets. By generating the PCs using fewer bands, we aimed to avoid
spectral contrast and increase the likelihood that a single PC summarizes a specific mineral
class.

We applied Principal Component Analysis (PCA) to bands 2, 4, 5, and 6 of
Landsat 8 to enhance regions rich in iron oxides. Bands 4 and 6 correspond to Red and SWIR

wavelengths, exhibiting maximum reflectance for iron oxide minerals. Bands 2 and 5, Blue
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and NIR, show low reflectance. Table 1 displays the eigenvector matrix for the PCs for iron
oxide in the study area. We selected PC4 to map these materials as it demonstrates higher
corresponding eigenvector values. However, PC4 was negated to ensure maximum

reflectance values appear in bright pixels (Figure 3C).

Table 1 - Eigenvectors of the PCs of bands 2, 4, 5, and 6 of Landsat 8 for detecting iron oxide

minerals.
Band 2 Band 4 Band 5 Band 6
PC1 0.149 0.404 0.555 0.711
PC2 -0.060 0.025 0.786 -0.615
PC3 -0.386 -0.816 0.262 0.340
PC4 0.908 -0.412 0.072 -0.013

We used PCA to map minerals containing hydroxyl on bands 2, 5, 6, and 7 of
Landsat 8 imagery. Minerals containing hydroxyl and carbonates exhibit absorption in the
Visible and Near-Infrared (VNIR) and Short-Wave Infrared (SWIR) regions (Rowan and
Mars, 2003; Huntington, 2007), as represented by bands 5 and 7. Higher reflectance is
observed in bands 2 and 6. We selected PC3 to map minerals related to hydrothermal
alteration because it is the component that shows the best contrast between the targets'
absorption and reflectance. The values of the Eigenvectors generated in the PCA are

presented in Table 2. The image corresponding to PC3 is shown in Figure 3D.

Table 2 - Eigenvectors of the PCs of bands 2, 5, 6, and 7 of Landsat 8 for detecting hydroxyl

and carbonate-bearing minerals.

Band 2 Band 4 Band 5 Band 6
PC1 0.139 -0.495 -0.675 -0.530
PC2 0.006 -0.828 0.192 0.527
PC3 -0.148 -0.244 0.713 -0.641
PC4 -0.979 0.102 -0.011 0.175

According to Loughlin (1991), a ternary image can be generated using the PCs
obtained for the enhancement of iron oxide minerals (F) and hydroxyl minerals (H), the third

image is the sum between F and H (Figure 3E). The resulting ternary image is presented in
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Figure 3F. Finally, in Figure 3G we integrate all the structural information extracted from the
Copernicus DEM with the PCs for Fe oxides and hydrated minerals using QGIS 3.34

software. We use a spatial intersection function to define regions where both iron oxide values

and hydrated minerals occur (regions in yellow in Figure 3G).
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R Ore deposit
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Figure 3 — PCs for spectral target enhancement. (A) PC4 image of Landsat 8 bands 2, 4, 5,
and 6 for iron oxide enhancement - F (bright pixels). (B) PC4 image of Landsat 8 bands 2, 5,
6, and 7 for regions rich in hydroxyl minerals and carbonates - H (bright pixels). (C) The sum
of F and H highlights regions where these two pieces of information predominate. (D)
Ternary image the PCs F, F+H, and H in red, green, and blue channels. (E) Integration of
structural information with the distribution of regions where the intersection of iron oxide and

hydroxyl/carbonate-bearing minerals occurs.
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4.  Structural settings

The geometric and kinematic analysis of the present geological structures allowed
us to identify five deformation events (D1, D2, D3, D4 and D5). We divided the structures
based on their morphological and spatial characteristics using the definition of deformational
facies described by Tikoff and Fossen (1999), which involved classifying the orientation of L-
type tectonics (such as stretching lineations and fold axes) and S-type tectonics (such as
foliation planes) within homologous deformation zones. Planar features were labeled
according to their chronological order, while linear features were classified as Lx when
related to fold axes, Lb for mineral stretching, and Lx for stretching.

During field surveys, we identified two deposition sequences. The first is
interleaved with fragments of the TTG basement and intruded by granitoids, predominantly in
the eastern sector of the study area. The second sedimentary sequence is found west of the area
and consists of metasediments of arkosic composition, with basic and acidic dikes parallel to

foliation. Below, we describe each deformation event and the associated geometric features.
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Figure 4 — (A) Structural map of the study area within the Granjeiro Complex. (B) Cross-
section X-X’ depicted in Figure 4A illustrates structural features. (C) Stereonet diagrams
displaying D1 and D2 deformational fabric orientations were generated using the Orient
software by Vollmer (2023). (D) Histogram illustrating the spatial distribution of structural
lineaments extracted from the Copernicus DSM GLO-30 Digital Surface Model.

4.1. D1 Event

Event D1 is characterized by extensional deformation in the greenstone belt strata,
which deposited the proto-ore (SO1). Although transpressional deformation zones surround the
entire area, some regions show low deformation interference, preserving pre-transcurrent
structural markers. Regionally, these features are observed in the center of the study area,
following an irregular foliation pattern. In the central area, metavolcanic-sedimentary rocks
predominate. They display an irregular foliation pattern and minimal deformation preserved
through deformation partitioning, suggesting a lozenge-bearing tectonic concept. This circular

pattern resembles dome and keel structures observed in other Archean records.
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Figure 5 — Geometric pat

i

s, at tcop scale, f tures developed during Events D1 and
D2: (A) FI close folds in TTG basement rocks with axial plane corresponding to Sn+1
foliation, trending NE-SW and dipping towards NW. (B) F1 folds in TTG gneiss rock formed
from Sn. (C) Symmetrical open F1 folds in metavolcanic rocks formed from SO1, forming
axial plane S1; dipping NE-SW towards SE. (D) Symmetrical, isoclinal to tight F1 folds
formed from the shortening of SO; in BIF deposition, forming axial plane S1; dipping NE-SW
towards NW.

4.2. D2 Event

Figure X illustrates the main features of deformation D2. In the TTGs, the oldest
rocks of the basement, whose banded gneisses (Sn), this deformation generates F1 folds (Fig.
5A). The F1 folds are tight, with a moderately inclined axial plane and a gentle plunge axis
(Lb1) (Fig. 5B). The axial plane of the F1 folds forms the Sn+1 foliation trending NE-SW
with dip angles varying from moderate to high, migrating to zones of higher deformation and

forming mylonitic bands. Parallel to Sn+1, there is a stretching mineral lineation Lx+1
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trending NNE. In the central area of the study, where deformation was less intense, the F1
folds formed in the metasediments (Fig. 5C) and meta-ultramafic rocks (Fig. 5D) of the iron
formations deposition sequence (S01) are cylindrical, closed with vertical axial planes (S11)
and horizontal axes.

We interpret the deformation that originated the F1 folds as progressive and
developed during the closure of the iron formations deposition basin, the high-grade ore
proto-ore. The age for the development of this event was interpreted as earlier than 2.6 Ga and

related to the amalgamation of paleo- and mesoarchean blocks in the Neoarchean.

4.3. D3 and D4 Event

Events D3 and D4 correspond, respectively, to the deposition of sediments in a
rift environment and the closure of this basin. Event D3 is marked by the deposition of layer
S02, composed of immature sediments such as meta-quartzitic sandstones and arkosic (meta-)
sandstone (Fig. 6A). These rocks are interbedded with mafic and felsic dikes, characterizing
bimodal volcanism (Fig. 6B). The compressional deformation associated with the closure of
this basin formed F2 folds with axial plane S1, (Fig. 6D). In the basement, deformation event

D4 resulted in isoclinal folds with axial plane S2; over foliation S1, (Fig. 6E, 6F and 6G).
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Fiure
(F2) in arkosic metasandstone formed due to the deformation of S0,. (B) Outcrop showing
the contact between metabasalt and metarhyolite. (C) Drag folds (F2) formed in layer SO,,
generating the axial plane. The progression of these structures results in overturned folds and
fault-propagation folding. (D) Interpretation of an outcrop displaying tight/symmetrical
isoclinal folds and sheath folds. (E - G) Outcrops illustrating the relationship between

deformation (S1,) over (S2,), producing intersection lineation.

4.4. D5 Event

Deformation event D5 is characterized by a subvertical mylonitic foliation,
labeled Sn+3, oriented NE-SW and E-W, and an obliquely dipping stretching lineation,
denoted as Lx+3. This deformation event is the most significant in the area, impacting all
lithotypes, generating mylonites and ultramylonites, and forming drag folds and sheath folds
(Fig. 6C and 6D).

This deformation phase is associated with forming the Pernambuco Shear Zone,
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which originated during the Neoproterozoic Brasiliano/Pan-African Orogeny and
demonstrates dextral transcurrent-transpressive movement (Fig. 7A). In the study area, these
occur as second- order shear zones associated with forming the Pernambuco Shear Zone. The
foliation is vertical, oriented NNE-SSW, with significant rotation (Fig. 7B) and grain
fragmentation. The stretching lineation plunges steeply towards ESE (Fig. 7C) near the shear
zone, but at distances greater than 200m from the shear zone, it dips at a shallower angle. This
resulted in bands ranging from milonitic to ultramylonitic, with several hundred-meter widths.
After the D5 event, brittle structures developed, characterized by synthetic and antithetic
Riedel faults (17 A) (Fig. 7D — 7G).
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Figure 7 — rutal carteistics of Vents D5 and faults. (A) Kinematic indicator of
dextral shear motion in simple shear. (B) Porphyroclast rotation observed in BIF iron ore. (C)
Stretching lineation on the SN foliation plane in gneiss. (D) Outcrop displaying the pattern of
normal faults in ultramafic rocks. (E) Sketch of fault planes and kinematic markers indicating
dextral motion. (F) Outcrop of ultramafic rock exhibiting Riedel fault deformation pattern.

(G) Normal faults are cutting through an arkosic metasandstone layer.
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5.  Discussions
5.1. Tectonic controls on proto-ore deposition and preservation

There are three tectonic settings where BIFs are found (Hagemann et al., 2016):
Algoma-type BIFs, Lake Superior-type BIFs, and Rapitan—Urucum—type BIFs. Algoma-type
banded iron formations are commonly associated with submarine-emplaced volcanic rocks in
convergent margin settings within Archean and Paleoproterozoic granite-greenstone belts
(Gross, 1980, 1983; Beukes and Gutzmer, 2008; Konhauser et al., 2017). Lake Superior-type
BIFs are present in Proterozoic sedimentary rock sequences along passive margins and are
associated with some of the most significant known accumulations of iron hosted by BIFs
(Gross, 1980, 1983; Beukes and Gutzmer, 2008). Rapitan—Urucum-type BIFs are found in
Neoproterozoic sedimentary successions, dating from 715 to 580 Ma (Hoffman et al., 1998;
Klein, 2005; Beukes and Gutzmer, 2008; Bekker et al., 2010; Konhauser et al., 2017).

Ancelmi (2016) proposed a tectonic model for the GC, suggesting that the
metavolcanic- sedimentary sequence represents a greenstone belt formed in a back-arc basin
within a subduction system, with the formation of a magmatic arc around 2.7-2.6 Ga. In their
study, Pitarello et al. (2019) reported a sedimentation age of 2.654 + 26 Ga, linked to the
basaltic volcanism of the GC. They categorized the BIF based on their predominant
metamorphic minerals as follows: Magnetite BIF, characterized by the prevalence of
magnetite or hematite; Grunerite BIF, primarily composed of grunerite and magnetite; and
Garnet BIF, distinguished by the presence of garnet and magnetite. These mineralogical
associations suggest significant levels of high-grade metamorphism (Klein, 1983, 2005;
Pitarello et al., 2019). These characteristics categorize the BIFs in the CND as Algoma-type
(Santos et al., 2014).

We have identified a second depositional environment in the CND, associated
with an intracontinental rift system formed around 1.75 - 1.6 Ga (Amaral et al., 2023; Vale et
al., 2023), evidenced in the field by bimodal magmatism and arkosic (meta-) sandstone (see
Figure 6 A - D). The normal faults is critical in preserving the ore bodies from erosion, acting as
containment mechanisms, and supplying basinal fluids (Dalstra and Rosiere, 2008; Hagemann
et al., 2016). We hypothesize that these structures preserved the ore bodies within the CND.
Changes in the tectonic regime are necessary to preserve iron ore mineralization in high-grade
terrains (Miiller et al., 2005; Courtney-Davies et al., 2022). Examples where normal faults
have preserved mineralizations can be seen in Australian deposits such as Paraburdoo

(Dalstra, 2006), Mount Tom Price (Taylor et al., 2001), and Mount Wall (Thorne et al., 2014),
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as well as in Thabazimbi Mine (Basson and Koegelenberg, 2017), Sishen Mine (Basson et al.,

2017), and Jwaneng Mine (Creus et al., 2018) in South Africa.

5.2. Structural Architecture: Impacts on Proto-ore Enrichment and Ore Body

Geometry

High-grade iron ore is the result of the enrichment of iron formations, a process
driven by the leaching of silica. Geological structures are critical in this process, facilitating
fluid percolation and protecting mineral deposits from erosion (Dalstra and Rosicre, 2008).
According to Hagemann et al. (2016), geological structures that form high-grade iron ore
deposits can be categorized as pre-, syn-, and post-mineralization structures. Pre-mineralization
structures form before mineralization and play a continuous role in ore formation, either
passively acting as conduits for fluids or actively being reactivated during mineralization. Syn-
mineralization structures arise simultaneously with ore deposition. They can be active, like
normal faults, or passive, like collapse breccias. Post-mineralization structures, including
foliations, ductile shear zones, faults, and fractures, influence fluid flow, altering the texture
and mineralogy of the deposit and shaping and preserving existing ore bodies (Maynard, 1991;
Rosiére and Rios, 2004; Dalstra and Rosiere, 2008; Hensler et al., 2015).

Despite deformation having obscured information about pre-mineralization
structures, indicators of the primary deposition layer (SO1) can still be identified. In the central
area of the study site, we can observe traces of F1 folds formed by the shortening of
metavolcano- sedimentary sequences during the closure of the deposition basin. These folds
are open in regions further from the shear zones and have southeastward vergence.

We have discovered, ductile shear zones played a dual and critical role in forming
the CND ore. Firstly, they acted as conduits for hydrothermal fluid flow, a fact substantiated by
the proximity between hydrothermal alteration zones mapped using PCs and occurrences of
high- grade ore. Secondly, these structures exerted control over the geometry of ore bodies,
with a distinct northeast-southwest direction parallel to these structures (see Map). The
reactivation of these shear zones, as demonstrated by Archanjo et al. (2021) may have
significantly contributed to the influx of hydrothermal fluids. This structural control along
shear zones is a recurring pattern observed in deposits such as Carajas (Pinheiro and
Holdsworth, 1997; Holdsworth and Pinheiro, 2000; Rosiére et al., 2006; Dalstra and Rosiére,
2008; Figueiredo e Silva et al., 2008; Teixeira et al., 2021) and QF (Rosiére and Chemale Jr,
2000; Rosiere et al., 2001; Rosiére and Rios, 2004; Dalstra and Rosiere, 2008).
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The findings of this study also indicate a correlation between regions with higher
density of structural lineaments and ore localization. These structures are associated with
areas exhibiting a higher density of lineaments, suggesting that brittle tectonics played a
significant role in the percolation of supergene fluids. Structural lineaments related to faults
displaced ore bodies. Normal faults formed during intense crustal extension in a Statherian rift
environment were responsible for preserving the ore bodies (Dalstra, 2006, 2014; Dalstra and
Rosicre, 2008; Hagemann et al., 2016). The GC is between two significant basins and has
undergone two additional major extensional events. This region forms the basement of both the
Parnaiba Basin and the Araripe Basin (Castro et al., 2014; Porto et al., 2022; Souza Filho and
Seoane, 2024). The synthetic faults structurally control the iron formations in the study area,
whereas the antithetic faults may have served as potential fluid migration zones affecting the
BIFs (Costa, 2010; Vale et al., 2023). In future studies, it is critical to understand how
Paleozoic and

Mesozoic extensions have influenced these mineralizations. Normal faults play a
role in block movement, often concealing ore bodies, leading to what are known as blind
deposits. According to Dalstra and Rosicre (2008), in the Hamersley province, over the last
three decades, Hamersley Iron Pty. Ltd. identified over 80% of concealed targets using
structural criteria, typically by locating potential fault zones or areas with complex folding

patterns.

5.3. Mineral System and a Approach for discovering regional scale targets

The Mineral System concept addresses mineral deposits as small-scale
expressions of geodynamic processes occurring over varying temporal and spatial scales
(Wyborn et al., 1994). This concept is inspired by the successful Petroleum System concept
used in oil exploration (Wyborn et al., 1994). Mineral systems comprise four critical
elements: lithospheric architecture, favorable geodynamics, fertility, and preservation of the
primary deposition zone (McCuaig et al., 2010; Groves et al., 2022).

In mineral exploration, the Mineral System concept aids in identifying the
essential factors needed to form a mineral deposit (McCuaig et al., 2010). In practice, the aim
is to systematically analyze the components of the studied system and translate them into
information that can be mapped. This information is then used to identify targets and increase
the efficiency of mineral exploration projects (Ford and McCuaig, 2010; McCuaig et al., 2010;
McCuaig and Hronsky, 2014; Yousefi et al., 2019).
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According to Angerer et al.(2015), five critical elements are essential for forming
and preserving iron ore deposits in BIFs: (i) Iron fertility within BIFs; (ii) Fluid flows capable
of dissolving silica; (iii)) High permeability across various scales; (iv) Exhumation and
supergene modification of ore bodies; (v) Preservation of iron ore bodies. These elements can
be understood as factors related to the tectonic deposition setting, fluid pathways, and mineral
alterations (Hagemann et al., 2016).

We present the mineral system that formed the CND. This system is embedded in
the geodynamic framework of the stabilization and eventual disintegration of the Sao
Francisco Paleocontinent (Brito Neves, 2011; Caxito et al., 2020; Ganade et al., 2021; Neves,
2021). Figure 8 provides an overview of CND mineralization evolution and enrichment
process.

Our study reveals that the initial enrichment stage occurred in back-arc basins,
coinciding with iron fertility in the GC, and was linked to BIF deposition. The subsequent
closure of these basins during the late Archean triggered metamorphism of these sequences,
accompanied by intense magmatic activity, which ultimately led to the formation of granite-
greenstone belt sequences (Fig. 8A). These rocks underwent deformation, resulting in the
thickening of proto-ore layers. During the Rhyacian orogeny between 2.2 and 1.9 Ga, the
second enrichment stage involved the circulation of endogenous fluids (Fig. 8B). In the third
stage of enrichment, we link the interaction of magmatic/metamorphic fluids with the
circulation of basin fluids to a tectonic shift from a collisional environment, forming the Sao
Francisco Paleocontinent, to its fragmentation into an extensional regime in the Statherian (Fig.
8C). Normal faults played a role in preserving ore bodies from erosion during this stage.

The fourth stage, associated with the Brasiliano-Pan-African orogeny in this
region, gave rise to a system of dextral shear zones that controlled the geometry of ore bodies.
These zones increased the structural permeability of the ore, facilitating the percolation of
hypogene fluids (Fig. 8D). This relationship is evident in Landsat 8 PC images of bands 2, 5,
6, and 7, showcasing the proximity of these structures to zones rich in hydrated minerals.
Subsequently, fault development associated with the opening of the Parnaiba and Araripe
basins further increased structural permeability, favoring the circulation of supergene fluids.
With this configuration, our model aligns with the End-Member Granite-Greenstone Belt
Hosted Carajas- Type Model proposed by Hagemann et al. (2016).

Cratons and their margins are renowned for harboring high concentrations of
mineral deposits (Groves and Santosh, 2021, 2021). Many studies have explored the

relationship between decratonization processes and the genesis of mineral deposits. For
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instance, Li & Santosh (2014), Yang et al. (2021), Yang & Santosh (2020), and Li et al. (2022)
primarily focus on gold deposits. Courtney-Davies et al. (2022) demonstrated that the
fragmentation of Nuna, indicated by geochronology in hematite, led to iron ore formation
during the Nuna supercontinent breakup at 1.26-1.22 Ga. We propose that the fragmentation
event of the Sdo Francisco Paleocontinent during the Statherian, as discussed in Neves (2021)
and Ganade et al. (2021), was pivotal in the formation of iron deposits associated with BIFs
on the northwest margin of the CSF and in the southwest of the BP. Moreover, the dispersal of
crustal fragments from this Paleocontinent may have "fertilized" the basement of the BP not

only with iron but also with other elements.
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Figure 8 - Enrichment stages of BIF-hosted iron in the CND: (A) First stage: Deposition of

BIFs and mineral fertility. (B) Second stage: Hypogene enrichment associated with fluid

circulation during the Rhyacian orogeny. (C) Third stage: Enrichment linked to crustal

extension, leading to the fragmentation of the Sdo Francisco Paleocontinent (Neves, 2021).

The formation of normal faults in this new tectonic configuration also preserved the

mineralization. (D) Fourth stage: Enrichment phase marked by the emplacement of shear

zones during the Brasiliano-Pan-African orogeny, controlling the geometry of ore bodies and

favoring the circulation of hypogene fluids, resulting in the final stage of hypogene

enrichment. Subsequently, normal faults formed due to the development of the Parnaiba and

Araripe basins, increasing the structural permeability of these rocks and leading to supergene

enrichment.
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6. Conclusions

The proposed mineral system for the CND is well-aligned with the End-Member
Granite-Greenstone Belt Hosted Carajas-Type Model proposed by Hagemann et al. (2016).
This system is contextualized within the formation and subsequent weakening of the Sao
Francisco Paleocontinent. Originating from the amalgamation of Archean blocks during the
Paleoproterozoic, the Paleocontinent underwent decratonization during the Statherian period.

We demonstrate the presence of two distinct depositional environments in the
CND. The first is associated with the deposition of BIF, acting as a geodynamic
counterbalance to iron fertility associated with Archean blocks, while the second is linked to a
Statherian extensional event marked by normal faults that preserved the ore and facilitated the
circulation of hypogene and basinal fluids.

Additionally, the dispersal of Sdo Francisco Paleocontinent fragments, facilitated
by shear zones developed during the Brasiliano-Pan-African orogeny, may have enriched the
basement of the Borborema Province with various elements beyond iron. Second-order shear
zones within the CND, associated with the Pernambuco and Patos Lineaments, play a critical
role in controlling ore bodies, enhancing structural permeability, and facilitating the circulation

of hypogene fluids during their development and reactivations.
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5. Discussao e Conclusoes

Neste trabalho, abordamos a formacdo dos depositos de ferro na margem noroeste do
craton Sao Francisco e sudoeste da Provincia Borborema sob a perspectiva da hipotese da
fragmentagdo do Paleocontinente S3ao Francisco (Neves 2021), um processo conhecido como
decratonizagdo, que ocorreu entre 1.8 e 1.6 Ga (Ganade et al. 2021; Neves 2021). Buscamos
entender como a decratoniza¢do influenciou a formacdo desses depositos, analisando um depdsito ao
norte do Lineamento Pernambuco no Terreno Sdo Pedro, Provincia Borborema Transversal, ¢
ocorréncias de formagdes ferriferas do Complexo Sobradinho, no sudeste do Piaui, no municipio de Sao

Raimundo Nonato. Com base nos dados obtidos até agora, chegamos as seguintes conclusoes:

. Analises gravimétricas usando a inclina¢do da derivada vertical do modelo EGM2008
revelam a presenca de fragmentos crustais arqueano-paleoproterozoicos nas margens. Os lineamentos
profundos extraidos deste processamento, nos permitiram mapear a geometria e limites dos fragmentos
estudados, enquanto lineamentos residuais, relacionados as zonas de deformacao cisalhante regional,
nos ajudaram a entender a cinemética de transporte dos blocos, predominantemente destral.

. A andlise geocronoldgica U-Pb de zircdes permitiu identificar eventos magmaticos ocor-
ridos em torno de 3.0 e 2.8-2.7 Ga, tanto no Terreno S3o Pedro quanto no Complexo
Sobradinho. Uma idade de 2.6 Ga, observada nas bordas dos zircdes, pode estar relacio- nada ao
metamorfismo desse evento principal. Com base nessas informagdes, inferimos que ambas as areas
estudadas podem ter pertencido ao mesmo bloco continental, que constituiu a base do
Paleocontinente S3o Francisco e que foram unidas durante a orogénese Riaciana para formar a estrutura
do Paleocontinente Sao Francisco. A presenca de zircdes detriticos em intervalos similares e a
ocorréncia de magmatismo riolitico do Complexo Itainzinho e aplitos graniticos do Complexo
Sobradinho, refor¢am esta ideia.

. Com base na hipdtese de decratonizagdo do Paleocontinente Sdo Francisco, proposta por
Neves (2021), identificamos quatro eventos importantes de deformagdo que desempenham um papel
significativo na arquitetura regional do deposito de ferro de Curral Novo. Definimos estes eventos
usando dados estratigraficos disponiveis na literatura, levantamentos estruturais e por meio de
interpretacdes aerogeofisicas. No evento DI, observamos o primeiro enriquecimento das
formagdes ferriferas relacionado ao evento colisional e a circulagio de fluidos hipogénicos,
resultantes de intensa atividade magmatica em torno de 2.8-2.7 Ga e possiveis eventos anorogénicos
em 2.6 Ga (Barros et al. 2020; Vale 2018). O evento D2 envolveu as rochas arqueanas do

embasamento durante a colisdo riaciana Tran- samazonica, conforme indicado pelas idades das bordas
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dos zircdes e dados geoquimicos. Durante o evento D3, que ocorreu por volta de 1.8-1.6 Ga em um
contexto extensional re- lacionado ao sistema de rifts Epinhaco-Ords/Jaguaribe, houve a preservacao
dos depositos minerais e a circulagdo de fluidos hidrotermais. O evento D4 envolveu a reativagao
das zonas de cisalhamento neoproterozoicas (Archanjo et al. 2021), influenciando a geometria dos
corpos de minério.

Dentro da perspectiva de investigar a formagao das mineralizagdes de ferro a luz do
processo de decratonizagdo, ¢ importante ressaltar, conforme destacado por Teixeira et al. (2019) em
relacdo aos depositos de ouro na Bahia, que o periodo da orogénese Riaciana e da subsequente
destruicao do Paleocontinente Sdo Francisco durante o Estateriano foi uma época significativa em
termos de metalogenia. Além disso, durante o periodo Neoproterozoico, quando o Craton Sao
Francisco assumiu sua configuracdo atual e a Provincia Borborema se desenvolveu em um contexto

metacratonico, esses depdsitos foram novamente retrabalhados.
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ANEXO II

O autor alega que, o segundo trabalho utilizado para compor esta tese,
apresentado como uma proposta de artigo, intitulado “Sdo Francisco Paleocontinent
Construction, Fragmentation, and Reworking in the Mineral System Evolution of the Curral
Novo Iron District” ndo foi publicado ou submetido, até o momento, em nenhum meio

cientifico.
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Sample/ 206 U Th Pb Isotopic ratios Ages (Ma) Concor.
Spot (%) | (mggh) 25 (mgg") 2s (mgg?) 25 Th/U|®Pb/U 25 2pb/2'Uu 25  Rho | ®’Pb/Pb 2s 2°Pb/3fU 25 pb/u 25| %
SRNDO04
1 0.16 40 2 19 1 16 1 048 7550 0.240 0.337 0.010 0.54 2502 34 1869 47 2171 30 75
2 0.03 115 7 76 4 119 8 066] 16.440 0400 0.573 0.015 0.78 2918 14 2901 60 2896 24 99
3.1 0.05 146 6 84 3 86 4 057 7.110 0.170 0.296 0.007 0.72 2593 19 1673 37 2113 22 65 X
3.2 0.08 64 10 44 8 71 12 0.68] 10.680 0.410 0.418 0.016 0.54 2728 37 2251 73 2477 35 83 X
4.1 0.05 111 7 74 2 80 3 0.67 7.110 0.190 0.378 0.010 0.60 2204 24 2072 44 2116 23 94 X
4.2 0.08 70 2 66 2 74 2 094 7.030 0.180 0.371 0.009 0.50 2192 28 2023 41 2099 22 92 X
5.1 0.03 180 5 72 2 109 4 040 14810 0.330 0.514 0.013 0.78 2940 16 2669 55 2803 21 91 X
52 0.02 278 12 158 7 215 9 057] 13.730 0.230 0.489 0.009 0.61 2863 14 2564 38 2724 16 90 X
6 0.02 237 7 153 4 185 5 0.64] 13.050 0.290 0.485 0.011 0.67 2791 16 2542 47 2673 21 91 X
7 0.03 256 11 66 4 66 4 0.26 9.210 0.210 0.399 0.010 0.65 2563 21 2166 43 2359 21 85 X
8 0.02 318 18 196 12 259 17 0.62] 14.010 0.310 0.504 0.013 0.75 2852 16 2616 53 2743 20 92 X
9 0.02 233 6 91 3 105 4 039] 14.080 0.270 0.511 0.011 0.67 2829 16 2649 47 2751 18 94 X
10 0.04 141 5 76 3 90 4 054 13.510 0.320 0.495 0.013 0.75 2828 17 2575 53 2712 22 91 X
11.1 0.01 332 11 339 9 521 18 1.02] 15.700 0.400 0.560 0.015 0.75 2884 16 2862 63 2848 24 99
12 0.14 55 2 14 1 13 1 0.25 7.870 0.220 0.346 0.009 0.57 2519 24 1903 42 2208 25 76 X
13 2.26 212 13 129 8 212 13 0.61] 15.030 0.380 0.525 0.014 0.69 2910 20 2710 57 2809 24 93 X
14 0.02 249 11 117 5 167 8 047] 12560 0.330 0474 0.013 0.74 2790 21 2480 57 2642 25 89 X
15.1 0.02 279 7 183 4 258 6 0.66]| 12540 0.290 0.466 0.013 0.72 2797 19 2476 57 2636 21 89 X
15.2 0.02 307 21 110 7 196 15 0.36] 15.370 0400 0.543 0.015 0.73 2872 19 2777 64 2829 24 97
16.1 0.02 286 10 125 3 191 7 0441 13.830 0.290 0.500 0.012 0.71 2836 18 2597 51 2738 20 92 X
16.2 0.09 73 4 52 3 80 6 0.71] 10.160 0.310 0.456 0.012 0.63 2499 30 2411 52 2449 28 96
17.1 0.02 270 15 192 12 282 18 0.71] 15.260 0.340 0.556 0.013 0.75 2832 16 2846 52 2825 21] 100
17.2 0.05 123 6 59 3 76 4 048\ 13.730 0.310 0.502 0.012 0.71 2824 20 2621 52 2730 21 93 X
18 0.06 72 8 37 4 59 6 052] 17.770 0.470 0.630 0.017 0.70 2888 21 3133 66 2961 241 108
19 0.04 142 6 65 3 103 4 046 15.760 0.380 0.554 0.015 0.71 2881 18 2828 61 2855 23 98
20 0.04 145 5 60 2 92 3 042] 15.010 0.330 0.530 0.012 0.66 2894 18 2733 51 2811 21 94 X
21.1 0.08 68 3 40 2 47 2 058] 17.590 0.420 0.597 0.016 0.70 2935 20 3014 63 2951 23] 103
21.2 0.03 165 4 126 4 178 7 0.76] 16.410 0.330 0.558 0.012 0.69 2938 16 2844 48 2898 19 97
22 0.02 270 11 113 5 134 6 042] 14140 0.290 0.502 0.012 0.72 2859 16 2631 51 2751 20 92 X
23 0.03 247 6 102 3 137 5 041] 12980 0.390 0.484 0.015 0.71 2808 25 2531 62 2674 28 90 X
24.1 0.03 192 8 109 5 142 7 057] 13.600 0.330 0.49% 0.012 0.71 2802 19 2585 52 2716 22 92 X
24.2 0.02 329 16 185 8 256 11 056 14940 0.360 0.529 0.014 0.73 2864 19 2727 56 2797 23 95 X
25.1 0.05 148 6 81 3 82 4 055| 14530 0.320 0.509 0.011 0.72 2876 15 2645 48 2776 21 92 X
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0.02
0.02
0.02
0.05
0.01
0.04

0.14
0.30
0.36
0.13
0.13
0.21
0.13
0.18

345 10
418 14
3122 87
-25300 1100
4770 180
605 17
188 6
195 8
396 15
47 2
313 17
114 7
161 8
203 7
89 5
286 8
299 11
182 9
180 8
360 23
137 14
262 19
290 19
347 18
244 13
268 11
232 11
111 6
466 26
184 13
288 8
58 5
49 5
142 3
132 4
123 3
132 4
80 2

380
-372
-304
-268
-253
-1346
166
92
80
20
152
43
57
63
51
216
53
69
61
160
52
108
110
238
158
152
123
54
317
90

16
39
74
61
30
110
145
35

11 169
15 135
11 998
8 -1750
8 -1264
77 530
102
145
144
22

292
46

102
92

62

395
57

132
110
331
79

207
194
12 428
198
301
214
74

638
119
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47
78
63
35
81
155
46
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9
11
56

100

36

[y
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1.10
-0.89
-0.10
0.01
-0.05
-2.22
0.88
0.47
0.20
0.43
0.49
0.38
0.35
031
0.58
0.76
0.18
0.38
0.34
0.44
0.38
041
0.38
0.69
0.65
0.57
0.53
0.49
0.68
0.49

0.06
0.68
151
0.43
0.23
0.89
1.10
0.44

12.460
11.250
12.760
9.440
11.040
13.840
11.650
20.600
18.580
15.520
20.300
12.010
19.540
12.410
20.010
20.010
2.469
20.260
18.950
20.600
18.050
18.460
13.310
19.330
17.520
20.090
20.860
19.190
20.980
16.180

3.740
6.770
6.830
10.730
11.170
3.840
12.930
14.430

0.450
0.450
0.380
0.330
0.450
0.430
0.410
0.540
0.620
0.470
0.700
0.280
0.460
0.410
0.440
0.540
0.089
0.560
0.480
0.490
0.520
0.470
0.430
0.560
0.440
0.530
0.510
0.440
0.500
0.390

0.120
0.300
0.300
0.300
0.340
0.120
0.360
0.460

0.391
0.375
0.411
0.295
0.362
0.414
0.380
0.631
0.598
0.545
0.625
0.498
0.617
0.405
0.619
0.623
0.100
0.624
0.605
0.626
0.642
0.610
0.504
0.627
0.593
0.623
0.637
0.629
0.645
0.576

0.177
0.395
0.394
0.392
0.410
0.274
0.405
0.483

0.014
0.015
0.014
0.010
0.015
0.015
0.014
0.019
0.025
0.019
0.027
0.012
0.018
0.015
0.015
0.020
0.004
0.020
0.017
0.017
0.019
0.018
0.019
0.020
0.014
0.018
0.018
0.015
0.018
0.014

0.006
0.017
0.016
0.013
0.014
0.008
0.014
0.016

0.72
0.60
0.65
0.65
0.72
0.57
0.65
0.63
0.65
0.63
0.62
0.69
0.65
0.79
0.70
0.65
0.65
0.69
0.71
0.67
0.67
0.65
0.66
0.66
0.76
0.72
0.73
0.73
0.73
0.38

0.61
0.43
0.39
0.59
0.62
0.51
0.66
0.58

2959
2913
2980
2938
2939
3098
2929
3064
3044
2802
3122
2568
3047
3010
3056
3086
2631
3094
3048
3098
2861
3010
2787
3012
2925
3079
3089
2985
3112
2846

2391
2024
2078
2799
2796
1625
3016
2945

24
36
23
31
30
28
30
22
32
33
29
20
21
22
19
22
28
24
21
20
26
19
28
24
17
19
18
17
17
23

30
48
49
27
28
34
26
31

2106
2031
2212
1657
1970
2218
2049
3118
2964
2775
3080
2597
3060
2171
3095
3123
612
3105
3033
3102
3176
3042
2602
3116
2992
3093
3161
3135
3190
2934

1045
2134
2113
2122
2197
1551
2176
2510

65
68
63
51
74
67
65
72
99
78
110
51
71
67
58
77
20
77
70
65
73
71
80
79
57
71
69
58
69
58

33
77
75
58
63
41
62
71

2627
2516
2652
2364
2513
2739
2567
3109
3026
2839
3081
2593
3053
2624
3084
3088
1252
3091
3032
3108
2979
3003
2696
3034
2960
3082
3124
3043
3127
2883

1579
2059
2082
2497
2529
1593
2669
2766

35
37
29
32
39
30
33
25
32
29
33
22
23
30
21
26
26
27
24
23
28
24
31
28
24
25
23
22
23
24

27
40
40
26
29
26
26
31

71
70
74
56
67
72
70
102
97
99
99
101
100
72
101
101
49
100
100
100
111
101
93
103
102
100
102
105
103
103

66
105
102

76

79

95

72

85

21

111



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

6.3

8.1
9.1
9.2
111
11.2
12.1
12.2
12.3
13.1
13.2
14.1
14.2
14.3
15.1
15.2
16
17.1
17.2
18.1
18.2
19.1
19.2
211
21.2
22
231
23.2
241
25.1
25.2
27.1
27.2
28.1
29
30
311
31.2

0.28
0.10
5.42
0.08
0.24
0.09
0.13
0.07
0.17
0.12
0.11
0.15
0.14
0.07
0.09
0.17
0.47
0.32
0.04
0.05
0.03
0.03
0.10
0.34
0.05
0.12
0.18
0.10
0.05
0.51
0.14
0.19
0.15
1.13
0.19
0.17
0.19
0.14
0.20

54
335
187
203
175
139
135
172
104
197
173
263
105
285
230
245
202

50
407
232
576
604
167

51
254

98

97
183
344

68
232
212
247

55

86
196
250
102
112
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24
273
61
108
68
97
43
174
101
91
208
54
80
189
151
127
81
29
213
103
326
284
177
48
208
32
32
128
460
28
63
24
132

43
47
30
36
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25
71
114
145
33
148
47
282
100
83
230
24
77
163
136
81
26
33
283
178
382
309
190
47
290
44
32
138
517
46
75
35
96
15
44
46
25
50

a W N
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0.45
0.82
0.32
0.53
0.39
0.70
0.32
1.01
0.97
0.46
1.20
0.20
0.76
0.66
0.66
0.52
0.40
0.58
0.52
0.45
0.57
0.47
1.06
0.94
0.82
0.32
0.32
0.70
1.34
041
0.27
0.11
0.53
0.13
0.50
0.24
0.12
0.35
0.07

13.230
4.670
12.480
12.660
2.826
16.710
11.660
16.170
12.010
6.810
7.100
2.660
11.360
5.470
5.850
3.690
1.181
8.170
13.860
19.110
6.820
6.100
6.960
6.760
14.670
14.480
6.090
5.750
6.650
5.550
3.860
2.866
3.570
2.590
6.920
3.870
1.869
10.800
4.850

0.420
0.140
0.360
0.390
0.097
0.500
0.320
0.470
0.360
0.190
0.180
0.076
0.350
0.150
0.140
0.100
0.048
0.250
0.410
0.510
0.160
0.150
0.210
0.220
0.350
0.420
0.180
0.180
0.180
0.200
0.120
0.073
0.100
0.120
0.240
0.120
0.062
0.410
0.160

0.480
0.215
0.383
0.441
0.175
0.559
0.402
0.563
0.397
0.298
0.371
0.175
0.486
0.321
0.324
0.158
0.068
0.420
0.447
0.590
0.389
0.363
0.383
0.369
0.505
0.517
0.363
0.328
0.382
0.185
0.193
0.152
0.165
0.104
0.385
0.182
0.131
0.461
0.273

0.015
0.007
0.012
0.015
0.005
0.017
0.011
0.020
0.012
0.009
0.009
0.005
0.014
0.009
0.009
0.005
0.002
0.012
0.015
0.018
0.010
0.012
0.011
0.013
0.014
0.015
0.012
0.011
0.012
0.007
0.006
0.004
0.005
0.005
0.014
0.006
0.004
0.018
0.008

0.46
0.65
0.64
0.59
0.46
0.60
0.60
0.63
0.54
0.58
0.61
0.56
0.61
0.58
0.51
0.64
0.18
0.48
0.69
0.64
0.66
0.58
0.52
0.44
0.69
0.54
0.59
0.63
0.61
0.40
0.59
0.47
0.56
0.30
0.59
0.60
0.49
0.69
0.57

2801
2406
3063
2858
1930
2923
2865
2876
2923
2481
2166
1759
2517
1980
2067
2492
2069
2243
3004
3057
2013
2011
2101
2137
2885
2787
1976
2037
2028
2975
2214
2148
2374
2714
2147
2354
1668
2559
2029

31
30
24
26
40
24
25
29
29
26
24
30
29
26
29
28
53
33
22
23
22
26
27
40
20
29
30
32
30
45
30
30
30
61
38
34
34
31
34

2516
1245
2095
2339
1038
2852
2167
2857
2143
1671
2018
1035
2524
1788
1805
940
426
2243
2371
2971
2109
1984
2080
2005
2617
2692
1996
1824
2070
1089
1134
915
984
638
2075
1078
791
2410
1553

62
38
55
68
29
70
53
79
56
44
43
27
61
43
46
26
14
53
69
74
48
54
52
59
60
65
57
56
57
40
31
21
27
29
65
32
24
77
42

2672
1760
2632
2653
1359
2914
2562
2877
2590
2073
2117
1309
2537
1884
1944
1560
783
2225
2714
3032
2083
1991
2103
2071
2782
2782
1978
1929
2056
1902
1601
1370
1533
1291
2114
1592
1066
2492
1782

30
24
27
28
26
28
25
28
27
25
22
21
29
24
20
22
22
26
27
25
20
22
26
29
22
28
25
27
24
31
23
19
23
34
33
25
22
35
28

90
52
68
82
76
98
76
99
73
67
93
79
100
90
87
60
54
100
79
97
105
99
99
94
91
97
101
90
102
57
71
67
64
49
97
68
74
94
77
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32.1
32.2
SMDO011
z1
z2
z3
74
25
26
z7
28
29
z10
z11
z12
z13
z14
z15
z16
z17
z18
z19
z20
z21
222
223
724
z25
226
227
228
z29
230
z31
232
233
234
235
236

0.13
0.15

0.09
0.01
0.01
0.06
0.05
0.02
0.03
0.09
0.02
0.02
0.04
0.02
0.06
0.01
0.02
0.02
0.03
0.03
0.04
0.09
0.02
0.05
0.02
0.05
0.08
0.06
0.02
0.03
0.09
0.02
0.06
0.07
0.15
0.03
0.02
0.05

127
278

43
314
274

67

74
161
128

43
194
194
101
207

70
418
208
159
120
122

98

48
180

82
178

73

53

77
235
140

49
179

75

66

29
136
413

99

Nk WNONWOOUWN

w
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29
172
218

39

72
104
119

28
229
133

58

90

67
259
202
130

84

93

95
44
170

57

81

67

26
40
162

83
43
155
43

34

16

83
155

69

PR PPORPNWNNWORANNWWNRAR
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85
33

49
299
364

62
123
161
158

46
355
234

91
129
105
386
315
207
140
158
153

71
289

93
134
112

43

68
275
141

75
261

68

57

27
139
235
112

N B

0.60
0.03

0.67
0.55
0.80
0.59
0.96
0.64
0.93
0.66
1.18
0.68
0.57
0.44
0.95
0.62
0.97
0.82
0.70
0.76
0.96
0.92
0.95
0.69
0.46
0.91
0.48
0.52
0.69
0.59
0.87
0.87
0.57
0.51
0.56
0.62
0.38
0.70

10.050
2.562

26.110
30.310
30.290
25.670
28.120
27.590
26.460
27.630
27.780
29.570
24.500
26.500
27.440
28.090
28.360
28.220
29.180
28.240
28.640
27.490
28.190
27.630
27.370
28.310
24.840
27.630
28.040
28.200
27.970
27.400
27.940
25.370
27.500
27.970
17.730
27.720

0.300
0.078

0.630
0.620
0.600
0.540
0.690
0.480
0.470
0.520
0.560
0.670
0.570
0.480
0.500
0.600
0.570
0.530
0.640
0.630
0.560
0.650
0.500
0.550
0.500
0.590
0.570
0.510
0.500
0.570
0.720
0.580
0.600
0.560
0.600
0.610
0.390
0.490

0.361
0.149

0.665
0.758
0.761
0.653
0.702
0.695
0.667
0.693
0.701
0.746
0.635
0.676
0.694
0.710
0.720
0.710
0.729
0.716
0.729
0.696
0.698
0.701
0.703
0.714
0.650
0.698
0.700
0.707
0.709
0.695
0.696
0.650
0.697
0.707
0.482
0.700

0.011
0.005

0.017
0.016
0.016
0.014
0.020
0.013
0.013
0.014
0.014
0.017
0.015
0.013
0.013
0.015
0.015
0.014
0.016
0.018
0.015
0.016
0.013
0.015
0.013
0.015
0.016
0.014
0.013
0.015
0.019
0.017
0.017
0.015
0.017
0.017
0.011
0.014

0.61
0.52

0.63
0.70
0.67
0.61
0.69
0.66
0.58
0.63
0.72
0.70
0.56
0.65
0.63
0.65
0.65
0.65
0.68
0.68
0.62
0.69
0.66
0.57
0.65
0.63
0.62
0.64
0.66
0.63
0.63
0.63
0.61
0.63
0.60
0.70
0.66
0.61

2777
1966

3420
3427
3419
3404
3449
3417
3429
3437
3406
3402
3362
3360
3375
3366
3384
3378
3380
3359
3346
3372
3395
3361
3347
3390
3333
3418
3416
3422
3422
3404
3424
3372
3398
3390
3262
3392

27
35

20
14
15
16
18
13
15
14
12
14
21
14
15
15
15
14
15
16
15
18
13
16
14
15
19
15
12
15
21
17
19
18
19
16
17
14

1975
892

3279
3652
3646
3226
3409
3385
3302
3393
3423
3581
3154
3326
3392
3458
3492
3455
3527
3466
3530
3382
3411
3426
3426
3478
3218
3408
3418
3466
3456
3403
3397
3210
3386
3451
2536
3405

52
28

64
59
59
55
75
48
51
53
53
62
59
51
50
58
55
54
61
67
55
61
50
57
50
58
63
53
49
57
71
65
62
57
64
65
48
54

2428
1286

3350
3492
3494
3323
3414
3398
3357
3399
3407
3471
3286
3358
3392
3414
3427
3424
3458
3419
3434
3394
3423
3402
3393
3423
3297
3402
3420
3427
3411
3397
3414
3318
3396
3419
2972
3400

27
22

23
20
20
21
24
17
18
18
19
22
23
18
18
21
20
19
22
21
19
23
17
19
18
21
23
18
17
20
25
21
21
22
21
22
22
17

71
69

96
107
107

95

99

99

96

99
100
105

94

99
101
103
103
102
104
103
105
100
100
102
102
103

97
100
100
101
101
100

99

95
100
102

78
100
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43
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46
47
48
49
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237
238
z39
z40
741
z42
743
744
z45
246
z47
z48
z49
z50
z51
RPE27
z1
z2
z3
24
25
26
z7
28
29
z10
z11
z12
z13
z14
z15
z16
z17
z18
z19
z20
221
222
223

0.04
0.03
0.02
0.02
0.04
0.02
0.07
0.04
0.03
0.03
0.04
0.05
0.02
0.02
0.02

0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.04
0.01
0.01
0.02
0.03
0.05
0.01
0.03
0.04
0.01
0.01
0.02
0.01
0.02
0.02
0.01

126
163
214
194
133
256
62
113
196
174
111
101
222
205
234

310
371
754
521
356
193
196
116
437
357
175
249
80
635
109
97
326
1383
219
320
234
285
286

71
88

84
64
79
58
54
39
174
64
65
269
176
129

216
303
684
444
298
169
155
57
330
217
115
93
52
435
72
64
264
866
120
197
194
207
231
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116
181
12
144
101
127
92
99
56
276
106
123
427
280
213

288
387
1019
493
399
236
199
93
461
306
173
96
71
649
101
93
367
756
136
283
248
220
308

=
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0.57
0.54
0.03
0.43
0.48
0.31
0.94
0.48
0.20
1.00
0.57
0.64
1.21
0.86
0.55

0.70
0.82
0.91
0.85
0.84
0.87
0.79
0.49
0.76
0.61
0.66
0.37
0.66
0.69
0.66
0.66
0.81
0.63
0.55
0.61
0.83
0.73
0.81

21.140
30.640
24.060
29.270
23.460
27.080
27.940
28.510
19.910
27.750
28.120
29.330
27.960
28.090
28.430

13.400
12.400
12.820
11.830
12.850
12.860
12.260
12.280
12.620
10.350
12.560
5.889

12.610
13.050
13.400
13.210
12.680
5.339

11.620
11.740
13.060
10.090
13.210

0.510
0.800
0.520
0.550
0.470
0.450
0.660
0.490
0.380
0.660
0.590
0.530
0.510
0.490
0.630

0.140
0.150
0.160
0.140
0.150
0.190
0.140
0.190
0.120
0.150
0.180
0.086
0.220
0.140
0.170
0.140
0.170
0.069
0.140
0.160
0.140
0.120
0.150

0.588
0.752
0.636
0.741
0.642
0.691
0.704
0.728
0.554
0.717
0.706
0.743
0.710
0.700
0.713

0.520
0.482
0.497
0.466
0.502
0.500
0.479
0.462
0.485
0.413
0.486
0.270
0.491
0.498
0.524
0.514
0.503
0.263
0.462
0.464
0.507
0.407
0.519

0.015
0.020
0.014
0.016
0.014
0.012
0.017
0.013
0.011
0.018
0.017
0.014
0.015
0.012
0.015

0.006
0.006
0.007
0.006
0.007
0.007
0.006
0.008
0.005
0.007
0.008
0.004
0.008
0.006
0.008
0.006
0.007
0.004
0.006
0.007
0.006
0.005
0.006

0.64
0.72
0.69
0.68
0.67
0.63
0.62
0.60
0.61
0.70
0.63
0.67
0.65
0.67
0.67

0.69
0.70
0.73
0.73
0.65
0.71
0.66
0.58
0.67
0.68
0.69
0.64
0.66
0.69
0.60
0.53
0.74
0.70
0.64
0.63
0.68
0.70
0.62

3228
3398
3281
3396
3256
3388
3411
3388
3261
3386
3419
3408
3392
3404
3380

2715
2724
2709
2695
2708
2730
2717
2772
2723
2670
2725
2439
2716
2734
2733
2729
2676
2317
2686
2682
2726
2654
2701

18
18
16
13
16
13
18
14
16
17
17
15
14
12
15

10
10

11
11
10
15

14
12
12
15

11
10

12
11
10

10
11

2973
3594
3183
3555
3184
3373
3432
3528
2829
3469
3429
3569
3460
3424
3464

2696
2537
2599
2466
2617
2612
2524
2446
2552
2226
2550
1540
2573
2604
2712
2671
2622
1505
2449
2453
2636
2197
2693

60
71
56
57
53
47
65
48
47
66
64
52
56
45
59

26
27
32
26
29
32
26
35
22
30
34
19
35
27
32
25
28
18
27
31
27
22
27

3137
3499
3264
3464
3248
3384
3414
3429
3088
3402
3420
3463
3414
3411
3434

2707
2635
2661
2590
2672
2670
2625
2626
2651
2468
2645
1959
2642
2680
2704
2692
2656
1874
2577
2582
2685
2442
2693

24
25
21
18
19
16
23
17
18
23
20
18
18
17
22

10
11
12
11
11
14
11
15

14
14
12
16
10
12
10
13
11
12
13
10
12
11

92

106
97

105
98

100
101
104
87

102
100
105
102
101
102

99
93
96
92
97
96
93
88
94
83
94
63
95
95
99
98
98
65
91
91
97
83
100
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724
225
226
227
228
z29
230
231
232
233
RPW04
z1
z2
z3
4
z5
26
z7
z8
29
z10
z11
z12
z13
z14
z15
z16
z17
z18
z19
z20
z21
222
223
724
z25
226
227
228

0.02
0.02
0.04
0.04
0.01
0.03
0.01
0.01
0.04
1.31

0.02
0.05
0.07
0.03
0.04
0.03
0.03
0.04
0.02
0.04
0.05
0.04
0.04
0.10
0.03
0.04
0.02
0.02
0.03
0.01
0.03
0.05
0.05
0.03
0.02
0.03
0.03
0.03

214
217
172
90
811
126
375
1073
123
235

320
132
217
238
212
260
231
221
513
323
174
195
203
86
256
202
425
490
250
506
386
167
146
251
305
294
289
276
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109
176
65
52
596
84
248
692
97
236

157
85
176
99
73
306
160
91
310
350
97
521
135
42
134
88
573
232
95
478
329
117
81
101
195
240
69
67
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162
243
56
71
571
109
357
692
105
356

222
114
76
149
105
428
253
107
430
226
95
737
131
59
209
120
756
313
137
735
157
145
108
129
283
221
94
97

0.51
0.81
0.38
0.57
0.73
0.66
0.66
0.64
0.79
1.00

0.49
0.65
0.81
0.42
0.34
1.18
0.69
041
0.60
1.08
0.55
2.67
0.67
0.48
0.52
0.43
1.35
0.47
0.38
0.94
0.85
0.70
0.55
0.40
0.64
0.82
0.24
0.24

13.260
13.280
6.472

13.290
7.710

13.410
13.540
7.370

11.280
14.600

12.920
12.800
5.260
13.000
12.700
13.050
13.440
10.210
13.060
6.370
11.430
11.260
11.770
11.370
12.990
12.360
12.810
12.540
12.370
13.250
7.650
13.180
12.800
11.360
12.800
10.710
12.090
12.310

0.170
0.140
0.096
0.170
0.099
0.150
0.150
0.110
0.170
0.180

0.280
0.230
0.120
0.220
0.250
0.220
0.220
0.250
0.220
0.130
0.210
0.270
0.200
0.280
0.200
0.210
0.180
0.260
0.220
0.260
0.150
0.220
0.230
0.200
0.180
0.180
0.210
0.220

0.519
0.521
0.287
0.520
0.335
0.523
0.530
0.328
0.441
0.550

0.511
0.510
0.225
0.518
0.510
0.519
0.537
0.410
0.517
0.286
0.468
0.464
0.483
0.469
0.512
0.500
0.510
0.505
0.496
0.544
0.337
0.520
0.514
0.461
0.514
0.456
0.491
0.486

0.008
0.007
0.005
0.007
0.005
0.006
0.006
0.005
0.007
0.007

0.012
0.011
0.006
0.010
0.011
0.009
0.009
0.010
0.009
0.006
0.009
0.013
0.009
0.011
0.009
0.009
0.008
0.011
0.010
0.013
0.007
0.009
0.010
0.009
0.008
0.008
0.009
0.011

0.68
0.71
0.60
0.63
0.67
0.57
0.70
0.73
0.70
0.66

0.70
0.63
0.64
0.65
0.53
0.60
0.58
0.59
0.62
0.65
0.58
0.63
0.57
0.63
0.61
0.54
0.56
0.63
0.61
0.63
0.55
0.50
0.58
0.58
0.62
0.60
0.55
0.63

2719
2701
2492
2712
2521
2704
2700
2476
2692
2761

2681
2696
2583
2668
2657
2686
2664
2655
2672
2475
2634
2621
2631
2650
2690
2659
2667
2677
2665
2610
2516
2694
2675
2645
2669
2556
2634
2693

11

14
11
11
10

11
11
11

17
16
19
13
18
15
14
22
15
18
18
21
14
21
14
16
16
16
16
19
18
16
16
16
13
15
18
17

2687
2700
1620
2699
1861
2711
2742
1825
2353
2824

2654
2653
1302
2686
2651
2686
2768
2208
2686
1615
2471
2454
2544
2466
2659
2610
2652
2625
2594
2794
1869
2695
2673
2441
2664
2424
2570
2556

32
28
24
29
21
26
25
22
30
30

52
46
31
42
46
39
39
47
39
31
37
56
38
49
36
39
35
48
43
55
32
39
41
40
35
36
37
46

2699
2702
2039
2700
2196
2709
2720
2158
2545
2792

2674
2666
1862
2678
2651
2683
2710
2442
2681
2028
2560
2543
2585
2548
2673
2629
2665
2640
2637
2693
2195
2686
2660
2551
2664
2493
2610
2630

12
10
13
12
11
11
10
13
14
12

20
17
18
16
18
16
15
22
16
18
18
22
15
23
14
16
13
20
16
19
17
16
16
16
13
16
17
16

99
100
65
100
74

100
102
74

87

102

99
98
50
101
100
100
104
83
101
65
94
94
97
93
99
98
99
98
97
107
74
100
100
92
100
95
98
95
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z29
RPB22
z1
z2
z3
4
25
26
z7
z8
29
z10
z11
z12
z13
z14
z15
z16
z17
z18
z19
z20
z21
222
z23
724
225
226
227
228
z29
230
231
232
z33
234
235
236
237

| 0.03| 29
003 | 83
0.02 | 114
0.90 | 257
202 | 134
0.01 | 189
0.02 | 164
0.04 | 58
0.04 | 58
003 | 98
005 | 48
0.01 | 208
003 | 93
0.03 | 115
0.02 | 129
0.04 | 99
0.03 | 106
163 | 265
0.02 | 125
007 | 50
0.04 | 65
30| 73
002 | 133
0.04 | 100
0.02 | 186
0.02 | 179
307 | 81
0.01 | 207
0.04 | 47
003 | 99
013 | 34
004 | 71
415 | 82
005 | 62
0.02 | 110
001 | 932
007 | 212
0.09 | 120

68
111
87
117
47
118
58
36
49
37
210
75
85
98
50
83
99
82
34
66
75
119
49
133
71
51
81
21
31
22
30
30
29
62
301
159
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133

66
95
86
153
42
110
58
35
43
33
228
58
68
86
33
80
87
78
27
66
41
122
40
132
76
55
98
36
41
16
33
44
31
94
353
164
67
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0.82
0.97
0.34
0.88
0.25
0.72
1.00
0.61
0.50
0.77
1.01
0.81
0.74
0.76
0.51
0.78
0.37
0.66
0.68
1.01
1.03
0.89
0.49
0.71
0.40
0.64
0.39
0.45
031
0.64
0.43
0.37
0.47
0.56
0.32
0.75
0.59

12.470

6.000
4.895
5.910
8.220
5.661
4.987
5.950
7.550
6.644
7.110
10.340
4.789
4.661
5.260
2.970
5.273
4.221
5.147
3.738
5.166
5.610
6.450
3.717
5.920
6.080
5.680
6.830
18.970
5.910
3.083
5.584
4.990
5.520
12.840
7.040
5.110
5.500

0.260

0.088
0.081
0.083
0.170
0.079
0.076
0.100
0.120
0.099
0.120
0.140
0.078
0.085
0.081
0.059
0.096
0.085
0.078
0.082
0.097
0.140
0.100
0.076
0.078
0.130
0.100
0.120
0.360
0.140
0.080
0.097
0.120
0.110
0.180
0.110
0.120
0.110

0.501

0.363
0.327
0.351
0.416
0.347
0.329
0.356
0.405
0.376
0.387
0.463
0.316
0.316
0.334
0.242
0.331
0.239
0.331
0.275
0.329
0.267
0.368
0.276
0.355
0.358
0.286
0.365
0.568
0.319
0.217
0.348
0.249
0.354
0.515
0.375
0.263
0.341

0.011

0.006
0.006
0.005
0.009
0.005
0.005
0.006
0.007
0.006
0.007
0.007
0.005
0.006
0.006
0.005
0.007
0.005
0.005
0.006
0.006
0.006
0.006
0.006
0.005
0.008
0.006
0.007
0.014
0.008
0.005
0.006
0.006
0.007
0.008
0.007
0.008
0.007

0.69 |

0.57
0.59
0.59
0.64
0.65
0.64
0.57
0.54
0.63
0.60
0.66
0.56
0.62
0.68
0.57
0.72
0.65
0.60
0.56
0.53
0.68
0.58
0.61
0.59
0.64
0.49
0.63
0.64
0.68
0.48
0.63
0.54
0.58
0.65
0.62
0.59
0.50

2673

2003
1823
2017
2304
1960
1817
2006
2206
2082
2167
2498
1820
1790
1889
1450
1912
2073
1829
1593
1847
2348
2045
1581
1955
1997
2271
2178
3135
2162
1738
1934
2316
1868
2699
2169
2255
1948

16

16
18
14
19
14
15
18
17
14
17
13
16
17
15
19
16
20
15
23
19
19
16
22
13
20
23
18
18
19
30
16
29
21
13
16
25
23

2612

1991
1826
1936
2243
1919
1831
1963
2186
2054
2110
2444
1772
1766
1852
1397
1837
1380
1838
1563
1829
1523
2018
1573
1956
1973
1618
2008
2888
1790
1261
1922
1429
1943
2670
2054
1500
1887

48

28
27
26
40
25
26
30
33
28
34
32
27
29
26
24
31
28
26
28
31
31
30
30
25
38
28
35
55
39
27
29
33
34
36
32
38
34

2646

1974
1799
1964
2246
1924
1813
1965
2174
2063
2120
2462
1786
1759
1857
1396
1862
1676
1840
1579
1848
1909
2039
1571
1961
1989
1926
2086
3038
1960
1426
1921
1809
1891
2667
2115
1837
1896

19|

13
14
12
18
12
13
15
15
13
15
12
13
15
13
15
15
16
13
17
16
21
14
16
11
18
16
15
19
19
20
15
21
17
13
14
21
17

99
100
96
97
98
101
98
99
99
97
98
97
99
98
96
96
67
100
98
99
65
99
99
100
99
71
92
92
83
73
99
62
104
99
95
67
97

116



38
39
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43
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
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238
z39
z40
241
z42
743
744
z45
246
z47
z48
z49
250
z51
252
z53
254
255
256
257
258
z59
260
261
262
263
264
RPB25
z1
z2
z3
z4
25
26
z7
28
29
z10
z11

0.10
0.04
0.09
0.10
0.06
0.21
0.08
0.13
0.04
0.06
0.03
0.10
3.51
0.36
0.08
3.21
0.02
0.04
1.96
0.03
0.03
0.09
0.06
0.09
0.03
0.08
0.11

0.03
0.01
0.32
0.03
0.01
0.07
0.20
0.08
0.19
0.14
0.18

100
249
120
111
176
70
103
89
281
184
329
84
253
32
148
401
647
290
352
408
375
125
183
132
353
102
102

205
370
27
269
863
90
45
110
45
61
46
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32
149
124
45
123
28
93
63
171
128
50
26
69
29
25
63
188
154
172
193
296
116
131
63
261
70
37

76
33
29
86
644
63
51
95
36
48
53
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35
154
120
42
120
25
133
60
180
135
70
38
114
29
33
98
213
164
197
201
292
116
142
68
270
87
36

58
41
23
86
558
60
42
73
29
38
48
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0.32
0.60
1.03
0.41
0.70
041
0.90
0.71
0.61
0.69
0.15
0.30
0.27
0.91
0.17
0.16
0.29
0.53
0.49
0.47
0.79
0.93
0.72
0.48
0.74
0.68
0.37

0.37
0.09
1.05
0.32
0.75
0.70
1.15
0.87
0.80
0.79
1.17

6.670
5.761
4.790
4.830
5.036
3.980
10.320
5.510
4.925
6.180
10.380
10.970
6.660
5.690
6.080
2.864
7.160
5.451
5.350
6.000
5.688
5.440
6.130
5.860
5.960
10.380
5.550

6.860
12.960
3.900
6.371
4.656
6.170
3.950
3.800
3.947
3.942
4.610

0.140
0.088
0.110
0.120
0.089
0.120
0.200
0.130
0.072
0.100
0.180
0.240
0.130
0.210
0.140
0.053
0.120
0.086
0.110
0.084
0.091
0.120
0.100
0.120
0.110
0.180
0.130

0.110
0.190
0.120
0.097
0.052
0.100
0.100
0.085
0.083
0.075
0.110

0.380
0.345
0.319
0.307
0.326
0.271
0.459
0.327
0.325
0.362
0.444
0.442
0.331
0.334
0.350
0.189
0.385
0.337
0.322
0.359
0.339
0.341
0.362
0.345
0.351
0.446
0.333

0.360
0.468
0.285
0.359
0.315
0.360
0.282
0.274
0.284
0.283
0.308

0.008
0.006
0.008
0.008
0.006
0.007
0.010
0.007
0.005
0.006
0.008
0.011
0.007
0.010
0.007
0.003
0.007
0.006
0.007
0.005
0.006
0.007
0.007
0.007
0.007
0.009
0.007

0.006
0.007
0.008
0.006
0.004
0.006
0.007
0.006
0.006
0.005
0.007

0.58
0.59
0.43
0.54
0.44
041
0.54
0.44
0.54
0.56
0.66
0.56
0.59
0.29
0.52
0.50
0.68
0.61
0.53
0.55
0.62
0.57
0.50
0.55
0.61
0.53
0.41

0.64
0.72
0.33
0.57
0.68
0.42
0.29
0.50
0.37
0.40
0.35

2077
1981
1804
1892
1830
1779
2504
2003
1804
2008
2552
2649
2297
2058
2027
1812
2160
1911
1968
1960
1970
1874
2009
1993
2006
2547
1964

2169
2789
1628
2055
1730
1980
1713
1641
1663
1656
1773

22
16
25
22
21
34
22
24
16
15
16
23
24
41
22
22
14
15
23
14
16
23
18
20
16
18
27

14
11
41
15
10
19
35
24
24
22
27

2071
1909
1785
1719
1814
1542
2435
1818
1810
1995
2371
2349
1840
1850
1933
1118
2096
1868
1791
1972
1883
1889
1988
1907
1936
2381
1848

1978
2472
1614
1975
1762
1983
1591
1556
1606
1605
1727

38
26
36
37
28
34
45
34
25
27
35
47
34
47
32
19
33
27
33
26
30
33
31
32
31
40
32

27
29
39
29
19
29
35
31
27
25
33

2069
1936
1778
1788
1824
1623
2458
1899
1809
2003
2464
2517
2069
1890
1982
1372
2132
1892
1870
1974
1926
1886
1992
1951
1965
2468
1904

2090
2672
1603
2026
1758
1999
1625
1590
1616
1624
1744

18
13
19
21
15
24
18
19
12
14
16
20
17
31
20
14
15
13
18
12
14
18
14
17
15
17
21

14
14
26
13

15
22
18
17
16
20

100
96
99
91
99
87
97
91

100
99
93
89
80
90
95
81
97
98
91

101
96

101
99
96
97
93
94

91
89
99
96
102
100
93
95
97
97
97
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13
14
15
16
17
18
19
20
21
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23
24
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26
27
28
29
30
31
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35
36
37

z12
z13
z14
z15
z16
z17
z18
z19
z20
721
z22
z23
224
z25
226
227
228
z29
230
231
232
233
234
235
236
237

0.02
0.01
0.03
0.03
0.03
0.04
0.20
0.02
0.06
0.02
0.03
0.07
0.02
0.04
0.06
0.04
0.01
0.20
0.05
0.05
0.03
0.11
0.07
0.03
0.05
0.05

264
719
248
184
302
168
46
340
154
348
255
98
334
183
99
165
681
47
128
123
223
74
95
198
147
123

79
247
267
186
139
132

37

36
107

48

25
111
245
43

53
142
275

75
132

51
193

96

31

94
40

57
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91
263
230
181
139
130

30

37

94

57

20
106
258
45

51
139
237

57
129

67
209

77

29
120

38
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0.30
0.34
1.08
1.01
0.46
0.78
0.80
0.10
0.70
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0.86
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1.03
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0.27
0.46
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3.844
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6.840
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0.393
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0.337
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0.008
0.004
0.006
0.007
0.004
0.007
0.006
0.006
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0.007
0.005
0.005
0.006
0.007
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0.005
0.006
0.009
0.007
0.006

0.56
0.64
0.57
0.59
0.65
0.55
0.37
0.65
0.55
0.63
0.59
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0.59
0.53
0.44
0.54
0.67
0.38
0.50
0.63
0.60
0.40
0.53
0.74
0.56
0.54

2130
2111
1753
2014
2016
2003
1705
2066
1754
2063
2053
2009
2062
2180
2233
2102
2078
1660
2023
2448
2134
1764
2100
2767
2112
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16
12
13
16
15
14
35
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14
20
14
14
15
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12
25
16
13
18
22
18
12
19
14
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2089
1744
2032
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1627
2016
1729
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2082
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2053
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1560
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2055
1736
1874
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2034
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29
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27
29
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24
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24
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2036
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2045
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2085
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2045
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2039
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2097
1747
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14
14
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23
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17
12
14
12
15
11
17
14
16
15
14
15
15
15
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100
99
99
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95
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