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RESUMO

O periodo de transicdo do Neoarqueano para o Paleoproterozoico (~ 2,80-2,20 Ga) testemunhou
diversos eventos evolutivos ambientais e bioldgicos interligados, dentro eles o aumento do oxigénio
atmosférico como deduzido pelo desaparecimento de pirita detritica e uraninita em conglomerados, pelo
advento de red beds e pela deposicao das maiores formagodes ferriferas bandadas (FFB) do mundo.
Estabelecer as posi¢des dos continentes e as condigdes paleoambientais durante o arqueano sio dois dos
desafios mais importantes das geociéncias atualmente. Esses desafios ocorrem, principalmente, devido as
diversas limitagdes existentes na obten¢do de dados geoldgicos e/ou geofisicos do inicio da historia
evolutiva da Terra, particularmente dados paleomagnéticos robustos. Neste estudo, a investigacdo
paleomagnética de rochas basalticas da sequéncia vulcanossedimentar do Grao-Para (~ 2,75 Ga), situada
na Provincia Mineral de Carajas, sudeste do Craton AmazOnico, permitiu apresentar a primeira
reconstrugdo paleogeografica para este bloco arqueano, com uma estimativa de paleolatitude para o bloco
e a discussdo de sua posicdo dentro das configuracdes dos supercontinentes arqueanos propostos
anteriormente. A investiga¢ao paleomagnética foi conduzida em testemunhos de sondagens perfurados na
mina de minério de ferro de Carajas, os quais interceptam os derrames de lava basaltica da Formagao
Parauapebas. Duas componentes de magnetizacdo caracteristicas, C1 e C2, foram isoladas e posteriormente
usadas para calcular o polo paleomagnético médio para cada uma: C1 (~ 2759 Ma; 40,5°E, -44,6°S A95 =
6,5°, K=18,5) e C2 (~ 2745 Ma; 342 4°E, -54,3°S, A95 = 14,8°, K = 27,8). Nossos resultados, integrados
as evidéncias geologicas, revelam que o bloco Carajas ocupava baixas latitudes na época, e poderia ter feito
parte da configuragdo do supercraton Supervaalbara durante o Neoarqueano (~ 2,75 Ga), em uma posicao
mais proxima da linha do Equador. Além disso, foi possivel identificar uma sequéncia de trés eventos de
reversdo magnética na sequéncia de derrames basalticos da Formacao Parauapebas, o que potencialmente

sugere a existéncia de um geodinamo dinamico pré-2,7 Ga.

Além disso, uma das ocorréncias mais importantes de FFB no mundo esta situada na Provincia de
Carajas e estd hospedada na sequéncia vulcanossedimentar do Grao-Para. As formacdes ferriferas bandadas
que tipificam muitas sucessdes supracrustais arqueanas e paleoproterozoicas sdo excelentes arquivos da
quimica da 4gua do mar pré-cambriana e do ciclo de ferro. A FFB de Carajas presente no corpo N4Ws esta
bastante preservada da deformagdo ¢ metamorfismo regional, com a mineralogia e as texturas primarias
extremamente preservadas, e oferece uma excelente oportunidade para estudar a génese, o ambiente de
deposicao ¢ as condi¢des paleoambientais durante sua formagao ha aproximadamente 2,75 bilhdes de anos.
A FFB de Carajas ¢ constituida de intercalagdes milimétricas a centimétricas de bandas de hematita, jaspe
e chert. Suas texturas ¢ estruturas primdrias ainda sdo preservadas como sofi-sediment deformation,
bandamento, microesferulitos, microflame ¢ pinch and swell. A baixa quantidade de Al>O3; (<1,0% em
peso) e high field strength elements (<1 ppm) para a maioria das amostras de FFB indicam um ambiente de
deposicao essencialmente livre de material detritico. No geral, os padrdes de elementos terras raras e de
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itrio (REY) mostram uma anomalia positiva fraca de La e uma anomalia positiva pronunciada de Eu (Eu /
Eu paas = 1,86 - 5,05); embora a presenga de anomalia verdadeira de Ce ndo seja evidente. Variagdes
estratigraficas na composicdo isotopica de ferro, de até 0,80 %o (8°°Fe = +1,10 a +1,90 %o) ao longo de
dezenas a centenas de metros, sugerem mudangas na composicao de isotopica de ferro da 4gua do mar de
Carajas durante periodos de alguns milhdes de anos. Dados isotopicos do sistema Sm—Nd para as amostras
da FFB de Carajas plotam ao longo de uma linha de correlagdo em um diagrama de isécrono convencional,
que resultou em uma idade de 2707 = 118 Ma (MSWD = 230). Um subconjunto desses dados, com apenas
amostras de FFB exibindo um melhor alinhamento (n = 20), forneceu uma idade isdcrona mais velha de
2795 £ 77 Ma (MSWD = 56). Ambas as idades das is6cronas Sm—Nd foram concordantes com a idade
minima proposta de formagao para os jaspilitos de Carajas, ou seja, ~ 2745 Ma. Além disso, os jaspilitos
mostram distribui¢do heterogénea da assinatura isotopica de Nd ao longo da sequéncia, sendo que as rochas
amostradas perto do contato com os derrames basalticos (tipo II) tiveram valores negativos de eNd (t) (—
4,97 a —0,90). Enquanto isso, valores predominantemente positivos de eNd (t) (-0,84 a +5,40) foram
observados nas demais amostras (tipo I). O padrdo dos REY e os dados isotdpicos de Nd-Fe combinados
sugerem que a deposi¢do ocorreu principalmente em aguas profundas distantes das massas continentais. A
precipita¢do das BIFs ocorreu sob condi¢des andxicas e suboxicas em uma bacia do tipo rifte proxima aos
centros de atividade vulcanica em um ambiente submarino com superimposi¢ao hidrotermal. Entretanto,
uma quantidade consideravel de oxigénio poderia estar presente em algumas porgdes do oceano
evidenciada pela presenga de anomalias negativas de Ce em algumas secdes, sugerindo que as condigdes

de oxidacdo emergentes poderiam ter influenciado a Bacia de Carajas antes do GOE.

Palavras-chave: Craton Amazonico, Provincia Carajas, Formacao Ferrifera Bandada, Quimioestratigrafia,

Paleomagnetismo, Supervaalbara.



ABSTRACT

The Neoarchean to Paleoproterozoic transition (~2.80-2.20 Ga) witnessed several major interlinked
environmental and biological evolutionary events, including the increase in atmospheric oxygen as deduced
from the disappearance of detrital pyrite and uraninite in conglomerates, the advent of red beds, and the
deposition of the largest banded iron formations (BIF) in the world. Establishing the positions of continents
and paleoenvironmental conditions at this time are two of the most important challenges in geosciences
today. These challenges are mainly due to the severe limitations on obtaining geological, and/or geophysical
data from early Earth time, particularly robust paleomagnetic data. In this study, the paleomagnetic
investigation of basaltic rocks from the Neoarchean volcano-sedimentary succession of the Grao Para
(~2.75 Ga), situated in the Carajas Mineral Province, southeastern Amazonian Craton, allowed the first
paleogeographic constraints for this Archean block, yielding a paleolatitude estimate for the block and
discussing its affiliation to previously proposed Archean cratonic assemblies. The paleomagnetic
investigation was conducted on fresh drill cores drilled into the Carajas iron ore mine and cutting across
the basaltic lava flows from Parauapebas Formation. Two characteristic components, C1 and C2, were
isolate and further used to calculate the mean paleomagnetic pole for each: C1 (~2759 Ma; 40.5°E, -44.6°S
A95=6.5°, K= 18.5) and C2 (~2745 Ma; 342.4°E, -54.3°S, A95 = 14.8°, K = 27.8). Our results, integrated
with geological evidence reveals that the Carajas block occupied low latitudes at the time, and could have
been part of the Supervaalbara supercraton configuration during the Neoarchean (~2.75 Ga) in a position
nearest the equatorial line. After rotating the drill core segments to geographic coordinates, a consistent
sequence of three magnetic reversal events is identified in the lava flow sequence from the Parauapebas

Formation, potentially suggesting an already dynamic geodynamo pre-2.7 Ga.

In addition, one of the most important occurrences of BIF worldwide is situated in Carajas Province and is
hosted in the volcano-sedimentary sequence of the Grao-Para. BIF represent an iron-rich rock type that
typifies many Archaean and Paleoproterozoic supracrustal successions and are chemical archives of
Precambrian seawater chemistry and post-depositional iron cycling. Given its well-preserved rock types,
the Carajas BIF provide an excellent opportunity for studying the genesis, depositional environment, and
paleoenvironmental conditions during the formation of BIF at approximately 2.75 billion years ago. The
BIFs are jaspilites and are mostly composed of cm-thick intercalations of hematite, jasper, and chert ringed
by hematite. Their primary textures and structures are still preserved (e.g., soft-sediment deformation,
banding, micro-spherulites, microflame, and pinch and swell). The low abundance of AI203 (< 1.0 wt.%)
and high field strength elements (< 1 ppm) for most BIF samples indicate an essentially detritus-free
depositional environment. Overall, the rare earth elements and yttrium (REY) patterns show a weak positive
La anomaly, and a pronounced positive Eu anomaly (Eu/Eu paas = 1.86 — 5.05); although the presence of
true Ce anomaly is not evident. Stratigraphic variations in iron isotope compositions, up to 0.80 %o (056Fe
=+1.10 to +1.90 %o) over tens to hundreds of meters of stratigraphic section, hint towards relative changes
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in the iron isotope composition of Carajas seawater over periods of few million years. Sm—Nd isotope data
of the Carajas jaspilite plot along a correlation line in a conventional isochron diagram, which yielded an
age of 2707 + 118 Ma (MSWD = 230). A subset of these data, with only BIF samples displaying better
alignment (n = 20), provided an older isochron age 0of 2795 + 77 Ma (MSWD = 56). Both Sm—Nd isochrone
apparent ages were concordant with the proposed minimum formation age of the Carajas jaspilites, i.e.,
~2745 Ma. In addition, the jaspilites show heterogeneous distribution of Nd isotopic signature throughout
the BIF sequence, and rocks sampled from near the basaltic flows/jaspilite contact (type-II) had negative
eNd (t) values (—4.97 to —0.90). Meanwhile, predominantly positive eNd(t) values (—0.84 to +5.40) were
widespread in the remaining samples (type-I). The REY distribution and Nd-Fe isotope data combined
suggest that the deposition occurred mainly on deep-water, and in distal to continental landmasses. The
precipitation of BIF occurred under anoxic and suboxic conditions in a rift basin near volcanic activity
centers in a hydrothermal overprinted submarine environment. Nevertheless, considerable oxygen was
probably present in the ancient ocean's water masses, evidenced by the presence of negative Ce anomalies
in a few sections of the BIF sequence, thereby suggesting that the emerging oxidizing conditions could

have influenced the Carajas Basin before the GOE.

Keywords: Amazonian Craton, Carajas Province, Banded Iron Formation, Chemostratigraphy,

Paleomagnetism, Supervaalbara.
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Capitulo 1

1. INTRODUCAO
1.1. Apresentagdo e justificativas

Investigar e desvendar os processos que modelaram o planeta Terra para o estagio que conhecemos
hoje ¢ um dos pilares das geociéncias atualmente. Entretanto, devido a antiguidade do nosso planeta, parte
consideravel de sua historia foi obliterada do registro geoldgico, ou em diversos casos encontra-se
profundamente modificada, ou limitada a poucos fragmentos de areas cratonicas ao redor globo. Tal fato ¢
ainda mais evidente quando se trata do registro da primeira metade da existéncia do planeta, ao longo da
qual ocorreram mudangas significativas, que propiciaram as condigdes ideais para o nascimento,
manutencdo e proliferacdo da vida em larga escala (Bekker et al., 2004; Konhauser et al., 2011). Essas
condigdes s6 foram possiveis apds o estabelecimento da tectdnica de placas e a oxigenagdo da atmosfera,

que transcorreram ao longo do Arqueano e inicio do Paleoproterozodico.

A passagem entre o Neoarqueano e o Paleoproterozodico (~2.80-2.20 Ga) registra um dos periodos
mais importantes da historia da Terra, marcada por uma série de modificagdes paleoambientais, e
paleocliméticas (p.ex., o aumento do oxigénio na atmosfera) que permitiram dentre outras coisas o
surgimento da vida e a melhoria das condi¢gdes de habitabilidade na superficie. Neste contexto, depositos
minerais desenvolvidos durante este periodo registram informagdes valiosas sobre a evolucao da atmosfera,
hidrosfera, além da biosfera terrestre. Dentre esses depositos, pode-se destacar os depdsitos gigantes de

minério de ferro (> 56% Fe), derivados de formagdes ferriferas bandadas (FFB).

As formagdes ferriferas bandadas sdo rochas sedimentares quimicas ricas em ferro (15-40 % Fe) e
silica (40-60 % SiO2) que precipitaram da d4gua do mar durante o Eon Pré-cambriano, sendo que a maior
concentragdo deste tipo de deposicao situa-se no Neoarqueano e Paleoproterozodico (entre 2.80 ¢ 1.85 Ga).
Tais rochas tém sido amplamente estudadas nas ultimas décadas (p.ex., Gross, 1980; Trendall, 2002;
Bekker et al., 2010; Konhauser et al., 2017), porque, além da sua importancia econdmica, os modelos

propostos para explicar sua génese estdo intimamente ligados a evolucdo do sistema terrestre. Entretanto,
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a inexisténcia de processos deposicionais modernos analogos dificulta a formulacdo de modelos genéticos,
de tal forma que ndo ha consenso sobre os mecanismos de precipitacdo, taxa de sedimentacdo, génese do
bandamento, influéncia de processos bioldgicos, assim como a fonte do suprimento de ferro para explicar

a origem destas sequéncias.

Neste contexto, as formacdes ferriferas bandadas (FFBs) da Provincia Mineral de Carajas (Fig. 1),
que hospedam um dos maiores depdsitos de ferro de alto teor do mundo (18 bilhdes toneladas >65% Fe;
DOCEGEQO, 1988; Vasquez et al., 2008), se tornam de grande interesse para a compreensao da génese das
formagoes ferriferas, ambiente deposicional e condi¢des paleoambientais durante o periodo de deposicao
cerca de 2,75 bilhdes de anos atras (Trendall et al., 1998; Martins et al., 2017). Ademais, estabelecer as
posicdes dos continentes neste momento, quando a configuragdo continental ainda ¢ pouco conhecida e

intensamente debatida, ¢ uma das questdes mais importantes para decifrar a evolugdo geoldgica terrestre.

As FFBs de Carajas estdo contidas na sequéncia vulcanossedimentar neoarqueana do Grupo Grao-
Para (~2.76 a 2.73 Ga; Fig. 1C). Estas sdo referidas usualmente como jaspilitos e correspondem ao
protominério de ferro da regido da Serra do Carajas, norte da Provincia Mineral de Carajas. Jaspilitos e
minérios de alto teor (> 65% Fe) constituem a Formacdo Carajas, sobreposta ¢ sotoposta por rochas,
essencialmente, maficas das formagdes Parauapebas e Igarapé Bahia, respectivamente. Acima do Grupo
Grao-Para ocorrem as rochas sedimentares (~2.68 a 2.06 Ga) metamorfizadas em baixo grau das formagdes
Serra Sul e Aguas Claras (Macambira, 2003; Aratjo & Nogueira, 2019; Aratjo Filho et al., 2020; Rossignol

et al., 2020).

Nas ultimas décadas, os aspectos estratigraficos, estruturais, geoquimicos e geocronoldgicos do
Grupo Grao-Para foram investigados por varios pesquisadores (p.ex., Wirth et al., 1986; Gibbs et al., 1986;
Olszewski et al., 1989; Meirelles & Dardenne 1991; Trendall et al., 1998; Lindenmayer et al., 2001;
Macambira 2003; Cabral et al., 2013, 2017; Martins et al., 2017; Figueiredo ¢ Silva et al., 2020). Entretanto,
poucos trabalhos foram dedicados ao estudo dos aspectos paleoambientais, ao conhecimento dos

mecanismos de deposi¢@o dos jaspilitos e a investigacdo do ambiente tectonico de formacao da bacia. Neste
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sentido, varias questoes relativas a evolugao desta sequéncia supracrustal, especialmente sobre as FFBs de

Carajas, ainda permanecem em aberto, entre elas: (i) Qual ¢ a fonte do ferro nas formagdes ferriferas

bandadas de Carajas? (ii) Quais as condigdes paleoambientais na época de sua deposicdo? (ii1) Qual a

paleogeografia do proto-craton Amazodnico (Bloco Carajas) durante a deposi¢ao das formagdes ferrifera de

Carajas? E, por fim, (iv) Qual seria o ambiente tectonico de formagao da Bacia Carajas?

1.2. Objetivos

O objetivo desta pesquisa estd centrado no estudo do ambiente tectonico de deposi¢do, na

reconstru¢do paleogeografica e no estudo da génese da formagao ferrifera bandada que compdem o Grupo

Grao Pard, a partir da integra¢do de dados geoldgicos, geoquimicos, paleomagnéticos e isotopicos de alta

precisdo.

ii.

1il.

1v.

Os objetivos especificos incluem:

Estudar as relagdes estratigraficas originais entre as formacdes ferriferas bandadas e as rochas
vulcanicas do Grupo Grao Pard, a partir da descricdo de 11 furos de sondagem distribuidos nos

Corpos N4WS e N5S;

Caracterizagdo petrografica das rochas sedimentares (jaspilitos) e vulcanicas (basaltos) do Grupo
Grao-Para com o intuito de identificar as estruturas e a mineralogia primaria, bem como caracterizar

as assembleias metamorficas/hidrotermais secundarias;

Reconhecer e caracterizar a mineralogia e as microestruturas mais importantes no jaspilito da
Formagao Carajas, com a aplicagdo de técnicas analiticas avancadas, como a microssonda eletronica

¢ microscopia eletronica de varredura (MEV/EDS).

Analisar a quimioestratigratia da Formacgao Carajas utilizando de técnicas avangadas de geoquimica
de elementos maiores ¢ tragos visando a reconstru¢do das condigdes paleoambientais que
controlaram a deposicdo dos jaspilitos e a investigagdo dos fatores secundarios que levaram a suas
modificagoes;
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v. Reconstruir o ambiente deposicional dos jaspilitos, a partir do estudo dos sistemas isotopicos Sm-

Nd e 5°°Fe;

vi. Aquisi¢do de dados paleomagnéticos de alta qualidade nos basaltos da Formacdo Parauapebas, com

foco na reconstrucdo paleogeografica da Bacia Carajas.
1.3 Historico da pesquisa

Esta tese de doutorado deu continuidade a varios projetos de pesquisa que tiveram o apoio da
empresa VALE (Acordo de Cooperacao e Apoio Técnico-Cientifico Entre a Vale S.A e a Fundacao
Universidade de Brasilia — FUB) e da FAP-DF (EDITAL 03/2018 — N° 23411.93.27701.29052018). Os
projetos foram coordenados pelas orientadoras Catarina (FAP-DF) e Adalene (Vale-FUB). Os projetos
tiveram inicio em 2012, cujo maior parte das etapas de campo e coleta de amostras foram realizadas em
2012 e 2013. Todas as pesquisas foram realizadas na regido da Bacia Carajas, estudando tanto as rochas
vulcanicas quanto as sedimentares (jaspilitos), que resultou dentre outras coisas em dissertagdes e artigos
publicados em revistas cientificas internacionais (Qualis A1) (p.ex., Martins et al., 2017). A Gltima pesquisa
realizada (mestrado) aconteceu entre o periodo de 2015-2017 e estava centrada no estudo das rochas
vulcanicas, obtendo dados, discussdes ¢ conclusdes importantes sobre a petrogénese dos basaltos e

ambiente tectonico da Bacia de Carajas (Martins, 2017).
1.4 Localizacdo da area e acesso

A érea de estudo localiza-se no distrito mineiro Serra Norte, Provincia Mineral de Carajas — PA,
especificamente nos depositos de ferro NAWS e N5S. O municipio de Parauapebas (Fig. 2), localizado a
aproximadamente 550 km a sudoeste de Belém, serve como referéncia e apoio logistico. Os depdsitos de
ferro N4 ¢ N5 fazem parte dos depositos pertencentes & Companhia Vale do Rio Doce (CVRD), situados
na parte norte da serra dos Carajas e nomeados de N1 a N9. O acesso pode ser feito pela rodovia PA-150,
que liga Belém a Marabé e Cuiaba (MT), seguindo-se pela Trans-Carajas (PA-275) até o nlicleo urbano de

Carajas e, depois, para os depdsitos de ferro, numa extensdo de aproximadamente 700 km (Fig. 2). O
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aeroporto de Carajas (CKS) ¢ servido diariamente por voos diretos de/para Belém, Brasilia, Belo Horizonte

e para cidades menores do sul e do sudeste do Para.

Neoproterozoic

|:| Araguaia Belt
Paleoproterozoic
- Bacaja Domain
Carajas Domain:

1.88 Ga A-type granite (Serra dos
Carajas Intrusive Suite)

Neoarchean
|:| Aguas Claras Formation

- Santa Inés Gabbro

- 2.76 Ga mafic-ultramafic rocks
2.76 to 2.74 Ga Granites

I:I Pium Diopside Norite

ionopolik

Neoarchean (cont.)

Itacaitinas Supergroup
(2.73to 2.76 Ga):

|:] |garapé Bahia Group
_— Fe: Jaspilites

Grao Para Group V: Volcanic rocks

I:I Igarapé Pojuca Group
I:] lgarape Salobo Group

Mesoarchean
| 2.85 Ga Serra Dourada
Granite

2.87 Ga Campina Verde
Tonalite

- Pium Complex
|:| Xingu Complex

Convention
Contact

A A A Thrust fault
Fault,
undifferentiated
Strike-slip shear
zone
Transpressional
shear zone

® Deposit

bt

e Mine
® city

BD: Bacaja Domain
CD: Carajas Domain
RMD: Rio Maria Domain

Figura 1. A) Localizag¢do da Provincia Carajas no Brasil; B) Localizagdo do Dominio Carajds dentro da Provincia

Carajas; o retangulo corresponde aproximadamente a darea detalhada na Fig. 1C; C) Mapa geologico simplificado

da parte nordeste da provincia Carajas, Dominio Carajas (modificado de Vasquez et al., 2008); o retangulo preto

indica a localizag¢do aproximada dos depositos N4 e N35.
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Figura 2. Fusdo do mapa planimétrico de parte da Serra de Carajas com imagem de relevo sombreado (SRTM),
mostrando as principais fei¢oes geomorfologicas, acessos e localidades (modificado de Tavares, 2015). O poligono

marcado representa as regioes da area de estudo, especificamente sobre os corpos N4 e N5.

1.5 Sintese do contexto geologico regional
1.5.1 Provincia Mineral de Carajas

A Provincia Mineral de Carajas, localizada no setor sudeste do Craton Amazodnico (Fig. 1A), é o
maior ¢ mais bem preservado segmento arqueano do craton. E conhecida por abrigar varios depdsitos
minerais de classe mundial (DOCEGEO, 1988; Vasquez et al., 2008), incluindo um dos maiores depositos
de minério de ferro do mundo, bem como varios depodsitos de classe mundial de Cu-Au e Ni. A Provincia
Mineral de Carajas ¢ subdividida em dois dominios tectonicos distintos (Fig. 1B): Dominio Rio Maria ao

sul e 0 Dominio Carajas ao norte, também conhecido como Dominio Itacaitinas ou Bacia Carajas (Aragjo
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et al., 1988; Vasquez et al., 2008). Uma zona pouco definida e estudada, conhecida como Subdominio

Transicional, separa os dominios Rio Maria e Carajés (Dall'Agnol et al., 2006; Feio et al., 2013).

O Dominio Rio Maria (ou Terreno Granito-Greenstone Rio Maria) possui evolu¢cdo mesoarqueana,
caracterizada pela amalgamacao de terrenos tipo granito-greenstone juvenis, com idades de formagao entre
3,05 Ga e 2,82 Ga (DOCEGEO, 1988, Althoff et al., 2000; Dall’Agnol et al., 2006, dentre outros). A
caracterizacao de komatiitos com textura spinifex em uma sequéncia greenstone belt dentro do Subdominio
Transicional (Siepierski & Ferreira Filho, 2016) sugere que os terrenos granito-greenstone se estendem
mais para o norte do que indicado nos mapas regionais anteriores. A estruturacdo principal do Dominio Rio
Maria ¢ um resultado de encurtamento N-S durante processo acresciondrio/colisional mesoarqueano, porém

influenciado por tectonismo vertical do tipo domos-e-quilhas (Althoff ez al., 2000).

Ja o Dominio Carajas, também conhecido como Cinturdo Itacaitnas (Aragjo ef al., 1988), apresenta
um cenario geologico mais complexo. Sem considerar as rochas mesoarquenas graniticas fortemente
deformadas e gnaissicas do Subdominio Transicional (2,96-2,83 Ga; Feio et al., 2012; Feio et al., 2013), o
Dominio Carajas ¢ composto essencialmente pelas rochas das sequéncias vulcanossedimentares da Bacia
Carajas. Tendo como embasamento o Complexo Xingu (similar em idade e conteido ao Subdominio
Transicional), as principais assembleias da Bacia Carajas possuem idade neoarqueana a paleoproterozodica
comumente segmentada na sequéncia vulcanossedimentar do Grupo Grao-Para (2,76-2,73 Ga) recoberta
por rochas sedimentares das formagdes Serra Sul e Aguas Claras (~2,68-2,06 Ga; Aratjo & Nogueira, 2019;
Aratjo Filho et al., 2020; Rossignol et al., 2020) (Fig. 3). A Formacgao Serra Sul compreende, da base para
o topo, diamictitos glaciais foliados a macigos que ocorrem intercalados com camadas de black-shale,
conglomerados polimiticos de origem glacial, que ocorrem intercalados com camadas de ritmito, ¢ camadas
espessas de ritmito no topo. J4 a Formagio Aguas Claras consiste em pelitos, arenitos ¢ rochas carbonaticas
subordinadas de ambiente marinho raso na base, seguidos por um pacote espesso de arenitos fluviais e
conglomerados no topo. Sua idade de deposi¢do ¢ incerta (neoarqueana ou paleoproterozoica) e ainda nao

esté claro se esta sucessdo sedimentar representa apenas uma ou mais sequéncias diferentes (Araujo Filho
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et al., 2020). Ambas as unidades se sobrepdem em inconformidade ao Grupo Grao-Para (Araujo &

Nogueira, 2019; Aratjo Filho et al., 2020) (Fig. 3).

Diversos complexos mafico-ultramaficos acamadados afloram perto das bordas da Bacia Carajas
(Fig. 1C; Vasquez et al., 2008) e intrudem rochas do Complexo Xingu e do Grupo Grao-Para (DOCEGEO,
1988; Ferreira Filho et al., 2007). Essas intrusdes possuem idades neoarqueanas (Lafon et al., 2000;
Machado et al., 1991) e representam um grande evento magmatico coevo com o extenso vulcanismo

basaltico do Grupo Grao-Para (Machado et al., 1991; Ferreira Filho et al., 2007).

Trés principais episodios de geragdo de rochas graniticas ocorrem na Bacia de Carajas ou em areas
adjacentes (Fig. 1C): (1) O mais antigo, de idade neoarqueana (~2.76-2.73 Ga), ¢ intrusivo no Grupo Grao-
Pard e marcado por corpos graniticos subalcalinos do tipo A, sendo representado pelas suites Plaqué e
Planalto, Complexo Estrela e granito Serra do Rabo (Feio et al., 2012, 2013); (i1) Intrusdes mais novas (~
2.56 Ga), como os granitos peralcalinos a metaluminosos Old Salobo e Itacaiinas (Machado et al., 1991),
que estdo associados a magmatismo pouco expressivo, também do tipo A, aparentemente concentrado no
extremo norte da Provincia Carajas, ao longo do Cinturdo Norte do Cobre; (iii) O ultimo episodio
magmatico promoveu a formag¢ao de varios plitons graniticos anorogénicos paleoproterozdicos (~1.88 Ga),
dentre eles, o Central de Carajas, Young Salobo e Cigano que pertencem a uma extensdo provincia

magmatica do tipo A espalhada por todo o Craton Amazonico (Dall’ Agnol et al., 2006).
1.5.2 Grupo Grao-Para

A sequéncia vulcanossedimentar neoarqueana do Grupo Grao-Para (~2.76 Ga; Gibbs et al., 1986;
Olszewski et al., 1989; Machado et al., 1991; Trendall et al., 1998; Martins et al., 2017), localizada na
por¢do norte do Dominio Carajas, ¢ a principal sequéncia da Bacia Carajas. Possui aproximadamente 260
km de comprimento ¢ 70 km de largura, com as rochas vulcanicas cobrindo uma area extensa de
aproximadamente 11.000 km? (Macambira, 2003). Diferentes propostas estratigraficas foram apresentadas
para a regido de Carajas nas ultimas décadas (DOCEGEOQO, 1988; Aratjo et al., 1988; Aratjo & Maia, 1991,

Macambira, 2003; Tavares et al., 2018). Para a estratigrafia do Grupo Grao-Para, seguimos o arcabougo
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estratigrafico proposto por Aratujo & Nogueira (2019) e Araujo Filho et al. (2020). Sendo assim, o Grupo
Grao-Para ¢ composto pela Formacdo Parauapebas na base, constituida essencialmente por rochas
vulcanicas maficas, seguida pelos jaspilitos da Formacdo Carajas (Lindenmayer et al., 2001; Macambira,
2003) e pela unidade vulcanica superior com sedimentagdo clastica associada denominada Formacao
Igarapé Bahia, a qual contem expressivos depdsitos de Cu-Au (Tallarico et al., 2005; Galarza et al., 2008;

Dreher et al., 2008).

A Formacao Parauapebas, unidade basal do Grupo Grao-Paré (Fig. 3), € representada por derrames
basalticos e basalto andesiticos macigos, amigdaloidais e porfiriticos, associados a riolitos, brechas e tufos
vulcanicos (Macambira, 2003; Martins et al., 2017). Este extenso vulcanismo, essencialmente basaltico, ¢
geralmente considerado como sendo o resultado de rifteamento da crosta continental mais antiga e fusao
parcial do manto (p.ex., Gibbs et al., 1986; DOCEGEOQO, 1988; Olszewski et al., 1989; Macambira, 2003;
Martins et al., 2017; Tavares et al., 2018), mas alguns autores (p. ex., Meirelles & Dardenne, 1991; Teixeira
& Eggler, 1994; Lobato et al., 2005; Zuchetti, 2007; Figueiredo e Silva et al., 2020) sugeriram um ambiente
relacionado a subduccgdo. A idade do vulcanismo ¢ determinada em 2758 + 39 Ma, por meio de anélises U-
Pb em zircdes de riolitos pertencentes a Formagdo Parauapebas, feitas por Wirth et al. (1986). Esta idade
(~2,76 Ga) ¢ ratificada por andlises isotdpicas por diversos autores (p. ex., Olszewski et al., 1989; Machado
et al., 1991; Trendall et al., 1998). Recentemente, idades um pouco mais novas (2749 = 6 e 2745 + 5 Ma;

U-Pb em SHRIMP), foram obtidas em zircdes de rochas vulcanicas maficas (Martins et al., 2017).

J4 a Formacdo Carajas ¢ constituida por formagdes ferriferas bandadas de facies 6xidos (jaspilito)
com camadas de espessura de até algumas centenas de metros, que em algumas regides estdo quase
totalmente transformadas em minério hematitico. Esta unidade est4 em contato abrupto ou gradacional com
a Formagdo Parauapebas ¢ mostra intercalagdes com as rochas vulcanicas maficas (Macambira, 2003;
Martins et al., 2017). A formagdo ferrifera bandada ¢ descrita como jaspilito meso- ¢ microbandado
formado por bandas de jaspe e 6xidos de ferro, sendo o jaspe caracterizado como um chert impregnado por
hematita microcristalina (Lindenmayer et al., 2001; Macambira, 2003). Lindenmayer et al. (2001)

concluem que os jaspilitos formaram-se por precipitacdo quimica em plataformas marginais de aguas rasas,
20



Capitulo 1

em periodo de calma tectonica e perto de fumarolas com ampla distribui¢do areal. Diques e sills de gabro
e diabasio cortam as unidades anteriormente descritas (Beisiegel et al., 1973; Lindenmayer et al., 2001;

Macambira, 2003; Martins et al., 2016).

A sequéncia de jaspilitos € sobreposta por um conjunto de rochas vulcanicas intercaladas
subordinadamente com rochas siliciclasticas finas (ritmitos) que ocorrem logo acima da Formacgao Carajas
(Fig. 3) e na parte basal da mina do Igarapé Bahia (Tallarico et al., 2005; Dreher et al., 2008; Galarza et al.,
2008; Aratjo & Nogueira, 2019). Os dados de zircao U-Pb existentes restringem a idade das rochas

vulcanicas em 2748 + 34 Ma (Tallarico et al., 2005).
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Capitulo 1

1.6 Materiais e métodos

Inicialmente, o foco da pesquisa foi direcionado para revisdes bibliograficas e estudos
complementares a fim de aprofundar o conhecimento concernente ao contexto geoldgico da Provincia
Carajas, a geodinamica presente no arqueano, as reconstrucdes paleogeograficas em terrenos arqueanos,
génese das formagdes ferriferas e diferentes aspectos relacionados as sequéncias vulcanossedimentares
arqueanas de Carajas. A caracterizagdo das rochas vulcanicas e sedimentares do Grupo Grao-Paré foi
efetuada por meio da descri¢ao sistematica de 9 furos de sondagem, assim como estudos petrograficos por
microscopio petrografico, em luz transmitida e refletida, microssonda eletronica (EDS e WDS), analises
quimicas e geocronologicas. Os resultados foram integrados para reconstitui¢do paleoambiental,

inferéncias paleoclimaticas, e construcao de modelos geodinamicos e paleogeograficos (Fig. 4).

O trabalho de campo foi realizado em novembro de 2017 e consistiu na descricao de testemunhos
de sondagem e coleta de amostras de furos de sondagens dos Corpos N4WS e NS5S e arredores. Amostras
coletadas em etapas de campo anteriores ao desenvolvimento da tese (julho de 2012 e maio de 2013)
forneceram a maioria das amostras utilizadas. Ambos as etapas contaram com o apoio da Empresa VALE
S.A., incluindo discussdes sobre o contexto geologico regional, selegdo de testemunhos de sondagem e

deslocamentos na area.

As amostras deste estudo foram coletadas em testemunhos correspondentes a cinco furos de
sondagens, distribuidas em trés secdes na dire¢do EW que seccionam o depodsito de NAWS (Fig. 5). A
amostragem foi realizada sistematicamente a cada dois metros, com amostras representativas de 15 cm,
totalizando 1766 amostras (1051 amostras de jaspilitos, 346 amostras de minério e 369 amostras de
basaltos). As amostras foram seccionadas ao meio, sendo que uma parte foi separada para andlise
geoquimica (XRF, ICP-MS, ICP-AES e Titulagdo) ¢ a outra metade foi utilizada para medigdes e aquisi¢ao
de dados geofisicos, incluindo o estudo paleomagnético e dados espectroradiométricos. Esses dados
forneceram informagdes suficientes para a confeccdo de cinco dissertacdes de mestrado no ambito do

projeto.
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I
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INTERPRETAGCAO

TRABALHO DE CAMPO

RECONSTRUGCAO
PALEOGEOGRAFICA
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paleomagnetismo
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@ Furos estratigraficos
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v
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¢ ChRM
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e Susceptibilidade Magnética
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e Grande quantidade de amostras

v

Datacao U-Pb
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e Separagdo dos zircdes

® Datacdo ID-TIMS*

Geoquimica

® Elementos maiores e menores

® Elementos tracos

e Mobilidade dos elementos

v

Geoquimica isotopica

@ Sm-Nd

® 5°Fe

Figura 4. Fluxograma de metodologias e técnicas empregadas na investiga¢do da sequéncia vulcanossedimentar

do Grdo-Para.
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As andlises litogeoquimicas foram efetuadas no laboratorio ALS Chemex (Canada). Ja as analises
isotopicas de Sm-Nd foram realizadas utilizando um espectrometro de massa com ionizagado termal (7IMS
— Thermal ionization mass spectrometer) no laboratorio de geocronologia da Universidade de Brasilia. Por
fim, as andlises de isotopos de ferro foram adquiridas utilizando um espectrometro de massa com multi-
coletores (MC-ICP-MS — Multi-collector inductively coupled plasma mass spectrometer) Nu Plasma II, no
Laboratério de Isotopos Estaveis do [Institute of Geochemistry and Petrology, Department of Earth
Sciences, ETH Ziirich — Suica. A descricao mais detalhada de todas técnicas utilizadas nas amostras de
jaspilitos encontram-se no Capitulo 5 “Chemostratigraphy of the Carajas banded iron formation, Brazil:

A record of chemical evolution of Neoarchean ocean” deste documento.

A metodologia utilizada e a amostragem realizada para a aquisi¢do dos dados paleomagnéticos nas
rochas vulcanicas da Formagdo Parauapebas esta detalhada no Capitulo 4 “Low paleolatitude of the

Carajas Basin at ~2.7 Ga: Paleomagnetic evidence for basaltic flows in Amazonia”.

Além disso, amostras de rocha, com aproximadamente 10 kg, foram coletadas de afloramentos e
testemunhos de sondagem para datacdo pelo método U-Pb em zircdo. Devido a pandemia global do
COVID-19 e consequente interrupgao das atividades regulares dos laboratérios em todo o mundo, ndo foi
possivel a obtencdo dos resultados a tempo de serem inseridos na tese de doutorado. Nesta etapa seria feito
o calculo da taxa de sedimentacao dos jaspilitos por meio das idades U-Pb (ID-TIMS) de alta precisdo nos
derrames basalticos que intercalam o pacote de jaspilitos, fornecendo informacdes importantes sobre as

condi¢des de deposicdo da Bacia Carajas.
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of hematite, with subordinate goethite.
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Figura 5. A) Imagem de satélite Landsat 8 (OLI) mostrando a regido do deposito N4, com destaque para a regido

do Corpo N4WS (3B); B) Mapa geologico do Corpo N4WS, com o posicionamento dos testemunhos de sondagens

estudos nesta pesquisa; C) “Log” de alguns dos testemunhos de sondagens amostrados.

1.7. Estrutura da Tese

A presente tese de doutorado foi desenvolvida no programa de pds-graduacdo em Geologia do

Instituto de Geociéncias — Universidade de Brasilia (UnB) e tem como base o estudo da paleogeografia,

condi¢des paleoambientais ¢ ambiente tectonico da formacdo da Bacia Carajas, localizado na porcao

sudeste do Craton Amazonico, a partir de dados geoldgicos, geoquimicos, paleomagnéticos ¢ isotopicos de

rochas do Grupo Grao-Para.
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O primeiro capitulo deste documento tem como finalidade apresentar as justificativas, objetivos,
historico da pesquisa, localizagdo, sintese do contexto geoldgico regional da Bacia Carajas e metodologia.
O segundo capitulo apresenta fundamentagdo tedrica atualizada por meio de uma breve descricdo e
discussdo sobre o paleomagnetismo com foco em reconstru¢des paleogeograficas. Ja o terceiro capitulo
abordard uma breve revisdo bibliografica sobre formagdes ferriferas tendo como foco a sua descricao,

classificagdo e génese.

Os resultados da tese estdo redigidos no formato de artigos para divulgacdo em periddicos
internacionais. Dessa forma, o quarto capitulo apresenta o artigo cientifico submetido ao periddico
Precambrian Research, intitulado “Low paleolatitude of the Carajas Basin at ~2.7 Ga: Paleomagnetic
evidence for basaltic flows in Amazonia”. Esse estudo baseou-se na aquisi¢do de dados paleomagnéticos
de boa qualidade em diferentes por¢des dos basaltos neoarqueanos da Formagao Parauapebas (2749 + 6.5
Ma; Martins et al., 2017), base da sequéncia vulcanossedimentar do Grao-Pard. Com base nesses dados, ¢
fornecida a primeira reconstru¢do paleogeografica para um fragmento arqueano do Craton Amazonico
(Provincia Carajas), expandindo a configuracdo do supercraton Supervaalbara (Gumsley, 2017; Gumsley
et al., 2017; Salminen et al., 2019) durante este periodo para um bloco do Craton Amazonico pela primeira
vez. Além disso, pelo menos cinco eventos de reversdo magnética e uma mudanga significativa na

paleolatitude sdo identificados ao longo da sequéncia de derrames basalticos estudados.

Em seguida, o quinto capitulo apresenta o artigo cientifico submetido a revista Gondwanna
Research, mtitulado “Chemostratigraphy of the Carajas banded iron formation, Brazil: A record of
Neoarchean ocean chemistry”. Nesse estudo, foi apresentado um conjunto de dados quimioestratigraficos,
isotopicos ¢ de elementos maiores e tracos, ao longo de uma se¢do completa do pacote de jaspilitos de
Carajas. A partir dessas informacgdes, sdo avaliadas as principais condi¢des paleoambientais durante a

precipitacdo dos jaspilitos, obtendo um importante registro da composi¢ao do mar durante o Neoarqueano.

Por fim, o sexto capitulo apresenta as consideragdes finais da tese, enquanto que na parte final da

tese encontram-se as referéncias bibliograficas usadas nos capitulos 1, 2, 3 e 6.
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2. SINTESE SOBRE PALEOMAGNETISMO

A maioria das informagdes sobre a evolu¢do de supercontinentes advém de estudos dos cratons
individuais em diversas partes do mundo (Fig. 6; Rogers & Santosh, 2003). Para se ter uma configuragdo
confidvel de um supercontinente e/ou supercraton, torna-se necessario obter com precisdo, grande
quantidade de informagdes geoldgicas, geocronoldgicas e paleomagnéticas dos fragmentos continentais
hoje separados, visando fornecer meios de estabelecer estas ligacdes. O paleomagnetismo, em particular,
torna-se ferramenta essencial para determinar a paleogeografia das diversas unidades cratonicas que
participaram da formac¢do e fragmentagdo destas grandes massas continentais (supercontinentes e/ou

supercratons).

Neste capitulo, de forma sintetizada, primeiramente sera feita uma revisdo quanto aos conceitos
gerais inerentes ao paleomagnetismo. Em seguida, serdo apresentados procedimentos e técnicas utilizadas
em estudos paleomagnéticos (p.ex., amostragem, magnetizagdo remanente natural, técnicas de
desmagnetizagdo e testes de campo da estabilidade de magnetizagdo). No final, serdo abordados a obtencao
de polos magnéticos e as reconstrugdes paleogeograficas associadas. Os detalhes do estudo realizado nas
rochas vulcanicas maficas neoarqueanas (~2.75 Ga) da Bacia Carajas serd apresentado no proéximo capitulo

(Capitulo 4) em forma de artigo submetido a revista Precambrian Research.
2.1 Conceitos gerais
2.1.1 Campo geomagnético da Terra

O campo geomagnético ¢ um campo vetorial e pode ser representado por meio de projegdo tri-
ortogonal (Fig. 7). Seus valores s3o positivos na dire¢cdo Norte, Leste, e para baixo. A proje¢ao horizontal
do campo magnético H ¢ dada pelo angulo I, conhecido como inclinagdo magnética. O angulo D formado

entre o Norte geografico ¢ a projecdo horizontal do campo H ¢ denominado declinagdo magnética, D.

O campo geomagnético total ¢ formado por trés campos: 1) campo gerado no interior da Terra,
proveniente do nucleo externo liquido; 2) o campo gerado na crosta terrestre, proveniente dos materiais

29



Capitulo 2

magnetizados; e 3) um campo de origem externa a Terra, relacionado a influéncia do campo magnético

interplanetario sobre o campo geomagnético.

No paleomagnetismo o campo magnético terrestre ¢ considerado como o de um dipolo geocéntrico
e axial, ou seja, o campo magnético ¢ gerado por dipolo magnético situado no centro da Terra e cujo eixo
estd alinhado com seu eixo de rotagdo. Nessa aproximacao a declinagdo D em qualquer ponto da superficie

da Terra sempre serd nula e a inclinagdo I varia com a latitude A (tanI = 2 tan 7).

Variacdes do campo geomagnético (rapidas ou lentas) sdo observadas e cobrem intervalos de tempo
da ordem de anos a milhdes de anos. De forma geral, as variagdes rapidas estdo relacionadas ao campo
externo, enquanto as mais lentas se relacionam ao campo interno, gerado no nicleo externo. As variagdes

de longo periodo podem ser divididas em: variagdo secular, excursdes geomagnéticas e reversoes.
2.1.2 Magnetismo dos solidos

Os materiais quando submetidos a acdo de um campo magnético podem apresentar propriedades
magnéticas distintas em fun¢do de parametros como a natureza dos orbitais e spins dos elétrons. De acordo
com suas caracteristicas magnéticas, os minerais classificam-se em diamagnéticos, paramagnéticos ¢

ferromagnéticos.

Diamagnetismo ¢ uma propriedade encontrada em todos os minerais, mas somente sera observado
em minerais com atomos que ndo possuem momento magnético (p.ex. quartzo com susceptibilidade

magnética de ~0,8 x 107 SI).

As substincias paramagnéticas sdo aquelas em que os atomos possuem momento magnético

resultante, causado pelos spins desemparelhados que agem como dipolos magnéticos. A susceptibilidade
magnética dos materiais paramagnéticos ¢ positiva, maior que a dos materiais diamagnéticos (geralmente
duas ordens de grandeza), mas ainda assim, pequena. Assim como no diamagnetismo, a magnetizagao volta

a ser nula quando o campo externo ¢ retirado. Um exemplo de mineral paramagnético ¢ a ilmenita (FeTiO3).
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Capitulo 2

Nas substancias ferromagnéticas os dtomos com momentos magnéticos resultantes

interagem fortemente entre si, gerando magnetiza¢do mais forte que no paramagnetismo. Além
disso, a magnetizagdo permanece mesmo apds a remog¢do do campo externo e ¢ chamada de
magnetizacdo remanente. Para o paleomagnetismo, os minerais “ferromagnéticos” sao os mais

importantes.

Geographic
North Magnetic
/f North
— Hp,=H cosI
» East

Figura 7. Representagdo espacial de um campo H e suas componentes (extraido de Butler, 1992).

2.2 Amostragem paleomagnética

Denomina-se sitio paleomagnético o afloramento de rocha escolhido para amostragem.
Esta rocha deve estar necessariamente “in situ”, ou seja, ndo houve qualquer tipo de
deslocamento apds sua formagao, estando a rocha em seu local natural. Esta escolha deve ser
realizada corretamente ¢ de maneira muito criteriosa para que erros inerentes ndo afetem
diretamente a obtengao dos resultados. Por isso, uma boa amostragem ¢ essencial para o sucesso

da investigag¢do paleomagnética.
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A coleta das amostras pode ser feita de duas formas diferentes, sendo que a escolha
depende das condi¢gdes do afloramento. A primeira ¢ a coleta de cilindros orientados utilizando-
se uma perfuratriz portatil, movida a gasolina, que possui uma broca diamantada. O diametro
dos testemunhos cilindricos ¢ de 2.5 cm e o comprimento depende da dureza da rocha, das
condicdes da broca e do operador da perfuratriz. A segunda € a coleta de blocos orientados que
no laboratorio sdo perfurados para a retirada de testemunhos cilindricos, também de 2.5 cm de
diametro. Os procedimentos de orientagdo das amostras sdo variados e nao existe um padrao

especifico.
2.3 Ildentifica¢do de minerais portadores de magnetismo (“Ferromagnéticos”)

Para identificar os minerais magnéticos portadores das dire¢des de magnetizagdo nas
rochas € preciso fazer experimentos de desmagnetizagdo, estudar as propriedades magnéticas
da rocha e analisar laminas petrogréaficas. Este procedimento ¢ importante para os resultados
paleomagnéticos, porque quando associados as suas origens, se magmaticas ou pos-
magmaticas, estes minerais podem indicar as idades relativas das magnetizagdes presentes na

rocha.

Os minerais magnéticos podem ser identificados por meio de curvas termomagnéticas
que fornecem a temperatura Curie e/ou de Néel dos mesmos, curvas de aquisi¢do de
magnetizacdo remanescente isotérmica (MRI) e curvas de histerese. E importante conhecer as
caracteristicas dos portadores magnéticos dos espécimes, visto que minerais associados com
intemperismo ou metamorfismo, por exemplo, sdo portadores de magnetizagdo secundaria, que,
muitas vezes, apresenta estabilidade magnética igual a da magnetizagdo primadria (Tarling &

Hrouda, 1983).
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2.4 Magnetiza¢do Remanente Natural (MRN)

O magnetismo natural presente nas rochas ¢ chamado de magnetizacdo remanente
natural (MRN), o qual pode ser entendido como a soma das magnetizagdes remanentes

adquiridas (primarias ou secunddrias) ao longo do tempo por diferentes processos naturais.

A magnetizagdo remanente primdria (MRP) ¢ aquela adquirida durante sua formacao.
A magnetizagdo primaria adquirida por rochas igneas durante sua formacdo ¢ a magnetizacao
termoremanente. Em rochas sedimentares a MRP ¢é representada pela magnetizagdo remanente
detritica, adquirida durante a deposi¢do dos sedimentos. Qualquer magnetizagdo adquirida
posteriormente a formagdo de uma rocha ¢ chamada de magnetizagdo remanente secundaria
(MRS) e pode ser adicionada por diversos processos fisicos € quimicos ao longo do tempo
geologico. Por exemplo, a MRN de uma lava vulcanica pode conter magnetizagdo
termoremanente (MTR) priméria, magnetizacdo secunddria adquirida durante um
metamorfismo de baixo grau (magnetizacdo remanente quimica) e magnetiza¢do remanente

viscosa adquirida do campo geomagnético atual.
2.5 Testes de campo da estabilidade de magnetiza¢do

Em diversos casos a analise petrografica e das propriedades magnéticas das rochas
podem trazer indicios importantes sobre a origem da magnetiza¢do presente nas rochas.
Entretanto, alguns testes de campo podem ser o melhor método de verificar a estabilidade da

magnetizacdo remanente ao longo do tempo geologico.

Nem sempre ¢ possivel empregar testes de campo nos estudos paleomagnéticos, pois
dependem de situagdes geologicas especificas. Os testes de campo mais comumente usados

s30: do conglomerado, da dobra, do contato cozido ¢ o de reversao (Tauxe, 2002, 2009).
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2.6 Determinagdo das Componentes Caracteristicas de Magnetizagcdo

Nas investigagdes paleomagnéticas um dos maiores desafios ¢ identificar e separar as
componentes magnéticas presentes nas rochas. A componente de magnetizagdo mais estavel
(com coercividades e/ou temperaturas de bloqueio mais altas) que € observada na maioria das
amostras analisadas chama-se magnetizacdo remanescente caracteristica (MRC). Para analisar
a composi¢ao vetorial da MRN e separar as componentes magnéticas, principalmente a MRC,
¢ necessdrio a realizagdao de processos de desmagnetizagdo por etapas sucessivas, em campos

magnéticos alternados (CA) ou desmagnetizagdo térmica.

A desmagnetizacdo CA consiste em submeter a amostra a um campo magnético
alternado, de intensidade Hca, que possui forma de onda senoidal e decresce com o tempo. Esse
processo ¢ repetido diversas vezes com valores de Hca cada vez maiores. Ao final de cada etapa
de desmagnetizagdo, ¢ realizada uma medida da magnetiza¢do remanente da amostra. Deste
modo, os graos magnéticos com coercividades menores ou iguais a Hca sdo sucessivamente
reorientados na direcdo do campo magnético alternado aplicado, fazendo com que a
magnetizacdo total associada a estes graos seja nula. Assim, o resultado ¢ a desmagnetizacao
eficaz de todos os graos magnéticos com coercividade menor que o pico do campo magnético
aplicado, ou seja, tais graos ndo contribuem mais para a medida da magnetizagdo da amostra
(Tarling & Hrouda, 1983). Geralmente, a desmagnetiza¢do por campos magnéticos alternados
¢ bastante eficiente em eliminar componentes de magnetizacdo secundarias e isolar a
magnetizacao caracteristica em rochas igneas, onde predomina como principal mineral portador
magnético a titanomagnetita. J4 em rochas contendo minerais magnéticos com coercividades

muito altas (p.ex. hematita) o tratamento térmico mostra-se mais eficaz.

Na desmagnetizagdo térmica a amostra ¢ submetida a ciclos de aquecimento e

resfriamento sempre na auséncia de campo magnético. Assim, todos os graos portadores de
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magnetismo com temperaturas de bloqueio menores ou iguais a temperatura utilizada no
aquecimento serdo termicamente afetados produzindo magnetizagdo total nula. Um dos
problemas desta técnica € o surgimento de alteragcdes termoquimicas dos minerais presentes na
rocha, em altas temperaturas, resultando na producao de novas fases minerais. Para monitorar
essas possiveis mudancas, em cada etapa de aquecimento ¢ medida a susceptibilidade
magnética da amostra, pois qualquer mudanga na susceptibilidade indica alteracdo (destrui¢ao

e criacdo) de minerais magnéticos.
2.7 Polo paleomagnético

Para o paleomagnetismo, o campo geomagnético pode ser representado pelo campo de
um dipolo geocéntrico e axial. Sendo assim, quando se obtém a média de magnetizagao
remanente para um conjunto de sitios, ela deve representar a direcdo média do campo

geomagnético na época em que as rochas adquiriram suas magnetizagoes.

O polo geomagnético determinado para cada direcdo média por sitio ¢ denominado de
Polo Geomagnético Virtual (PGV) (Tauxe, 2002, 2009). A média dos PGVs determinada para
cada sitio amostrado representa o polo paleomagnético para a formagdao em estudo e, se a

varia¢do do campo geomagnético foi eliminada, ele deve coincidir com o pdlo geografico.

A posi¢ao de um polo magnético (4p, pp) ¢ calculada a partir de uma direcdo média do
campo magnético (1, D,) em uma localidade particular (s, ¢s) utilizando o modelo do dipolo

axial geocéntrico e relagdes trigonométricas (Fig. 8).

Para sc¢ obter a latitude do pélo (Ap) ¢ preciso usar a relagio: Ap = sen™!(senls -

2
tanIm

cos p + cosls - senp - cos D,,;), onde p = tan™(

).

Existem duas possibilidades para a longitude do pdlo. Para cosp = sen As - sen Ap,

Op = 0s + B, mas, se cosp < sen s * sendp, entdo, Op = s + 180° — .
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North Pole

B

Figura 8. Localizacdo do Polo Paleomagnético P (Ap, pp), com declinagcdo média (Dm) e inclinagdo

média (Im) calculada para uma formagdo geoldgica (extraido de Butler, 1992).

Em reconstru¢des continentais confiaveis ou na definicdo de curvas de deriva polar
aparente sdo usados paleopolos que passam por critérios de qualidade. Estes paleopolos sdo
denominados de polos paleomagnéticos de referéncia (Buchan et al., 2000). Os critérios basicos
que um polo paleomagnético de referéncia deve atender sdo relacionados a qualidade da datagado
(idade do paleopdlo) e dos paleopolos. Van der Voo (1990) estabeleceu alguns critérios de
confiabilidade (7) para qualificar polos paleomagnéticos, os quais vém sendo utilizados com
frequéncia na literatura para a classifica¢do de pdlos paleomagnéticos. De maneira geral, quanto
maior € o nimero de critérios satisfeitos, mais confidvel serd o polo paleomagnético a ser usado

nas reconstrugdes paleogeograficas.
Critérios de confiabilidade (Van der Voo, 1990):

1. A idade da unidade estudada deve apresentar erro inferior a + 4%. Além disso,
deve-se demonstrar que esta idade equivale a idade de aquisi¢do da

magnetizagdo remanente;
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ii.

111.

1v.

vi.

Vii.

Apresentar parametros estatisticos satisfatorios: niimero de amostras (N)

superior a 24, parametro K maior que 10,0 e avs inferior a 16°;

Apresentar desmagnetizagao adequada: a magnetizagdo remanente caracteristica
deve ser obtida por meio da subtracdo de componentes secunddrias em

diagramas vetoriais.

Apresentar testes de campo (testes da dobra, do contato cozido ou do
conglomerado) positivos e estatisticamente significativos, que confirmem o

carater primario da magnetizagao;

Apresentar controle estrutural e tectonico coerentes para a unidade estudada;

Presenca de reversdes, indicando intervalo de tempo significativo durante a

aquisi¢do da remanéncia.

O paleopolo obtido ndo deve coincidir com a posi¢do de polos paleomagnéticos

mais jovens.

2.8 Reconstrugoes paleogeogrdficas

A maneira mais usual de sintetizar os resultados de estudos paleomagnéticos ¢

determinar a posi¢do de um polo paleomagnético a partir de um conjunto de PGVs. Nesse

sentido e de acordo com o modelo do dipolo geocéntrico axial, os pélos paleomagnéticos de

unidades geologicas com idades mais recentes estdo agrupados proximos ao polo geografico.

Em contrapartida, quando pdlos paleomagnéticos sdo calculados para rochas mais antigas de

um continente, eles situam-se, geralmente, distantes do polo geografico. Se o modelo de dipolo

geocéntrico axial ¢ valido para rochas de todas as idades e o pdlo geografico ndo mudou de

posicao no tempo geoldgico, conclui-se entdo, que ¢ o continente que se move em relacdo ao

polo geografico.
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Diante dessa hipotese, polos paleomagnéticos podem ser usados para determinar a
paleogeografia dos continentes no passado. A reconstrugdo paleogeografica pode ser feita por
meio da rotacdo do pdlo paleomagnético fazendo-o coincidir com o po6lo geografico, realizando
a mesma rotacdo para o continente. Além disto, utilizar a média da direcdo obtida para a

formagdo em estudo pode também determinar a posi¢@o antiga do continente.

Nesta reconstrugdo, a declinagdo média (Dm) representa a rotagdo do corpo em torno
do sitio de amostragem, enquanto que a paleolatitude, determinada por meio da inclinacio
média (Im) (tan I = 2 tan 1), define a latitude do sitio de amostragem na época em que a rocha
adquiriu sua magnetizagdo remanente. A paleolongitude do continente ¢ indeterminada devido

a simetria do campo de dipolo geocéntrico axial.

A ambiguidade na polaridade e a indefini¢do na paleolongitude dificultam a perfeita
reconstru¢do paleogeografica dos varios blocos continentais. Assim, tentativas podem ser feitas
para melhorar e aproximar as reconstrucdes paleogeograficas analisando possiveis
similaridades geologicas e estruturais (p.ex., cinturdes orogénicos, lineamentos tectdnicos,

enxames de diques, provincias magmaticas, provincias geotectonicas/geocronologicas, etc.).
2.9 Paleogeografia em rochas arqueanas

Em ¢épocas mais antigas na historia da Terra (p.ex., pré-Columbia) ¢ ainda mais
complicado definir a paleogeografia crustal, visto que, alguns blocos continentais da Terra
ainda estavam se formando nesse periodo, como ¢ o caso da Laurentia, Baltica e Craton
Amazodnico, fazendo com que paleogeografias construidas para essa época sejam muito mais

especulativas.

Nesse sentido o paleomagnetismo pode ajudar nesta tarefa, pois representa a Unica

ferramenta que pode estabelecer a paleolatitude ¢ a paleorientagdo de blocos continentais.
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Entretanto, algumas dificuldades sdo inerentes, pois a maioria dos dados paleomagnéticos para
este intervalo de tempo (Arqueano-Paleoproterozdico) sdo de baixa qualidade e/ou possuem
baixa precisdo na idade geocronologica. Assim, poucos polos paleomagnéticos podem ser
considerados como de referéncia e curvas de deriva polar aparente das varias unidades

cratonicas existentes nessa época sao mais dificeis de serem definidas.

A existéncia de um supercontinente durante o Arqueano (~2.70 Ga), conhecido como
Kenorland (Fig. 9A), foi sugerida por diversos autores (p.ex., Evans et al., 2016; Meert, 2014).
Entretanto, os dados paleomagnéticos existentes ndo corroboram a ideia de um unico
supercontinente. Um modelo alternativo foi proposto, em que se acredita que durante este
intervalo de tempo, existiam varios supercratons dispersos ao redor da Terra (Fig. 9B; 9C): 1)
Superia que seria um supercraton formado pelo bloco Superior-Hearne-Wyoming (Laurentia)
associado ao bloco Karelia-Kola (Baltica) (Bleeker, 2003); ii) Sclavia (também conhecido
como Nunavutia) associado com o “Slave clan”, um conjunto de cratons que inclui o “Slave
craton” (Bleeker, 2003); iii) Cratons Kaapvaal (Africa) e Pilbara (Austréalia) fazendo parte do
supercraton Vaalbara (Zegers et al., 1998, de Kock et al., 2009); iv) Supercraton Zimgarn

formado pelos cratons de Zimbabwe (Africa) e Yilgarn (Australia) (Smirnov et al., 2013).

Importantes trabalhos tém sido publicados no mundo todo utilizando dados
paleomagnéticos, mesmo em periodos mais antigos (p.ex., Biggin et al., 2011; de Kock et al.,
2009; Denyszyn et al., 2013; Kumar et al., 2017). No entanto, as interpretacdes e implicagdes
dos estudos paleomagnéticos na reconstrugdo desses terrenos devem ser feitas de maneira
criteriosa e, desta forma, podem fornecer dados valiosos no entendimento da formacio dos

continentes e at¢ mesmo da tectonica da Terra primitiva.
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(a) Single supercontinent (b) Several supercratons
(Kenorland)

Sclavia

Superior
Kaapvaal

(C) Many supercratons

Figura 9. Propostas para a organizagées dos blocos continentais durante o Arqueano (Modificado de
Bleeker, 2003). A) Unico supercontinente, conhecido como Kenorland; B) e C) Varios supercratons

dispersos.
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3. FORMACOES FERRIFERAS (SINTESE): DESCRICAO, CLASSIFICACAO E
GENESE

Depositos gigantes de ferro, derivados de formagdes ferriferas bandadas, estao entre os
maiores depdsitos minerais conhecidos. Além da sua imensa importancia econémica (p.ex.,
principal fonte de ferro para a industria siderurgica mundial), o estudo de sua génese tem
implicagdes fundamentais para compreensdo da evolugdo da atmosfera, hidrosfera e biosfera

terrestre (Konhauser et al., 2017).

O presente capitulo abordard revisdo bibliografica contendo: (i) breve descricao,
classificagdo e distribui¢do no tempo geoldgico das formagdes ferriferas; e (ii) sintese sobre
conhecimento atual da génese das formacgdes ferriferas, que inclui os tipos mais comuns no

periodo entre o Arqueano-Paleoproterozoico (tipo Superior e Algoma).
3.1 Definicdo e principais caracteristicas

Formacdes Ferriferas (/ron Formations — [Fs) sdo rochas sedimentares quimicas ricas
em ferro (15-40 wt% Fe) e silica (40—60 wt% SiO2) que precipitaram da 4gua do mar durante
o Eon Pré-cambriano, sendo que a maior concentragdo deste tipo de deposi¢io situa-se no
Neoarqueano e Paleoproterozoico (entre 2.80 e 1.85 Ga; Fig. 10). Com base no seu ambiente
deposicional e tipos de rochas associadas, /Fs sao subdivididas em tipo Superior (Superior-
type) ou Algoma (Algoma-type) (Gross, 1980), embora seja mais pratico considerar essas
classificagdes como membros finais em um espectro de variedades intermediarias (Bekker et
al., 2012). Formagdes ferriferas neoproterozodicas (~0.715 Ga), conhecidas como do tipo

Rapitan (Rapitan-type), estdo associadas a depdsitos glaciais (Gross, 1983).

Texturalmente, as formacdes ferriferas sdo divididas em dois grupos — BIF (maioria) ¢
GIF. Banded iron formation (BIFs) sao rochas bandadas/laminadas, constituidas por bandas

alternadas de chert/jaspe e oOxidos de ferro (hematita e magnetita), ¢ foram, em geral,
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depositadas em ambientes de dguas relativamente profundas, abaixo do nivel de base de onda
ou tempestade. J& as granular iron formations (GIFs) ndo apresentam bandamento e sdo
constituidas por granulos de chert, 6xidos de ferro e silicatos, com cimento, formado por chert,
carbonato ou hematita, preenchendo os poros. Considera-se que os G/F's foram depositados em

aguas rasas, produto do retrabalhamento de formagdes ferriferas bandadas.

As formacdes ferriferas mais antigas datam por volta de 3,7 Ga, no entanto a grande
maioria se depositou entre 2,8 Ga e 1,5 Ga, refletindo as mudangas evolutivas nos mares e a
emergéncia de oxigénio na atmosfera terrestre (Fig. 10). Em geral, formagdes ferriferas mais
antigas que 3.0 Ga sao descritas como do tipo Algoma, ainda que ocorram algumas ocorréncias
de ferro com essa classificagao de idade entre 2,7 e 2,6 (Konhauser ef al., 2017). A maioria das
formacdes ferriferas depositadas entre 2,3 e 0,6 sdo granulares (GIF), enquanto aquelas com
2,5 Ga ou mais sdo geralmente bandadas (BIF). As formagdes ferriferas do tipo Rapitan
possuem pico de deposicdo por volta de 850 Ma e 630 Ma, e estdo relacionadas principalmente

as mudangas climaticas ocorridas no final do Neoproterozoico (Konhauser et al., 2017).

0 BIF —CF Rapitan-type
_ 10° k iron formation
e 104
IS
E 10° |
S 102 |
§ 10" |

100 |

0 =] . =[] '

4.0 35 3.0 2.5 2.0 1.5 1.0 0.5

Age (Ga)

Figura 10. Distribuicdo de formagoes ferriferas em bilhdes de toneladas pelo tempo geologico, com

cada coluna correspondendo ao periodo de 50 milhées de anos (modificado de Bekker et al., 2010).
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Maioria dos depositos mais antigos que 2,4 Ga compreendem a formagaes ferriferas bandadas. Entre
2,3 Ga e 0,8 Ga predominam as formacgaes ferriferas granulares. Os depdsitos Neoproterozidicos (~0,75
Ga) sdo do tipo Rapitan, e estdo associados a depositos sedimentares glaciais. Figura extraida de

Konhauser et al. (2017).
3.2 Génese das Formagoes ferriferas

A origem das formagdes ferriferas exige que grandes quantidades de Fe estejam em
solugdo como espécie reduzida (Fe?"), que é entdio oxidado (Fe*") e precipitado como 6xidos e
carbonatos de ferro. Entretanto, a inexisténcia de ambientes modernos de deposicdo de
formacgdes ferriferas dificulta a formulagdo de modelos genéticos, de tal forma que ndo ha
consenso sobre os mecanismos de precipitagdo, génese do bandamento, influéncia de processos

bioldgicos, assim como a respeito da procedéncia do suprimento de ferro.
3.2.1 Fontes hidrotermais de ferro para os oceanos

Para a fonte do ferro, duas possibilidades sdo consideradas: origem continental por meio
da lixiviagdo de rochas ricas em ferro; ou origem hidrotermal marinha profunda, onde o Fe ¢
introduzido por descargas hidrotermais subaquosas, em mar profundo. Em ambas as teorias, ha
a necessidade de um sistema de densidade estratificado, em que correntes de ressurgéncia
trazem o ferro reduzido de aguas anoxicas mais profundas para um ambiente oxigenado em
4guas mais rasas, como em uma plataforma continental, onde o Fe?" é oxidado e precipitado

como 6Oxidos e carbonatos.

Os primeiros estudos sugeriram que o Fe seria derivado da lixiviagdo de rochas ricas em
ferro (e.g. basaltos continentais), onde o Fe?" se tornaria movel na auséncia de O na atmosfera.
A ideia de que os primeiros continentes eram formados por grande quantidade de rochas
maficas e, portanto, ricos em ferro favorecia tal ideia. No entanto, estudos detalhados realizados

na Provincia de Hamersley, Australia, identificaram que a quantidade de ferro depositado era
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da ordem de 1 x 10" g/ano (Trendall & Blockley, 1970), exigindo rios do tamanho ou maiores
que o rio Amazonas para transportar tal quantidade de ferro. Além disso, a auséncia de
contribuicdo detritica significativa na deposi¢dao das formacgdes ferriferas argumenta contra a

possibilidade de que o Fe fosse transportado pelos rios.

A ideia de fonte hidrotermal de ferro para os oceanos se firmou com a descoberta dos
sistemas hidrotermais modernos de fundo oceanico, onde foi possivel observar um alto fluxo
de ferro dissolvido derivado do espalhamento lento do assoalho oceénico (slow-spreading mid-
ocean ridges), e da constatagdo de que mesmo os sistemas hidrotermais modernos podem
contribuir com 75% da quantidade de Fe dissolvido nos oceanos modernos. Além disso, foi
demonstrado que, mesmo em oceanos modernos, particulas de ferro e ferro dissolvido podem
ser transportados por mais de 2000 km a partir do eixo de espalhamento (ridge axis) nos
sistemas hidrotermais do assoalho oceanico, e essa variabilidade no sistema de entrada e mistura
com a agua dos oceanos tem influenciado a extensdo do transporte de ferro mesmo em um
passado recente (Konhauser et al., 2017). De maneira similar, também foi proposto que o ferro
dissolvido poderia ter sido fornecido diretamente por plumas hidrotermais aos niveis mais altos
da coluna de agua. As regides de abertura do assoalho (ridge crests) no arqueano eram
provavelmente mais rasas que atualmente, refletindo temperaturas mais altas do manto e, sob
tais condi¢des, o material hidrotermal efluente, rico em ferro, poderia ter subido através da
coluna de 4gua até a zona fotica, onde o Fe?” poderia ter sido oxidado e precipitado como 6xidos
e carbonatos. Embora as concentragdes (1-3 nM) de entrada de Fe?" de origem hidrotermal em
oceanos modernos estejam significativamente abaixo do que seria necessario para formar um
IF, esse sistema fornece evidéncias de que o transporte de ferro a longo prazo e a formagao de
IF do tipo Superior sdo mecanicamente possiveis. As condigdes menos oxidantes, como as

previstas para o Arqueano e o Paleoproterozodico, favorecem o transporte de Fe?" dissolvido por
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distancias ainda maiores do que as observadas hoje. Além disso, as temperaturas mais elevadas
das reagdes dgua-rocha observadas no Arqueano e a baixa concentragdo de sulfato marinho (o
qual afeta o Eh dos fluidos hidrotermais, limitando a precipitacao de sulfato de ferro) sugerem
que a quantidade de Fe** dissolvido nos efluentes hidrotermais foi muito maior do que

atualmente.

Elementos terras raras e itrio (REE+Y) em fluidos hidrotermais apresentam distribuigdes
caracteristicas que corroboram a ideia de fonte hidrotermal de Fe** para as formagdes ferriferas.
Os oceanos modernos, bem como as /Fs pds-arqueanas, geralmente, exibem enriquecimento
em terras raras pesados (HREE), anomalias positivas de La, Gd e Y e anomalias negativas
acentuadas de Ce quando normalizadas para o PAAS (post-Archaean average shale).
Entretanto, as formacgdes ferriferas arqueanas (>2.5 Ga) também exibem anomalias positivas
La, Gd e Y, mas ndo apresentam anomalias negativas de Ce e, em vez disso, apresentam

anomalias positivas de Eu.

As anomalias do eurdpio em padrdes de REE + Y tém sido fundamentais no
rastreamento de fontes de Fe. O enriquecimento do eurdpio em rochas sedimentares quimicas
que precipitaram a partir da agua do mar, indica uma forte influéncia de fluidos hidrotermais
de alta temperatura na 4agua do mar. A anomalia positiva de Eu observada em fluidos
hidrotermais esté ligada a quebra do plagioclasio presente nas rochas vulcanicas subjacentes as
fissuras por onde estes fluidos saem (hydrothermal vents), uma vez que o plagioclasio durante
a sua cristalizagdo ¢ enriquecido em Eu em relagdo aos outros REE +Y. Ademais, o Eu
permanece soluvel na forma de Eu?" nos fluidos hidrotermais, devido a forma Eu?" ser mais
estavel em temperaturas mais altas. Presume-se que o Fe ¢ os REE + Y ndo sdo fraccionados
durante o transporte a partir dos spreading ridges ou outros centros exalativos, devido a alta

capacidade de sorc¢io (adsorciio e absor¢io) dos hidroxidos de Fe **, ou seja, uma anomalia de
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europio muito acentuada (>2) indica que o Fe presente na rocha sedimentar quimica foi
derivado de origem hidrotermal. Alguns trends ao longo do tempo da magnitude da anomalia
de Eu observada nas formagdes ferriferas do tipo Superior (Superior-type) foram usadas para
identificar variagdes no fluxo hidrotermal. O tamanho das anomalias positivas de Eu diminui
de forma constante a partir do Arqueano, o que pode ser explicado tanto pelo aumento na
entrada de fluidos hidrotermais e/ou pela baixa quantidade de oxigénio dissolvido, oxigénio
este necessario para estabilizar Eu?" para o transporte nos oceanos antes de se tornarem
oxigenados. H4 um pico muito alto entre 2.7 e 2.5 Ga, provavelmente, relacionado a uma grande

entrada de fluidos ricos em ferro de origem hidrotermal (Fig. 11).

Portanto, o consenso atual ¢ que o ferro foi introduzido no oceano a partir de fontes
hidrotermais, seguido pela deposicao de formacdes ferriferas na plataforma continental e talude
superior, em uma coluna de agua estratificada 6xido-andxico. Um fato interessante e também
de consenso geral, que a deposicdo dos grandes depdsitos de /F tem relagdo com grandes

eventos de geracdo de magma, ligados as grandes provincias igneas (LIPs).
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Figura 11. Anomalia de Eu (Eu/Eu*) normalizado segundo PAAS (McLennan, 1989) pela idade de
algumas das mais importantes formagoes ferriferas. Dados de Isua de Frei & Polat (2007);
Nuvvuagittuq de Mloszewska et al. (2012, 2013); Fig Tree de Derry & Jacobsen (1990) e Hofmann
(2005); Jharkhand-Orissa de Bhattacharya et al. (2007),; Pongola de Alexander et al. (2008); Itilliarsuk
de Haugaard et al. (2013); Slave Craton de Haugaard et al. (2016a, 2017); Krivoy Rog de Viehmann
etal. (2015); Joffre de Haugaard et al. (2016b). Kuruman de Bau & Dulski (1996); Nemo de Frei et al.
(2008); Gunflint de Danielson et al. (1992); Braemar de Lottermoser & Ashley (2000); Rapitan de

Halverson et al. (2011). Figura extraida de Konhauser et al., 2017.

3.2.2 Fontes continentais de ferro para os oceanos

Compilagdes de dados isotopicos de Nd das formagdes ferriferas arqueanas até as
paleoproterozdicas demonstram que a maioria das /Fs tém valores de eNd (t) intermedidrios
entre os do manto empobrecido (depleted mantle) ¢ a crosta continental antiga (older

continental crust). Supondo que as fontes de REE + Y acompanham as fontes de Fe?', os dados
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de isotopos de Nd nessas formagdes ferriferas sugerem uma contribuicao significativa de ferro
de origem continental. Em diversas formagdes ferriferas dessa idade, por exemplo as
relacionadas a bacia de Hamersley, os dados isotdpicos de Nd indicam que as /F’s contém uma
mistura de Nd derivado de fonte hidrotermal e continental, ou seja, o ferro possui uma origem

hibrida, continental e hidrotermal.
3.2.3 Fatores oxidantes na dgua do mar para oxidagdo do Fe’*

Embora os mecanismos predominantes permanegam incertos, a mineralogia encontrada
e as composigdes isotopicas de Fe nas formagdes ferriferas demonstram que alguma oxidagao
do Fe?" foi necessaria para ocorrer a precipitagdo quimica. No inicio da terra primitiva, antes
do aumento do oxigénio atmosférico e do desenvolvimento da camada de ozdnio, a superficie
terrestre era alvo de altos indices de radiacdo ultravioleta. Nesta mesma época, as dguas dos
oceanos eram andxicas e “guardavam” altas concentragdes de Fe?" dissolvido. Sob estas
condicdes, o ferro ferroso (Fe?) ou Fe(OH)" absorve radiagio na faixa de 200-400 nm, levando
a formagao fotoquimica de ferro férrico dissolvido [reagdo 1], que por sua vez, se hidrolisa para

formar 6xi-hidroxidos de Fe*'.
2Fe*'(aq) + 2H" + hv — 2Fe’'(aq) + Ha, onde hv representa a radiagdo ultravioleta. €))

No entanto, diversos estudos demonstram que mesmo que seja possivel que a
fotoxidagao por radiagdo ultravioleta (UV) tenha contribuido para a precipitagao das /Fs, parece
improvavel que este mecanismo tenha sido o principal mecanismo gerador de Fe** para a

deposicao dos grandes depositos de formagdes ferriferas.

Como alternativa ao modelo abidtico, a oxidacio do Fe?" foi atribuida a atividade
metabolica das bactérias em zonas foticas oceanicas (Fig. 12). Embora tenha sido sugerido um

papel biolégico na precipitagdo dos 6xi-hidroxidos de Fe®" cerca de um século atras (p.ex.,
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Leith, 1903; Gruner, 1922), a importancia das bactérias neste processo comegou a receber maior
aceitacdo com a descoberta de microfosseis nas formacdes ferriferas paleoproterozodicas (ca.
1.88 Ga) da Bacia Animikie, regido do Lago Superior. Baseando-se no pressuposto de que os
microfosseis eram cianobactérias, ou seus predecessores, Cloud (1973) propunha que essas
bactérias fotossintetizadoras, produtoras primitivas de Oz, possuiam enzimas mediadoras de
oxigénio adequadamente avancadas e, consequentemente, requeriam Fe?" para a producido de
oxigénio. Portanto, esses microrganismos teriam crescidos quando havia a disponibilidade de
Fe?" (e outros nutrientes), permitindo a oxidagdo indireta e precipitagio de oxi-hidroxidos de
Fe** e, em contrapartida, a populagio dos microrganismos teria diminuido quando a

disponibilidade de Fe*" era limitada.

2Fe?* 4 0.50, + 5H,0 - 2Fe(OH), + 4H* .
4Fe** + 11H,0 + CO, > CH,0 + 4Fe(OH); + 8H" .

Photic Zone

Figura 12. Mecanismos de oxida¢do de Fe(ll) em oceanos Pré-cambrianos. Dois mecanismos
biologicamente controlados sdo previstos: (1) reagdo da cyanobactéria gerando 0, dissolvido com

Fe(ll), e/ou (2) oxidagdo direta via fotossintese anaerobica (fotoferrotrofia). O Fe(Il) é proveniente
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tanto de sistemas hidrotermais de dagua profundas, como do intemperismo continental, enquanto que o
Fe(lll) é formado na zona fotica e precipitado como hidrato de ferro, Fe(OH)s, e depositado no assoalho
ocednico como precursor das formagoes ferriferas. Alguns hidratos de ferro sdo reduzidos através
redugdo direta bacteriana (DIR) de Fe(Ill), utilizando carbono organico ou por meio de um potencial
de redugdo metabdlico pelo acoplamento de Fe(lll) e oxidag¢do de metano. Figura extraida de

Konhauser et al. (2017).

3.2.4 Formagoes Ferriferas Neoproterozoicas

O ressurgimento de formagdes ferriferas apds quase um hiato de 1 bilhdo de anos no
registro sedimentar representa um retorno as condi¢des anoxicas e ferruginosas nos oceanos, o
que ¢ constantemente relacionado as mudangas climaticas extremas ocorridas no
Neoproterozoico (Isley & Abbott, 1999; Klein, 2005). Ao contrario das ocorréncias de ferro do
Paleoproterozoico e do Arqueano, as formagdes ferriferas neoproterozoicas (neoproterozoic
iron formation — NIF) teriam se desenvolvido num periodo em que a atmosfera ja continha
niveis elevados de O e estdo associadas a depositos sedimentares glaciais (Klein & Beukes,

1993; Hoffman et al., 1998).
3.3 Consideragoes finais

Nas ultimas décadas foi possivel avangar significantemente em nosso entendimento
sobre a génese das formagdes ferriferas. Alguns desses avancos veio por meio da revisdo da
importancia e comportamento das reacdes microbiais metabdlicas na deposicdo e diagénese das
formacdes ferriferas, gerando uma compreensao melhor sobre o ciclo microbial do Fe. Outros
avancos, como esperado, vieram da aplicag¢do de estudos isotopicos mais aprofundados (p.ex.,
isotopos de Fe, Cr, U, Mo, Cu), aplicado tanto em rocha total quanto in situ, que permitem
correlacionar tais isotopos dentro da paragénese mineral. Com estas novas descobertas e

avangos, existe aceitacdo generalizada que a oxidagdo de Fe?" microbial exerceu papel
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fundamental na deposi¢cdo de muitos depositos de formagoes ferriferas. Também ¢ claro que a
deposicdo das formacdes ferriferas ndo representaria uma sedimentacdo marinha muito
profunda e que um forte fluxo hidrotermal de ferro junto com alguma entrada de ferro a partir
da erosdo de sedimentos epiclasticos seriam as principais fontes de ferro para a posterior

deposicao das formagdes ferriferas.
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CAPITULO 4 — ARTIGO I: LOW PALEOLATITUDE OF
THE CARAJAS BASIN AT ~2.75 GA: PALEOMAGNETIC
EVIDENCE FROM BASALTIC FLOWS IN AMAZONIA.

Observacao

Este capitulo trara o artigo cientifico submetido ao periddico Precambrian Research, intitulado
“Low paleolatitude of the Carajds Basin at ~2.7 Ga: Paleomagnetic evidence for basaltic flows
in Amazonia”. Os topicos foram divididos e resumidos para se adequar a exigéncia da revista
que o trabalho foi submetido. Os anexos citados no artigo foram acrescentados no final do

capitulo.
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Abstract

Establishing the positions of continents during the initial stages of Earth's evolution is one of
the most important challenges in geosciences today. This challenge is mainly due to the severe
limitations on obtaining geological and/or geophysical data from early Earth time, particularly
robust paleomagnetic data. Here, we report the first paleomagnetic data from an Archean block
in the Amazonian craton, the Carajas Province, for ~2.76-2.74 billion years ago (Ga), when
extensive dominantly mafic volcanism (Parauapebas Formation) covered an area of ~18,000
km?. The paleomagnetic investigation was conducted on fresh drill cores drilled into the Carajas
iron ore mine and cutting across the Parauapebas Formation. Two characteristic components,

Carajas 1 and 2, were isolate and further used to calculate the mean paleomagnetic pole for
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each: C1 (~2759 Ma; 40.5°E, -44.6°S A95 =6.5°, K = 18.5) and C2 (~2745 Ma; 342.4°E, -
54.3°S, A95 = 14.8°, K = 27.8). Our results, integrated with geological evidence reveals that the
Carajas block occupied low latitudes at the time, and could have been part of the Supervaalbara
supercraton configuration during the Neoarchean (~2.75 Ga) in a position nearest the equatorial
line. After rotating the drill core segments to geographic coordinates, a consistent sequence of
three magnetic reversal events is identified in the lava flow sequence from the Parauapebas

Formation, potentially suggesting an already dynamic geodynamo pre-2.7 Ga.
Keywords: Amazonia; Paleomagnetism; Supervaalbara; Carajas Province.
1. Introduction

The Archean cratons stabilized at different times worldwide from 3.1 to 2.5 Ga, and its
peak in craton’s heralded the transition from a mafic to a more evolved intermediate
composition (Hawkesworth et al., 2020). Also, the Neoarchean to Paleoproterozoic transition
(~2.80-2.20 Ga) witnessed several major interlinked environmental and biological evolutionary
events, including the increase in atmospheric oxygen as deduced from the disappearance of
detrital pyrite and uraninite in conglomerates, the advent of red beds and the deposition of the
largest banded iron formations (BIF) in the world (Bekker et al., 2004; Konhauser et al., 2011).
Establishing the positions of continents at this time, when the continental configuration is yet
poorly known and intensely debated, is one of the most important tasks in deciphering the
geological evolution of the planet at its youth. Specifically, two mains’ questions concerning
the arrangement of late Archean blocks related to their latitudinal distribution and whether they
were amalgamated into a single mass of primitive continental crust (e.g., Williams et al., 1991)
or if they were dispersed into several smaller supercratons such as Superia, Zimgarn and
Vaalbara (e.g., Bleeker, 2003; Smirnov et al., 2013; Liu et al., 2021). This challenge is mainly

due to the paucity of high-quality paleomagnetic data, which makes paleogeographic
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reconstruction for these times very speculative (Buchan et al. 2000, Pesonen et al. 2003).
Nevertheless, this task, particularly during the so-called Archean-Proterozoic transition, is
becoming tractable by the increasing numbers of refined paleomagnetic data and

geochronologic studies (e.g., Denyszyn et al. 2013; Gumsley, 2017; Gumsley et al., 2017).

South American cratons, such as Sao Francisco and Amazonia, have been absent from most of
the Archean supercraton reconstructions. Recently, Salminen et al. (2019), based on
paleomagnetic data and comparison of magmatic barcodes, demonstrated that the Uaud block,
a fragment of the Sao Francisco craton, could have been part of a much larger supercraton
named Supervaalbara by Gumsley (2017). Meanwhile, the paleogeography of the Amazonian
Craton (Fig. 1A), one of the largest cratonic areas in the world (~5,600,000 km?; Almeida et
al., 1981), remains a challenging task especially during Archean-Paleoproterozoic times, being

one of the least studied Archean cratons (D’Agrella-Filho et al., 2016).

Here, we focus on the paleomagnetic record of an Archean block in the Amazonian
craton, the Carajas Province (Fig. 1B) for the ~2.76-2.74 Ga interval, when extensive
volcanism, dominantly mafic, covered an area of approximately 18,000 km? (Macambira,
2003). This volcanism produced the Parauapebas Formation, the lowermost unit of the
Neoarchean volcanic-sedimentary sequence of the Grao-Para Group (Vasquez et al., 2008;
Martins et al., 2017). Here, we report new paleomagnetic data for basaltic lava flows from two
well-preserved deep drill cores sampled from the Carajds Basin in the northern Carajas
Province. Our goal is to provide the first paleogeographic constraints for this Archean block,
yielding a paleolatitude estimate for the block and discussing its affiliation to previously
proposed Archean cratonic assemblies (e.g., Gumsley et al., 2017; Salminen et al., 2019).
Furthermore, the thick sequence of basalts in the Carajas Basin has a good potential to provide

evidence for geomagnetic reversals across the succession.
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Fig. 1. A) Amazonian Craton and its geologic/geochronological provinces (adapted from Cordani &
Teixeira 2007 and Teixeira et al., 2019),; B) Carajas province map showing the location of the Carajas
Basin in the Carajas block (from Araujo Filho et al., 2020); the black rectangle indicates the

approximate location of Carajas Basin (Fig. 2).
2. Geological setting

The tectonic framework of the Amazonian Craton essentially consists of one ancient
nucleus, the Central Amazonia Province (> 2.60 Ga), and adjacent Paleo- and Mesoproterozoic
provinces (see Teixeira et al., 2019 for review). The eastern portion of the Central Amazonia
Province (Fig. 1A) is comprised of the Carajas Province, which is renowned for hosting several
world-class mineral deposits of Fe and Cu-Au, as well as Mn an Ni mines (Vasquez et al., 2008;

Moreto et al., 2015). The Carajas Province is divided in two domains, the northern Carajas and
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the southern Rio Maria (Fig. 1B) (Vasquez et al., 2008). A broad E-W striking shear zone
(known as “Transition” subdomain), mostly within the Carajas Domain, occurs between the
volcano-sedimentary Carajas Basin sequence and rocks of the Rio Maria Domain (Fig. 1B).
The Rio Maria Domain is a typical granite-greenstone terrane, mainly composed of tonalite—
trondhjemite—granodiorite (TTG) associations, surrounded by greenstone belts, with formation

ages between ca. 3.00-2.85 Ga (e.g., Almeida et al., 2011; 2013 and references therein).

Apart from the strongly deformed granitoids and gneissic rocks of the Transition
subdomain, the Carajas Domain (Carajas block) is composed essentially of the Carajas Basin
(Vasquez et al., 2008; Fig. 1B; 2A), also known as the central sigmoid of Carajas (Holdsworth
& Pinheiro, 2000). The basement of the Carajas Basin comprises 2.98-2.86 Ga Mesoarchean
granitoids of the Xingu Complex (similar in age and lithological content to the Transitional
subdomain; Machado et al., 1991). The main assemblages of the Carajas Basin are of
Neoarchean to Paleoproterozoic age and it is commonly segmented into the lowermost
volcanic—sedimentary Grao-Pard Group (2.76-2.73 Ga; Fig. 2) overlain by sedimentary rocks
of the ca. 2.68-2.06 Ga Serra Sul and Aguas Claras formations (Aratijo & Nogueira, 2019;

Aragjo Filho et al., 2020; Rossignol et al., 2020) (Fig. 2).

The Neoarchean Grao-Pard Group (2.76-2.73 Ga) is the main volcano-sedimentary
sequence of the Carajas Basin, and is approximately 260 km long and 70 km wide, with its
rocks covering an area of approximately 18,000 km? (Macambira, 2003; Vasquez et al., 2008;
Fig. 2A). For the Grao-Pard Group stratigraphy, we follow the stratigraphic framework
proposed by Araujo & Nogueira (2019) and Aratajo Filho et al. (2020), who defined that the
group is composed, from the base to the top, of the following units: Parauapebas, Carajas, and
Igarapé¢ Bahia formations (see Fig. 2B). The oldest unit of the group is represented by the

Parauapebas Formation, which is the focus of our paleomagnetic study. It consists of basalts

59



Capitulo 4

and basaltic andesites with minor pyroclastic rocks and rhyolites (Gibbs et al., 1986; Martins et
al., 2017; Figueiredo e Silva et al., 2020), and is usually considered to be the result of an
intraplate rifting of older continental crust (e.g., Gibbs et al., 1986; Olszewski et al., 1989;
Martins et al., 2017; Tavares et al., 2018; Teixeira et al., 2021). However, a subduction-related
environment is also suggested (e.g., Meirelles & Dardenne, 1991; Teixeira & Eggler, 1994;
Zucchetti, 2007; Figueiredo e Silva et al., 2020). The age of this extensive volcanism is well
constrained between ca. 2.77 and 2.75 Ga, using U-Pb analyses of zircon from rhyolites and
basalts of the Parauapebas Formation (e.g., Olszewski et al., 1989; Machado et al., 1991;

Trendall et al., 1998; Martins et al., 2017).

The Carajas Formation is mainly constituted by layers and discontinuous lenses of
banded iron formations (jaspilites) and iron ore, intruded by sills and mafic dykes. The base of
the Carajas Formation is interlayered with volcanic rocks of the underlying Parauapebas
Formation (Gibbs et al., 1986; Martins et al., 2017), showing the gradual and conformable
contact between these two formations, which reflects the contemporaneity of them. The BIFs
sequence is overlain by a set of volcanic and volcaniclastic rocks, as well as subordinate deep-
water marine turbidite strata belonging to the Igarapé Bahia Formation (Tallarico et al., 2005;
Dreher et al., 2008; Galarza et al., 2008; Fig. 2B). Existing U-Pb zircon data constrain the age

of the volcanic rocks at 2743 + 11 Ma (Trendall et al., 1998).

The most conspicuous structural feature of the Carajas Basin is an S-shaped syncline-
anticline pair (Rosicre et al., 2006), the Carajas fold, and partially disrupted by the Carajas
strike-slip system (Fig. 2A). The latter divides the Serra dos Carajés in two main blocks, named
Serra Norte and Serra Sul. We sampled for paleomagnetism two exceptionally well-preserved,

deep drill cores of the Serra Norte region (N4 deposit).

60



Capitulo 4

Forty-five geochemical analyses of Parauapebas basaltic flows are reported by Martins
et al. (2017), including sampling localities and brief descriptions. Several of these flows were
sampled for paleomagnetism in this study (e.g., N4WS-F1279). These geochemical
investigations on basaltic rocks of the Parauapebas Formation show 51.12-55.26 wt.% SiOo,
0.69-0.92 wt.% TiO», 7.02-12.35 wt.%. FeO, and MgO ranging from 4.38 to 7.38 wt.%.
Moreover, the Parauapebas flows are sub-alkaline, plot in the transitional and calc-alkaline
fields, and show either arc-like trace element patterns or similar to those of the upper
continental. Geochemically, this is apparent in their LILE and LREE enrichment and Nb and
Ti depletion, supporting the idea that the basaltic rocks from Parauapebas Formation derived

from the subcontinental lithospheric mantle affected by upper continental crustal components.
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Fig. 2. A) Location of drill cores (black dots inside black rectangle) over simplified geological map of the
northeastern part of Carajas Province (modified from Vasquez et al., 2008); B) Stratigraphy of the basal part from
Carajas Basin with indication of geochronological constraints (adapted from Araujo & Nogueira, 2019 and Aratijo
Filho et al., 2020). Geochronological data compiled from: 1—Machado et al. (1991); 2—Krymsky et al., 2002; 3—
Martins et al. (2017); 4—Trendall et al. (1998); 5—Galarza et al. (2008);, 6—Maximum depositional age from
Rossignol et al. (2020). The time column was adapted from the International Chronostratigraphic Chart v2020/01

(Cohen et al., 2013).

3. Sampling and analytical procedures
3.1. Sampling

Due to the challenging conditions of outcrops in the densely forested Amazonia, well-preserved,
not weathered rocks are difficult to observe in the Carajas Basin. Therefore, we must rely on mining pits
and drilled cores to obtain fresh rocks samples. Rock samples were collected from two well-preserved deep
drill cores of the N4 deposit region (see Figs. 2A and S1). These fresh cores were selected for their
remarkable well-preserved succession of basaltic flows, and apparent absence of post-depositional

deformation and high-grade metamorphism (Figs. 3 and 4).

The core samples were obtained at the Vale core library in Serra dos Carajas, Para. Core samples
~15 cm long and 8 cm in diameter were collected every 2 m in each drill core. The orientation of the Grao-
Parad Group at NAWS-F1279 strikes 184° and dips 9°. At NAWS-F1515 core the bedding is opposed and
strikes 352° and dips 14.2° (Fig. S1). The drill holes were performed for N4AWS-F1279 with a plunge angle
of 81° toward 94° azimuth and for N4WS-F1515 with a plunge of 75.8° toward 262° azimuth, in both cases
nearly perpendicular to the bedding in each sector. The strike and dip of the beds remained constant from

the surface to the bottom of the drilled core from the N4WS body.

At the NAWS-F1279 drill hole, a continuous ~350 m long core was obtained from the Parauapebas
Formation, composed of basaltic rocks. Meanwhile, the N4WS-F1515 drill hole is stratigraphically

superjacent and the samples were obtained through a total core length of 360 m (200-560 m depth). The
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core is divided into mafic volcanic/subvolcanic rocks and banded iron formations (BIFs) corresponding to

the Parauapebas and the Carajas formations (Fig. 7).

3.2. Paleomagnetism and rock magnetism

Preparation and magnetic demagnetization of the samples were performed in the Paleomagnetic
Laboratory of the Instituto de Astronomia e Geofisica of the University of Sdo Paulo (USPMag, Brazil).
Cylindrical specimens of 1.0x2.0 cm were cut from each core sample (total of 318 specimens). We
reconstructed the in-situ sample orientation using the recent viscous magnetizations, that need to be aligned
with the present magnetic field at the location (Audunsson & Levi, 1989; Rolph et al., 1998; Rapalini et al.,
2013). At least four specimens from each core sample were subjected to detailed stepwise alternating
magnetic field (AF) and thermal demagnetization techniques to isolate the characteristic remanent
magnetization (ChRM). Steps of 2.5 mT (up to 15 mT) and 5 mT (15-100 mT) were selected for AF
demagnetization. Devices used were a tumbler Molspin AF demagnetizer coupled to a JR-6A spinner
magnetometer (AGICO, Czech Republic); an automated three-axis AF demagnetizer coupled to a
horizontal 2G-Enterprises™ DC-SQUID magnetometer or to a vertical 2G-Enterprises™ DC-SQUID
magnetometer with RAPID sample changer (Kirschvink et al., 2008). Thermal demagnetization was
performed using a Magnetic Measurements TD-48 furnace in steps of 50°C (from 150 °C up to 500°C) and
20°C (from 500 °C up to 600°C/700°C). Magnetic components for each specimen were identified in
orthogonal plots (Zijderveld, 1967), and calculated using principal component analysis (Kirschvink, 1980).
Line-fit was filtered using an upper limit of 8° for mean angular deviation (MAD), although vectors were
generally very-well defined. For some sites, remagnetization great circles analysis (Halls, 1978) was also
employed to determine high coercivity/high-blocking temperature components. Fisherian statistics (Fisher,
1953) were used to calculate vector mean directions and paleomagnetic poles. Paleomagnetic data
processing was carried out using Paleomac software (Cogné, 2003). The GPlates software was used for
paleogeographic reconstructions (Miiller et al., 2018). In addition, the magnetic mineralogy of each site
was investigated to determine the carriers of magnetic remanence. These analyses were performed at the
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Laboratory of Geochronological, Geodynamic and Environmental Studies (LabGEO) of Instituto
Oceanografico da Universidade de Sao Paulo. Magnetic hysteresis and Isothermal remanent magnetization
(IRM) measurements were performed at room temperature by using a MicroMag-VSM, Model 3900
(Princeton Measurements Corporation, USA) with a maximum magnetic field of 1T. The thermomagnetic
curves were measured on powdered samples during continuous heating to 700 °C and cooling to room
temperature by using a CS-4 apparatus coupled to the KLY-4S Kappabridge instrument (AGICO, Czech.

Republic).

A total of 24 thin sections were also examined using reflected and transmitted light microscopy. In
addition, Scanning Electron Microscopy (SEM) analysis and X-ray energy dispersive spectroscopy (EDS)
using a JEOL JXA-8230 SuperProbe at the Electron Microprobe Laboratory of the University of Brasilia

(Brazil) was used to constrain the nature and textures associated with the magnetic carriers.

4. Field aspects and petrography

The Parauapebas Formation in the studied drill cores consists of extensive successions of massive
or amygdaloidal lava flows with at least 370 m in thickness. The basaltic lavas display different textures
(amygdaloidal, massive, aphanitic, fine-grained and porphyritic; Figs. 3 and 4). Twelve lava flows cycles
were identified by massive texture at the bottom and amygdaloidal and spilitized (seawater metasomatic
alteration) zones at the top (Fig. 3). The base and central portions of each lava flows are massive to coarse-
grained, respectively. However, amygdaloidal (Fig. 3C; 4D) and spilitized zones are common in the
boundary between each lava flow unit (Fig. 3A). Primary mineral assemblages and igneous textures (largely
amygdaloidal, intergranular and intersertal and rarely microporphyritic) are preserved (Fig. 3; 4A-E). The
basalts consist predominantly of clinopyroxene (Fig. 4B; 4C) and plagioclase with minor quartz, K-
feldspar, ilmenite, magnetite and rare pyrite. Titanite and zircon are present as accessory minerals. Common
alteration in these rocks is the replacement of calcic plagioclase to sodic plagioclase, and the major
replacement of glass and augite by chlorite (Fig. 4A). Alteration of both pyroxene, glass and plagioclase

has been attributed to seafloor hydrothermal activity (Martins et al., 2017; Figueiredo e Silva et al., 2020).
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The Fe-oxides were examined using a Scanning Electron Microscope (SEM) to explore their
primary character. Fe-oxides observed in thin section include fine (>10 pum) grains of primary
titanomagnetite (Fig. 4F-H) with typical sizes of 10—150 um containing ilmenite alteration in some cases
(Fig. 4H), and ilmenite. Although, titanomagnetite grains exhibit a small size, it was possible to detect the
primary character of octahedral magnetite (Fig. 4G). Different types of sulfides (sphalerite, pyrrhotite) are

also observed (Fig. 4H). The magnetic mineralogy analyses are discussed further.

Amygdaloidal zone!'

Fig. 3. Macroscopic aspects of the basalts from Parauapebas Formation: A) and B) Overview of sampled drilling
cores showing the basaltic lava flow, characterized by massive texture on the bottom and amygdaloidal and

spilitization zones at the top, C) Amygdaloidal zone; amygdules are mainly filled with calcite and chlorite.
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Fig. 4. Photomicrographs of representative basalts of Parauapebas Formation: A) Basalt exhibits preserved primary
igneous texture (intergranular/intersertal); B) Intergranular texture; C) Primary mineral assemblage still preserved,
mainly composed by plagioclase and augite; D) Amygdule with subcircular form filled with quartz in a fine-grained
groundmass of augite, plagioclase and glass (replaced by chlorite); E) Fine-grained basalt; F) and G) Backscatter
electron image of representative basaltic sample, showing primary Fe-Ti oxides and EDS spectra associated
titanomagnetite with ilmenite alteration;, H) Backscatter electron image showing primary titanomagnetite with
ilmenite alteration, Mineral abbreviations: (Aug) augite, (Chl) chlorite, (Ilm) ilmenite, (Plg) plagioclase, (Sph)

sphalerite, and (Ti-Mag) titanomagnetite.

5. Paleomagnetic results

The paleomagnetic data were obtained from U-Pb—dated volcanic rocks in the Carajas Basin
(Parauapebas Formation). In the studied rocks, AF demagnetization was more efficient than thermal
demagnetization. In all specimens it as possible to identify a low-coercivity viscous remanent magnetization
(VRM) component below 16 mT. This magnetic component was used to rotate the drill core sections to the

true north position, assuming the orientation of the VRM coincides with the recent dipolar field (Fig. 6).

AF demagnetizations for the N4WS-F1279 drill hole reveal a ChRM of southeastern direction and
low inclination (Fig. 5A, 5E) or of northwestern direction and low inclination (Fig. 5B, 5C). The remanence
is carried mostly by magnetite as showed by thermal demagnetization with a high blocking temperature
(~540°C; Fig. 5D). At the bottom part of the core, from 0 m to 54 m, the inclination values are greater than
30° (Fig. 5F). Specimens from the NAWS-F1515 core show a similar ChRM than the top part of N4WS-

F1279 with a northeastern direction of low inclination (Fig. 5G, 5H).
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Table 1. Paleomagnetic results for 2.75 Ga Carajas basalts and associated baked contact tests.

Site

Lithology Depth (m) Characteristic remanent magnetization VGP
n/N Dec (°)  Inc (°) k 095 (°) Plat (°N) Plong (°E)

F1279 (6.095°S / 50.184°W; strike: 184° and dip: 9°)

F1279-E Basalt 52.20 5/6 162.5 53.6 65.4 4.8 -57.6 337.5
F1279-F Basalt 49.00 11/12 132.7 39.5 53.6 10.8 -41.6 15.1
F1279-G Basalt 35.00 6/9 175.3 53.8 94.9 9.5 -61.4 317.9
F1279-7D Basalt 14.00 16/17 342.6 -62.5 28.5 7.1 -49.3 329.1
F1279-7E Basalt 7.00 4/5 336.9 -56.1 30.6 16.9 -52.9 341.2
Mean sites C1 5 156.4 54.1 384 12.5 -54.3 342.4
F1279-A Basalt 347.20 12/13 146.1 46 43 6.7 -6 447
F1279-B Basalt 340.30 2/9 150.8 0.1 93.5 5.8 -60.2 50.5
F1279-C Basalt 334.05 4/4 132 39 36.3 155 42 427
F1279-H Basalt 298.10 9/9 16 4.9 96.6 6.3 253 455
F1279-1 Basalt 294.70 8/11 154.5 72 108.5 69 627 60
F1279-] Basalt 285.00 15/18 144.8 18 334 53 -3 32.4
F1279-L Basalt 265.20 1315 1486 31 281 >3 S84 468
F1279-M Basalt 264.50 5/5 152.2 5.1 30.4 6.7 -62.1 45.9
F1279-0 Basalt 238.40 6/7 115.6 13.2 55.3 8.1 1.7 329
F1279-p Basalt 226.85 211 313.7 -14 40.3 14.5 -16.3 342
F1279-Q Basalt 196.15 5/5 332.4 -18.3 20.3 9.1 -34.9 32.6
F1279-R Basalt 184.20 4/5 143.4 20.3 36.7 9.4 -53.5 30.4
F1279-S Basalt 171.10 L0/15 130.3 -8.1 36.3 17.4 -393 50.2
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F1279-T Basalt 143.95 11/14 103.9 -13.6 24.7 13.9 14.7 45.4
F1279-U Basalt 125.40 4/6 122.6 -17.2 197.5 8.5 -30.9 53.9
F1279-V Basalt 12035 6/6 302.5 -17.4 26.2 9.4 -5.4 31.4
F1279-X Basalt 102.90 13/15 294.6 8.2 39:5 6.6 38 43.6
F1279-Y Basalt 90.90 14/14 129.8 -13.3 95.1 13.3 -38.3 534
F1279-7 Basalt 81.95 6/6 134.3 7.9 62 6.8 -16.6 37.5
F1279-7B Basalt 75.00 5/5 115.6 -20.8 81.5 4.1 3.5 50.3
F1279-D Basalt 67.9 8/9 3154 -31.9 27.2 8.6 -18.4 23.6
F1279-2C Basalt 57.80 15/15 162.7 22.8 66.2 8.5 =72 19.9

F1515 (6.082°S / 50.195°W; strike: 352.1° and dip: 14.2°)

F1515-E-D* Basalt 728.55 4/4 140.7 39.5 G.C. 10.3 -48.7 12.4
F1515-E-B* BIF 728.55 4/8 151.5 39.4 G.C. 219 -58.1 6.4
F1515-M Basalt 611.60 18/18 301 -31.8 65.9 43 -31.4 233
F1515-Y Basalt 417.55 9/9 289.8 16.9 70.9 6.5 -18.5 51

F1515-Z Basalt 416.10 14/14 301.7 22.6 25.2 8.4 -29.3 57

F1515-ZB Basalt 402.25 14/15 159 26.2 54.1 5.5 -67.9 17.7
Mean sites C2 28 134.3 6.8 11.3 8.5 -44.6 40.5

n/N =number of analyzed samples/number of samples used in the mean; Dec. = declination; Inc. = inclination; 095 and k = Fisher's confidence
cone and precision parameter (Fisher, 1953); G.C —Great circles analysis; VGP — Virtual Geomagnetic Pole; P. Long — Paleolongitude; P. Lat

— Paleolatitude. * = Samples from baked.
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Fig. 5. Examples of AF and thermal demagnetization from the Parauapebas Formation basalts. A-F are examples
for basaltic rocks from N4WS - F1279 drill hole (black); G and H are examples from N4WS - F1515 (grey).
Demagnetization results are presented with stereographic projections, orthogonal projections and normalized

magnetization intensity curves (M/Max versus alternating field H or thermal T).

The ChRM direction and latitude of Virtual Geomagnetic Pole (VGP Lat) are plotted along the
stratigraphy in Figure 7 after deleting the samples with MAD >8°. Whereas the top part of NAWS-F1515
is not well-defined due to the intercalation of BIFs (not sampled), the N4WS-F1279 drill hole shows several
inversions of polarity (three) along the stratigraphy indicating that our sampling averages the secular
variation of the geomagnetic field. As we mentioned before, at the bottom part of the NAWS-F1279 core
(ca. 56 m), the inclination’s plot shows a change in its values, showing values greater than 30°. For this
reason, we divide the results into two groups, Carajas 1 (steep inclination) and Carajas 2 (low inclination),

and calculate the mean paleomagnetic pole for each (C1 and C2, respectively) (Fig. 6).

For the C2 group, eight sites show “NW” direction and twenty sites “reverse” direction, both
showing low inclination values, so that a reversal test was performed between these clusters. A primary
approach is graphic showing that the mean normal (NW) and reverse polarity directions are statistically
undistinguishable when corrected to the paleohorizontal (Fig. 7). Due to the low inclinations, we preferred
a bootstrap reversal test (Koymans et al., 2016) (Fig. S2) to calculate the mean directions for the two
distributions: Dm = 306.5°, Im = -6.8° (N = §, k = 10.2) for the NW direction, and Dm = 137.9°, Im=7.1°
(N =20,k =12.6) for the SE direction. When performing the statistical test from McFadden and McElhinny
(1990), statistical parameters are: N = 28 and critical angle = 15.1°, which classifies it as class-C. The C2
group is constituted of two different cores (N4WS-F1279 and NAWS-F1515) but as the dip of the both side
of the fold are really low, the fold test is inconclusive (Tauxe et al., 1994). Overall, using both normal and
reverse site mean directions, 28 sites (C2) in the almost entire section (lava flows 3 to 12; 57 to 728 m)
yield a mean site directions cluster around the mean Dm = 134.3°, Im = 6.8 ° (N =28, 095 =8.5%, k =11.3),

corresponding to the paleomagnetic pole at 40.5°E, -44.6°S (A95 =6.5°, K = 18.5) (Fig. 6A).
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The second group (C1) consists of only 5 sites from the bottom section of NdWS-F1279 (<57 m;
Fig. 7), which is below the limit to perform a reversal test (McFadden and McElhinny (1990). The C1
component is characterized by remanent magnetizations southerly directed and with medium downward
inclinations. Their site means directions group around Dm = 156.4¢, Im = 54.1° (N =5, 095 = 12.5°, k =
38.4) and the C1 paleomagnetic pole is located at 342.4°E, -54.3°S (A95 = 14.8°, K = 27.8) (Table 1; Fig.

6B).

Parauapebas Fm.
(F1279 & F1515 combined)

Parauapebas Fm.
(< 54m, F1279)

D=134.3" _ D =156.4°
| =6.8° | =54.1°
095 =8.5° 095 = 12.5°
N =28 N=5

k=113 k=38.4

Fig. 6. Stereoplots showing paleomagnetic data for Parauapebas Formation, Carajas Basin. Site mean
characteristic remanence directions with circles of 95% confidence for 26 sites from C2 (A) and 5 sites from CI (B).
Site means are represented as black (N4WS - F1279) and grey (N4WS — F1515) circles; red and green stars in each
stereogram represents the grand mean and viscous for each set of sites, respectively. We reconstructed the in-situ
sample orientation using the recent viscous magnetizations that need to be aligned with the present magnetic field at
the location. Viscous yield a mean directions cluster around the mean Dm = -20.0°, Im = -2.7°, 095 = 8.0°. PDF —

Present Dipolar Field; PGF — Present Geomagnetic Field.
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Fig. 7. Lithostratigraphy, litholog, paleomagnetic sites, ChRM directions, VGP latitudes and magnetostratigraphy
from the Parauapebas Formation basaltic section. The magnetostratigraphy shows reversal polarity directions up
the stratigraphy and a major shift in paleolatitude across the flow 3 to 4 boundary (~55m). Reverse and normal (NW
direction) polarity are white and black zones, respectively. 1 = Age correlated from Martins et al. (2017).

Lithostratigraphy’s legend is the same from Fig. 2.

5.1. Baked contact test

Secondary magnetization in igneous (volcanic) rocks may result from physicochemical changes that
somehow influence the composition and/or structure of magnetic minerals and must leave an imprint in
rock-magnetic properties. Despite the difficulty to describe dykes/sills in drill core samples, it was possible
to perform a reversal baked contact test between a small ramification of the Parauapebas magmatism and
the host Carajas BIFs where the contact was visible. Fig. 8A is a schematic sketch showing a Parauapebas-
associated gabbroic dyke cross-cutting the Carajas BIF sample. Correlation with SHRIMP dating of zircon
grains in the same mafic dyke/sill that cuts the Carajas Formation suggests an age of 2745 = 5 Ma (Martins
etal., 2017) for this subvolcanic rock. The baked host rock sample (Carajas BIF) taken directly from bottom
contact (Fig. 8A) of 1 m wide transversal mafic dyke shows a ChRM similar to that of the dyke (Fig. 8B;
Table 1), and consequently, similar mean direction. The gabbroic dyke shows mean site directions around
the mean Dm = 140.7°, Im = 39.5°, 095 = 10.3°) (Fig. 8B; Table 1). At contact (<5 cm), the Carajas BIF
samples show a similar direction (Dm = 151.5° Im = 39.4°, 095 = 21.9°) (Fig. 8B; Table 1). In contrast,
samples collected far away from the contact (>100 m downwards) have distinct mean direction (Dm =
301.0° Im =-31.8° a95 = 4.3°) (Fig. 8B; Table 1). This preliminary baked contact test indicates that these
BIF samples near the contact were baked during the intrusion of the dyke at ~2.745 Ma. The different
remanent magnetization direction, with unblocking temperatures >450 C, isolated for samples far away of
the dyke contact (see Fig. 5) indicates that this was not thermally affected by the intrusion of dyke. While
the mean directions from the baked host rocks are well defined (Fig. 8B), we interpret these data only as a

preliminary-positive baked contact test due to the small number of samples, which prevents calculating the
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statistics of mean directions for the baked or unbaked host rocks. Unfortunately, no paleomagnetic study

were perform in the BIF section to assert its primary direction and no constrain of the depositional timing

between the dyke and the BIFs are available but our test indicates a reheating of the BIF at contact. Such

features indicate that the nature of magnetization recorded by the lava flows and dyke reported here was

acquired at the time of their cooling and emplacement.
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Fig. 8. Parauapebas formation baked contact profile test at location F1515-E (~728 m): A) Location and sampling
profile at samples used at baked contact test; B) Stereonet projections showing characteristic behavior of natural
remanence to AF demagnetization for three representative samples, near dyke contact (samples F1515-E4Ba and
F1515-E5) and unbaked rock sample at ~115 m from the contact (F1515-M2); C) Orthogonal projections

(Zijderveld plot) for these representative samples.

6. Rock magnetism

Identifying magnetic carriers provides crucial information about the magnetization, timing and
information about the geological processes involved during the magnetization of the rock. We applied
several rock magnetic analyses to the Neoarchean basalts from Parauapebas Formation, including
thermomagnetic curves (bulk susceptibility k versus temperature T), hysteresis measurements and
isothermal remanent magnetization. Because the rock magnetic characteristics of the studied volcanic rocks

were very similar across the basins sampled, we describe their magnetic mineralogy collectively.
6.1. Thermal susceptibility

Thermomagnetic curve (low-field susceptibility versus temperature is a very useful tool to identify
the minerals that carry the magnetic remanence (Hrouda, 1994), as it gives precise information about the
Curie Temperature of ferromagnetic materials, characteristic for each mineral (Dunlop & Ozdemir, 1997).
Thus, high temperature curves were performed in representative samples. High-temperature
thermomagnetic curve in the sample F1279-P shows Curie temperature around 575 °C (Fig. 9A), typical of
thermally stable magnetite grains (Dunlop & Ozdemir, 1997). In all irreversible curves (Fig. 9)
susceptibility increases during the cooling phase, indicating that probably magnetite is being formed during
heating, producing a new magnetic phase. The sample F1279-P also suggests the development of hematite
(Fig. 9A). This behavior was also observed during the thermal demagnetizations. Sample F1279-X shows
a curve with irreversible behavior characterized by different trajectories during heating and cooling and

small fall between 500 and 600 °C indicating the presence of magnetite in small quantity (Fig. 9B).
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Fig. 9. High temperature thermomagnetic curves from Parauapebas formation. Red and blue curves for heating and

cooling, respectively. Kt is bulk susceptibility in International System (SI) units. See main text for details.
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6.2. Hysteresis and isothermal remanent magnetization curves

Hysteresis loops of the Parauapebas samples show typical behaviors of PSD magnetite characterized
by narrow-waisted hysteresis curves (Fig. 10A-C). IRM curves were acquired for 15 specimens and three
representative examples are illustrated in Fig. 10D-E. Presence of magnetite in the Parauapebas lava flows
is confirmed by IRM curves, which reach at saturation without presence of hematite or hard-coercivity
minerals. Based on thermomagnetic curves, IRM acquisition curves and demagnetization diagrams (Fig. 5)
we interpret that the remanence is carried mostly by Ti-poor magnetite. Furthermore, the petrographic

observations also support magnetite as the predominant magnetic carrier in these rocks (see Section 4).

Day plot diagram (Day et al., 1977; Dunlop, 2002) is a powerful tool to visualize the domain state
of magnetic minerals, especially magnetite. The Day plot values can be found in the Supplementary
Material (Table S1). All studied samples fall into pseudosingle domain (PSD) range or along a trend parallel
to the theoretical SD/MD mixing curves of Dunlop (2002) (Fig. 11). According to the Day’s diagram, the
studied samples contain about 10-40% of SD grains, except for sites F1279-J, F1279-ZB, F1279-ZD and
F1279-ZE, which has less (~10%) SD grain contribution (Fig. 12). This behavior is consistent with the
good magnetic stability obtained during AF and thermal treatment. For the studied basaltic flows, the PSD

magnetite is formed during the magmatic stage, and no evidence of secondary magnetite was observed.
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Fig. 11. Day diagram modified by Dunlop (2002), indicating the state of domain of magnetites. Samples from
Parauapebas Formation correspond to the pseudo-single domain (PSD) field. Dashed line represents the theoretical
mixing curve for MD grains at different percentages (black dots) with SD magnetite (Dunlop, 2002). Magnetic

parameters used to construct this diagram are given in Supplementary Table 1.

7. Discussion
7.1. Reliability of paleomagnetic poles
7.1.1 C2 group

The C2 group is defined using two different drill cores (N4WS-F1279 and N4WS-F1515) as two
different locations. Similarities between these two cores strengthens the use of this component as
characteristic of the Parauapebas Formation. The Parauapebas Formation C2 pole (-44.6°S, 40.5°E, A95=
6.5°) satisfies 5 (Q = 5) out of the 6 quality criteria proposed by Meert et al. (2020), if we discard his seventh
criterion as suggested in the Paleomagia database for Precambrian rocks (Pivarunas et al., 2018). (1) The
age 1s well-defined at 2749 + 6.5 Ma by correlation with the NAWS-F1338 and the N4WS-F1515 cores
which are on the same sequence (Martins et al., 2017). (2) Stable southeastern, low downward/upward

inclination (C2 component group) were determined for 171 specimens from 20 out of 28 analyzed sites of
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the Parauapebas volcanic rocks, and has adequate Fisher’s statistical parameters (A95= 8.5°, K = 11.3)
(Table 1). Remanence vectors were well-isolated using stepwise AF treatments, and thermal
demagnetizations. They were calculated by the principal component analysis (Kirschvink, 1980) through
the visualization of magnetic directions plotted in the Zijderveld diagrams and stereographic projections;
(3) The dominant magnetic phase in Parauapebas samples is magnetite, which is supported by the Curie
temperature (580—590 °C) determined in the thermomagnetic susceptibility experiments (Fig. 9) and by
rock magnetic experiments (Fig. 10; 11). (4) An inverse preliminary positive baked contact test was
obtained for a Neoarchean dyke/sill cutting across the upper banded iron formations. This test indicates that
reheating of the BIFs at contact which can constrain the age of magnetization of this dyke during its
emplacement. (5) No significant metamorphism or deformation is observed in the Parauapebas lava flows
and neither in the banded iron formation (upper sequence) in the area (see Martins et al., 2017 for details).
The inconclusive fold test does not allow to satisfy this criterion. Further studies will have to sample these
formations on different flanks of more inclined folds. (6) Both polarities were observed in the studied
samples and the components pass a reversal test (Table 1), which implies the secular variation was averaged
out. (7) Also, the ca. 1890-1850 Ma Uatama dykes that crosscut basement rocks from Carajas Province
show a very different ChRM direction (e.g., Dm= 132.8°, Im= 76°, N = 26, 095 = 5°, k = 32.7, yielding the
paleomagnetic pole at 328.7°E, 23.3°S, A95 = 8.7°, K = 11.7), for which a positive baked contact test was

obtained (Antonio et al., 2017; 2021).

Furthermore, the reliability of the results is indicated by the well-preserved primary mineral
assemblages and igneous textures from the samples (see section 4), in which the secondary alteration
observed (mainly chloritization) is attributed to seafloor hydrothermal activity (Martins et al., 2017;
Figueiredo e Silva et al., 2020). It implies that these basaltic lava flows could not have been heated beyond

the blocking temperature of magnetite (~450-550 °C) after their emplacement.
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7.1.2 CI group

Although more scattered, the C1 directions were isolated in the investigated rocks (Fig. 6B) yielded
a paleomagnetic pole (-54.3°S, 342.4°E, A95 = 14.8°) difterent to the C2 pole. This paleomagnetic pole was
calculated for 3 basaltic flows and is located at bottom part of Parauapebas Formation(<57m). The age of
the bottom part of the NdWS-F1279 is not defined but the U-Pb older age on zircon of the Parauapebas
Formation was given by Machado et al. (1991) at 2759 + 2 Ma. We can speculate that this age can be

assigned to the bottom of this unit to represent the C1 group.
7.2. Age and correlation of magmatic events

Well-exposed and preserved Archean cratons and cratonic fragments typically display numerous
episodes of mafic events associated or not with LIPs (Large Igneous Provinces), and therefore a well-
defined rock record of mafic magmatism is recorded. Bleeker & Ernst (2006) introduced the concept of a
magmatic ‘barcode’ record of mafic magmatism through time for specific cratonic blocks which can be
easily visualized. Age magmatic barcodes provide a convenient graphical representation of the magmatic
events within cratons. Each mafic magmatic event from a mafic dyke swarm, sill province, layered intrusion
or indeed a continental flood basalt province is defined by a temporal line in the barcode. Similar magmatic
barcode and paleogeographic position indicate if the cratons were a part of a common crustal framework,
whereas divergent magmatic barcodes and paleogeographic position indicate the cratons were presumably

dispersed during this time interval (e.g., Bleeker & Ernst, 2006).

Due to post-eruption tectonic fragmentation and erosion, the preserved volume of the Parauapebas
basalts is less than minimum required size for a LIP (100,000 km?) (e.g., Ernst, 2014). However, the
available precise geochronological data revealed that the thick volcanic lava sequence was formed in a short
duration (Machado et al., 1991; Olszewski et al., 1989; Martins et al., 2017). The huge thickness of the
basalts from Parauapebas Formation (2—3 km; Cabral et al., 2013) is comparable with those of Siberia and

Emeishan LIPs (Zhang et al., 2019). As already mentioned, we consider that the tectonic setting of the
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Parauapebas Formation results from the rifting of older continental crust. However, it is unclear whether
the rift-related setting attributed to Parauapebas volcanism may be linked to a mantle plume event or a
transition from a collisional to the post-collisional environment, followed by rifting (Martins et al., 2017,
Tavares et al., 2018). This latter is considered to result from delamination of lithospheric mantle and lower
crust or slab breakoff (e.g., Rudnick & Gao, 2003) accompanied by upwelling of asthenospheric mantle.
One step ahead from the indication that this rift-related setting is a result of a post-collisional environment,
and therefore not directly associated to mantle plume breakouts events, is the absence of plume signature
on the geochemical data from the Parauapebas formation basalts. These rocks preserve characteristics
related to a previous collision or metasomatic mantle event (Martins et al., 2017). Nevertheless, the
hypothesis that this volcanism originated by mantle plume activity cannot be entirely ruled out (Teixeira et
al.,, 2021). If it is correct, the ca. 2750 Ma igneous activity in Carajas Basin meets at least three
characteristics for a LIP, i.e., short duration, huge thickness and typical rift-like geochemical signatures.
Thus, we incorporate Carajas block in the followed magmatic barcode as a LIP fragment within Amazonian

craton (Teixeira et al., 2021; Rossignol et al., 2021).

Magmatic age barcodes for the southeastern part of the Amazonia craton, Carajas Province, were
compared with age barcodes for the Pilbara, Kaapvaal, Superior, Karelia, and Singhbhum cratons (Fig. 12).
As we have mentioned before, the ages for the oldest and youngest Parauapebas Formation lava flows vary
from 2759 + 2 Ma (zircon U-Pb age; Machado et al., 1991) to 2749 + 6.5 (zircon U-Pb age; Martins et al.,
2017) (Fig. 2B). The age of 2749 + 6.5 was obtained in the same dataset (C2) used in this study. Ca. 2.75
Ga magmatism coeval with the Parauapebas basalts exist in the stabilized Pilbara (the Fortescue group),
Kaapvaal (the Ventersdorp group) and Singhbhum (NNE dyke swarm) cratons, and in the non-stabilized
Karelia (Panozero) and Superior (Wabigoon tholeiitic dykes) cratons (Fig. 12). Moreover, Pilbara,
Kaapvaal and Carajas show similarities between their magmatism as a bimodal affinity. The next magmatic
age barcode (do not shown) match for the Amazonia craton is at ca. 2.0 - 1.8 Ga (Uatuma event) with other

widespread throughout world cratonic areas (e.g., Laurentia, Zimbabwe, Kalahari, Baltica, Sdo Francisco).
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The age of the rifting event (~2.7 Ga) in the Carajas basin broadly coincides in time with the break-
up of one of the first documented supercontinent (Eriksson & Condie, 2014; Pesonen et al., 2003; Reddy
& Evans, 2009; Salminen et al., 2019; Rossignol et al., 2020; Fig. 12). For instance, the onset of rifting in
the Pilbara and Kaapvaal cratons occurred during the course of the Neoarchean, at ~ 2.7 Ga (Blake, 1993;
Olsson et al., 2010). Continental rifting event also affected the Karelian-Kola and Superior cratons, which
had started around the Neoarchean-Paleoproterozoic boundary at ~2.50 Ga (Amelin et al., 1995; Ernst &
Bleeker, 2010). Furthermore, Rossignol et al. (2020) also illustrated that the Neoarchean to
Paleoproterozoic tectonic setting of the eastern Amazonia Craton compares with those documented in other
major cratons across the world, and suggest that it could record the break-up of one of the first documented
supercontinent (Gumsley et al., 2017; Salminen et al., 2019). They suggested that the eastern Amazonia
Craton (Carajas Province) could have been part of a much larger supercraton named Supervaalbara during
the Archean, along with the Sao Francisco, Superior, Wyoming, Kola and Karelia, Zimbabwe, Kaapvaal,

Tanzania, Yilgarn, and Pilbara cratons (Gumsley, 2017; Gumsley et al., 2017; Salminen et al., 2019).

Therefore, based on matching ca. 2.75 Ga magmatic barcode with similar cratonization ages, it is
possible to conclude that Kaapvaal, Pilbara, Singhbhum cratons, and perhaps Carajas Province were nearest
neighbors in the late Archean. Furthermore, based on coeval 2.75-2.68 Ga magmatism and tectonics
similarity in Pilbara, Kaapvaal, Singhbhum, Karelia and Superior cratons, and Carajas block, we could
propose that these blocks were parts of the same supercraton at this time. As the location of the Carajas
block during the Neoarchean could be constrained by the new paleomagnetic data showed, this hypothesis

will be discussed further.
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Fig. 12. Magmatic barcode for some of the Archean cratons, with each individual magmatic event denoted. These

include the following events (dyke swarms, sill provinces, and other components of LIPs): 1 - Munni Munni; 2 -

Fortescue; 3 - Woongarra; 4 - Nsuze, 5 - Crown; 6 - Hlagothi; 7 - Derdepoort; 8 - Ventersdorp,; 9 - Rvkoppies-White

Mfolozi; 10 — Mvunyana, 11 - Ongeluk, 12 - Wabigoon, 13 - Otto, 14 - Ptarmigan-Mistassini; 15 — Matachewan R;

16 — Matachewan N; 17 -Panozero, 18 - Shalskiy,; 19 - Burakovka; 20 - Taivalkoski; 21 — Malaigiri; 22 — Singhbhum

NNE dykes; 23 — Parauapebas. The width of individual bars corresponds to the 2o error in radiometric ages and ‘B’

denotes bimodal magmatism. Star denotes the end of cratonization (Bleeker, 2003; Halla, et al., 2017). Data mostly

from Ernst & Buchan, 2001. The arrow indicates the range of rifting ages. Pilbara Craton after Blake, (1993),

Kaapvaal Craton after Olsson et al. (2010), Karelian-Kola Craton after Amelin et al. (1995) and Superior Craton

after Ernst & Bleeker (2010).
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7.3. Magnetostratigraphy

The ChRM directions and VGP latitudes of the individual site means for the Parauapebas Formation
are plotted from oldest to youngest in Fig. 7. Two particular components of this scheme may prove useful
in assisting stratigraphic correlations within the Parauapebas Formation basaltic flows across the Carajas
Basin: (i) reversal polarity directions up the stratigraphy and (ii) the major shift in paleolatitude across the
flow 3 to 4 boundary (~55m). At least three possible magnetic reversal events are identified in the lava flow
sequence from the Carajas Basin (Fig. 7). Although these reversal events have not been useful in
stratigraphic divisions, we tried to correlate with to those observed by Strik et al. (2003) in the 2775-2715
Ma rocks from the East Pilbara Basin. The best fit between both magnetostratigraphic scales is achieved in
the lower part of Parauapebas interval, bearing dominant normal at the base (Fig. 13). The thicker reversal
zone at sites 16—27 would then correlate with that of P2 package, and the following large “NW direction”
that comprises the boundary between upper basalts and lower BIF with that of normal interval in P4-P7
packages. Given the scarcity of well-defined paleomagnetic data from some parts of the sequence in both
areas (Carajas Basin and Pilbara Craton), it is possible to correlate only one Archean magnetic reversal
events (Fig. 13). Nevertheless, our results also corroborated with the possibility that these geomagnetic

reversals represent the oldest known geomagnetic field, as previously proposed by Strik et al. (2003).

The reconstructed paleolatitudes from the Carajas Basin reveal a major change in the paleolatitude
position (average of 31.2° Fig. 13) across the flow 3 to 4 boundary (~55m, C1 to C2). However, this
significant change is not observed in petrographic and geochemical data from previous studies (e.g.,
Martins et al., 2017). If the adopted SHRIMP zircon ages are correct, this suggest that the difference from
above and below the boundary between sites 28 and 29 (~55 m) is 10 million years (Myr) with an error
range of £ 8.5 Myr (ages from Machado et al., 1991 and Martins et al., 2017). Thus, assuming an Earth
with the current radius, the average shift is ~3466 km, which gives an average rate of shift in paleolatitude
of ~34.6 cm/year (3.12°/Ma) in a period of 10 Myr. Within the 95% confidence errors of both the

geochronology and the paleomagnetic study, the minimum apparent drift rate (latitudinal velocity) is
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approximately >6 cm/year. Each pole’s paleolatitude uncertainty is normally distributed about its mean
with 26 = 095. Importantly, because the longitude of the Carajas block during the relevant time interval is
unknown, the discussed drift rates are lower bounds. Since this time-averaged rate of horizontal motion is
faster than typical of modern plates (~4cm/year; Zahirovic et al., 2015), the paleomagnetic record is
suggestive of either uniformitarian or episodic rapid operation of plate tectonics (Gerya et al., 2019) in the
Carajas before ~2.7 Ga. This hypothesis is not well constrained, and represents another opportunity for
further work. In additional, the discrepancy in the Carajas paleomagnetic poles could also be explained by
a true polar wander event and/or nondipole magnetic fields. Constraining the relative contributions of each
of these components in Carajas block and other cratons is also necessary to resolve these issues.
Furthermore, the mean paleolatitude positions of the remaining sites (1-28; 57 to 728 m) have similar
average paleolatitudes with overlapping errors, which implies that either no significant latitudinal

movement occurred or that it cannot be resolved with the current amount of data.
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Fig. 13. Paleolatitude vs. schematic stratigraphy, and correlation between Carajas Basin (Parauapebas Fm.) and
the East Pilbara Basin (P1 to P7). A major change in the paleolatitude position (average of 31.2°) across the 28-29
boundary (CI to C2) is noteworthy. We interpret that the best fit between both magnetostratigraphic scales is
achieved in the lower part of Parauapebas interval, bearing dominant normal (NW direction) at the base following
a subsequent large reversal period, thus restricting its age to 2.77-2.76 Ga. Interpreted East Pilbara polarity with

approximate ages extracted from Strik et al. (2003).
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7.4. Implications for Archean Supercratons

The hypothetical supercontinent formed by the end of the Neoarchean has been given the name
Kenorland. The name was suggested for the first time by Williams et al. (1991) after the 2.7 Ga Kenoran
orogeny consolidating the Superior craton in North America. The alternative to a united Kenorland
supercontinent is a paleogeographic model of distinct, freely drifting, continent-sized supercratons,
including Superia, Sclavia and Vaalbara — each containing several modern cratons with characteristic ages

of amalgamation, ca. 2.7, 2.6 and 2.9 Ga, respectively (Bleeker, 2003: Evans et al., 2016).

One of the earliest known potential Archean crustal configurations is that of Vaalbara (e.g., Cheney,
1996; de Kock et al., 2009), which incorporates ancient crust in southern Africa (Kaapvaal) and Western
Australia (Pilbara). The connection between the Pilbara and Kaapvaal cratons begins with a comparison
between the geology and geochronology of both cratons, and the parallel development of the Neoarchean-
Paleoproterozoic stratigraphy that is the core of the Vaalbara hypothesis. In particular, good indicators are
the Paleoproterozoic iron formations (Trendall, 1968), but there are also broader links between the 3.5 Ga
and 1.8 Ga volcano-sedimentary basins and mineral deposits (e.g., Button, 1976; Cheney, 1996). Since
these early contributions, new paleomagnetic data have become available that can both support (e.g., Strik
et al., 2003, de Kock et al., 2009. Denyszyn et al., 2013) and discredit (e.g., Wingate, 1998) the concept of
Vaalbara. Recently, Kumar et al. (2017) shows the broad geochronological and paleomagnetic similarity
between the Kaapvaal with that of Singhbhum Craton in India at 2.81-2.76 Ga. It implies that Singhbhum
Craton was also likely part of Vaalbara configuration at this time. Later, Gumsley (2017) and Gumsley et
al. (2017) proposed that these cratons were not nearest neighbors but were instead parts of a much larger
supercraton named Supervaalbara. This supercraton included the Superior, Wyoming, Hearne, Kola +
Karelia, Kaapvaal, Pilbara, and perhaps Singhbhum cratons. Furthermore, Salminen et al. (2019) follow
these authors and demonstrated that Uaud block, a fragment of Sao Francisco craton, could have been part

of the Supervaalbara supercraton by 2.62 Ga.

90



16

(nS) JOIrYadNs
L10T Te 39 Jewny| S 11 0'8L oyl LT0T 'Te 30 Jewnyy CFTILT SOYAQ NN IS
(1S) WAHGHONIS
¥00T T8 39 23e1d *€00T ‘T8 19 IS 14 94! 8¢l ¥'0S- 00T ‘Te 30 aerg 0¥LT0TLT L~ 93exord ereqrid vd
¥00T '[8 39 23e1d “€00T ‘18 19 IS € sl LTS S9p- 00T ‘T 30 oe[g CFI9LT T d8exoed eleq|id ¢d
£00C "1 30 qIIS 9 L't 0091 01y 1661 ‘T 319 Ipuly LFILLT [ o3exdeq eIeqid 4!
$861 ‘uoI[quIy 29 IPIUYOS L 9L 0'8LI ves- 6661 “ETUIA CFCLLT sifeseq 20y JUNON Id
@ vyvaid
110T USUOYI03 29 USUBLIDIN S §'1c g'col S'LY- 7002 ®lleH CF189C SPLOJINUES 9193107 e
600¢ AOUNQE[S 29 BUIUQNT] S 'y 1'92C col- LOOT T& 10 A9Kd3 1S 8FSI9LT Sprojynues o1ozoued 13
() vITANVI
(6007) '8 10 003 op S 8¢ 9'SPve 8'69- 166118 30 Suonswry €ILTILT s)jeseq oSpLIUe[[Y L |
8661 “IBTUIM 9 A LY 9'6¢- 8661 “1eIUIM S FT8LT 1eseq 1oodapra( [
€10T Te 32 ukzsAuo(q S 9'8 ¥l 9'Ly- €10T ‘T 12 ukzsAua(q I F¥8LT 01qqe3 adipoy DI
OD TVVAdVVY
Aps sty % $9 soy 9vy- LT0T 'Te 19 suntey S9OFO6YLT ¢ 'w seqodenereq 48
Apmis sty 9 87l Pve (%% 1661 'T& 30 OpBYIRIA CFO6SLT | ‘wy seqadenereq 1D
O) Syrvavo
SAOUIJY M S6y7 (4,) 8uord (No) e1d SAJUQIJNY A8V (eN) 28V U Y00y apo)

‘sajod orjaudvuioapd pqoi3 I 00LZ-08L7 02 L1jpnb-y3iy pa1oajas g a1q g

¥ ojnydn)



6

‘pasn a1k sajod yjIou o) ‘erjaIey] pue ‘Jurtioh g\

‘rouadng 104 (07T T8 10 HOJIA) BLIOILIO AN[IQRI[OY Y "PAIPIS SIS JO 1oquuinu :N 9jod oY) JO 9]0110 90UIPIJUOD %66 ‘S6y opmiduo] pue apmue] ojod oxe Suold “re[d '+1 51, ur opoo oy} 03 spuodsariod 9po)

¥00¢ OuBwEeH 79 BIBYIYSO A 14 0°LI1 0co¢
800C 'Te 32 uny[es S 0y 8°6¢¢
€861 “dojung v 'L 00T

0661 ‘PAOI'T % oJeH 1% 8'LT ['L0¢

0 vy~

9°¢8-

LOoI-

L8

(€661) 'Te 10 [PANRYD

0007 'Te 32 owdIg

(G861) '[e 19 UOSLLIOIA

(6861) 101§ 2 NJ10D

6 F 69T soynewoy amsuleg 1Z
(2) AMaVINWIZ
b F S0LT X]dwiod 1ojeM[[1g M
(M) ONIWNOAM
[ FTELT 01qqes uoosiqep Tns
€FLYLT yijoyeq axe] 21qoq ns

¥ ojnydn)



Capitulo 4

Integrating our new paleomagnetic data (C2 and C1) with the comparison of magmatic
barcodes (see section 7.2) and paleopoles compiled from the major Archean cratons (Table 2)
that could have been part of the Supervaalbara configuration, we illustrate a plausible Archean
position for the Carajas block with respect to these cratons during 2760-2740 Ma (Fig. 14). The
details of selected high-quality 2800-2700 Ma paleomagnetic poles are shown in Table 2. The
new ~2760 Ma Carajas pole (C1) locates the southeastern part of the Amazonia Craton at low
latitudes of 34.6 £ 12.5° (upper globe in Fig. 14). Because of some similar geological records
(e.g., coeval bimodal magmatism), we reconstruct the Carajas block close to the Kaapvaal,
Pilbara, Superior and Wyoming cratons. Singhbhum is reconstructed at steep latitudes and
could have been proximal during this time (Kumar et al., 2017). The matching ~2760 Ma
magmatism and overlapping paleolatitudes also support the proximity with the Karelia craton
(Fig. 14). This reconstruction is further supported by geological observations (Fig. 12). Note
that since longitude is not constrained in paleolatitude reconstructions, these cratons could still
have been situated up to 180° away from each other. Our speculative Neoarchean reconstruction
based on a modest amount of paleomagnetic data and comparison of magmatic barcodes

demonstrates that the Carajas block could have been part of the Supervaalbara supercraton.

After 2750 Ma, the paleolatitudes of the Carajas block and the abovementioned cratons
diverge over a large distance, indicating that rifting and separation of these blocks had started.
The expressive rift-related volcanism of the Carajas basin represented by the Parauapebas
Formation (Gibbs et al., 1986; Olszewski et al., 1989; Martins et al., 2017; Tavares et al., 2018)
and the onset of rifting in other major cratons across the world during the course of the
Neoarchean to early Paleoproterozoic also supports this hypothesis. It could record the break-
up of one of the first documented supercontinent (Gumsley et al., 2017; Salminen et al., 2019;

Rossignol et al., 2020). In the second stage at ~2749 Ma (lower globe in Fig. 14), Carajas
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Province is reconstructed to the lowest latitudes (C2 = 3.4 & 8.5°). However, encouraged by the
overlap of paleolatitude data for ~2740-2730 Ma, the Carajas block and Superior Craton are
reconstructed as nearest neighbors (Fig. 14) at this time. This juxtaposition could indicate that
the Carajas block was still connected in the Supervaalbara configuration at a lower latitudinal
position. Due to the limited amount of Archean-Paleoproterozoic paleomagnetic data for the
Amazonia craton, we are currently unable to test the duration of this configuration more

precisely.
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C1
‘é. 2759 Ma

ca. 2749 Ma

Yk Carajas poles

[l C = Carajas block

[l P = Pilbara craton

[ K = Kaapvaal craton
B Ka = Karelia craton
= Si = Singhbhum craton
[l Su = Superior craton
[] W =Wyoming craton
[l Z = Zimbabwe craton

Fig. 14. A plausible paleogeographic reconstruction for the Carajas block with respect to the Pilbara
+ Kaapvaal (Vaalbara), Karelia, Singhbhum, Superior cratons, Wyoming and Zimbabwe at ca. 2780-
2700 Ma after Strik, 2003, Denyszyn et al. 2013, Kumar et al., 2017 and Salminen et al., 2019. The
upper globe and lower globe correspond to the possible range of Carajds block paleoposition at ~2759

Ma (Carajas 1 — C1) and ~2749 Ma (Carajas 2 — C2), respectively. Paleopole numbers are as in Table
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2 and indicate a key pole (well-defined rock age and proven primary magnetization direction, Buchan

2014).

8. Conclusion

The first robust paleomagnetic data were obtained for the Carajas Province during the
Neoarchean (~2750 Ma). The results reduce the unsampled period in the available
paleomagnetic record from a fragment of Amazonia craton. We use paleomagnetic methods to
isolate two characteristic components, Carajas 1 and 2, and calculate the mean paleomagnetic
pole for each: C1 (~2759 Ma; 40.5°E, -44.6°S A95 =6.5°, K = 18.5) and C2 (~2745 Ma;
342.4°E, -54.3°S, A95 = 14.8°, K = 27.8). The restored paleomagnetic directions pass a
provisionally baked contact test within the ~2740 Ma Carajas banded iron formation. These
observations, combined with petrography and rock magnetic results, suggest a primary origin
for the magnetization. At least three possible magnetic reversal events are identified in the lava
flow sequence from the Carajas Basin. Although these reversal events have not been useful in
stratigraphic divisions, they could be correlative to those observed in the 2775-2715 Ma rocks

from the East Pilbara Basin.

Our paleomagnetic investigation integrated with the comparison of geological features
reveals that the Carajas block could have been part of the Supervaalbara supercraton
configuration during the Neoarchean (~2750 Ma) in a position nearest the equatorial line. Due
to the limited amount of Archean-Paleoproterozoic paleomagnetic data for the Amazonia

craton, we are currently unable to test the duration of this configuration more precisely.
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Fig. S1. Geological map of the N4WS body, showing the position of each sampled drill hole (modified

after Resende & Barbosa, 1972).
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Fig S2. Bootstrapped foldtest for Parauapebas Formation, Carajas Basin (C2 group samples). As the

dip of the both side of the fold are really low, the fold test is inconclusive (Tauxe et al., 1994).
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SUPPLEMENTARY TABLE

Table S1. Day plot (Day et al., 1977) database of the Parauapebas Formation’s samples.

Sample Mass (Kg) | Mr(Am?) | Ms(Am?) Her (T) Hc (T) Mr/Ms Hcr/He
F1279-B 0.000124 2.60E-03 1.62E-02 4.78E-02 1.84E-02 0.16 2.60
F1279-C 0.000138 3.14E-03 2.28E-02 4.99E-02 1.55E-02 0.14 3.21
F1279-D 0.000152 1.33E-03 8.21E-03 4.23E-02 1.52E-02 0.16 2.78
F1279-G 0.000142 2.40E-03 1.48E-02 4.24E-02 1.58E-02 0.16 2.69
F1279-] 0.000132 4.56E-04 4.68E-03 3.96E-02 8.64E-03 0.10 4.59
F1279-M 0.000131 1.63E-03 8.31E-03 3.62E-02 1.49E-02 0.20 2.43
F1279-P 0.000141 1.61E-02 1.35E-01 3.60E-02 1.25E-02 0.12 2.89
F1279-R 0.000141 9.66E-02 7.35E-01 3.70E-02 1.40E-02 0.13 2.64
F1279-T 0.000147 2.58E-02 2.19E-01 3.53E-02 1.16E-02 0.12 3.04
F1279-X 0.000159 1.89E-04 2.87E-03 3.20E-02 8.04E-03 0.07 3.97
F1279-Y 0.000134 7.78E-04 8.45E-03 3.35E-02 9.31E-03 0.09 3.60
F1279-7Z 0.000131 2.29E-03 2.03E-02 4.55E-02 1.21E-02 0.11 3.77

F1279-ZB 0.000134 5.29E-03 6.18E-02 4.08E-02 9.25E-03 0.09 4.41
F1279-ZD | 0.000123 7.32E-04 8.83E-03 4.12E-02 9.81E-03 0.08 4.21
F1279-ZE 0.000174 1.61E-02 1.85E-01 3.68E-02 8.67E-03 0.09 4.25

Coercivity (Hc), Coercivity of remanence (Her), Saturation magnetization (Ms) and saturation remanence (Mr).
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Abstract

One of the most important occurrences of banded iron formation (BIF) worldwide is situated
in the Carajas Mineral Province, southeastern Amazonian Craton. The BIFs are jaspilites and
are hosted in the Neoarchean (~2.74 Ga) volcano-sedimentary sequence of the Grio-Para
Group. They are mostly composed of cm-thick intercalations of hematite, jasper, and chert.
Their primary textures and structures are still preserved, which make them an ideal archive to
evaluate the paleomarine environment. Low abundance of Al2O3 (< 1.0 wt.%) and high field
strength elements (< 1 ppm) for most BIF samples indicate an essentially detritus-free

depositional environment. Overall, the rare earth elements and yttrium (REY) patterns show a
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weak positive lanthanum (La) anomaly, and a pronounced positive europium (Eu) anomaly
(Eu/Eu paas = 1.86 — 5.05), although the presence of true cerium (Ce) anomaly is not evident.
Stratigraphic variations in iron isotope compositions, up to 0.80 %o (8°°Fe = +1.10 to +1.90 %o)
over tens to hundreds of meters of stratigraphic section, point to relative changes in the iron
isotope composition of Carajas seawater over periods of a few million years. The jaspilites
show heterogeneous distribution of Nd isotopic signature throughout the BIF sequence, and
rocks from near the basaltic flows/jaspilite contact (type-II) have negative eNd (t) values (—4.97
to —0.90). In contrast, predominantly positive eNd(t) values (—-0.84 to +5.40) are common in the
remaining samples (type-I). The strongly positive 56Fe values indicate a low degree of partial
oxidation of Fe(Il), which, combined with the pronounced positive Eu anomalies and the
absence of Ce anomalies, hint towards that the deposition occurred mainly on a deep-sea
environment with intense hydrothermal activity under anoxic and suboxic conditions, distal to
continental landmasses. Locally, considerable oxygen was probably present in the ancient

ocean's water masses, which led to the precipitation of BIFs.

Keywords: Carajas Province, Banded Iron Formation, Chemostratigraphy, Neoarchean Ocean

chemistry, Fe isotopes.
1. Introduction

Banded Iron Formations (BIFs) are chemical sedimentary rocks composed of iron-rich
(~30 wt.%) and siliceous-rich layers that were widely deposited in the Precambrian oceans
(James, 1954; Cloud, 1973; Holland, 1973; Bekker et al., 2010; 2014; Konhauser et al., 2017).
They have been studied widely in the last century to constrain the geochemical environment
prevailing in the oceans at the time of their deposition (Bekker et al., 2014; Konhauser et al.,

2017). Accordingly, the trace element signatures of BIFs have often been used to investigate
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the chemical composition and oxidative conditions of ancient seawater. Nevertheless, in spite
of'its great interest, the mechanisms responsible for the deposition of Precambrian BIFs are not

well understood.

The elemental composition of the rare earth element plus yttrium (REE+Y; simplified
as REY throughout the text) of BIFs has been widely used as a geochemical proxy since 1960.
These elements are considered as robust geochemical tracers to constrain the origins of BIFs,
as they can provide information on the redox state of paleo-oceans in the early Precambrian
(Bau et al., 1997; Alexander et al., 2008). Based on the composition of BIF, it is now generally
accepted that deep-sea hydrothermal fluids are the most likely source of Fe (Bolhar et al., 2004;
Konhauser et al., 2017). Because the Archaean crust was more mafic, a significant contribution
of “continental” iron has been also suggested as possible source material for BIFs (Haugaard et
al., 2013; Dhuime et al., 2015; Lee et al., 2016). Shale-normalized (SN) europium (Eu)
anomalies have been central in the use of REY to trace the hydrothermal input. The enrichment
of Eu in chemical sedimentary rocks precipitated from seawater (e.g., BIFs) indicates a strong
influence of high-temperature hydrothermal fluids on the REE load dissolved in seawater
(Klinkhammer et al., 1983; Michard & Albaréde, 1986; Derry & Jacobsen, 1988, 1990). In
addition to the characteristic REY patterns, samarium (Sm) and neodymium (Nd) isotopic
abundances preserved in BIFs can be also used to unravel the REY sources of seawater. This is
because the similar chemical affinities of Sm and Nd make the Sm/Nd ratio highly resistant to
disturbances by metamorphism and continental weathering (Piepgras & Wasserburg, 1987;

Elderfield et al., 1990; Andersson et al., 1992).

With the advancement in isotope mass spectrometry, the sources of iron and REY
contents of seawater have been investigated based mostly on solution Fe isotope analyses

coupled with the robust Sm—Nd isotope systematics (Konhauser et al., 2017; Peng et al., 2018;
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Alfimova et al., 2019). Fe isotope geochemistry potentially provides a direct measurement of
iron pathways involved in BIF genesis (e.g., Johnson et al., 2003, 2008; Dauphas et al., 2004,
2007; Rouxel et al., 2005; Frost et al., 2007; Whitehouse & Fedo, 2007; Hyslop et al., 2008;
Planavsky et al., 2009; Heimann et al., 2010; Steinhoefel et al., 2010; Czaja et al., 2013, 2018;
Lietal., 2015). In addition, the iron isotope is also an important tracer of oceanic redox process.
Biotic or non-biotic oxidation of Fe(II) to Fe(III) in solution causes considerable Fe isotope
fractionation, leading to Fe(III) to be enriched in heavy Fe, whereas Fe(Il) is enriched in light

Fe isotopes (Bullen et al., 2001; Johnson et al., 2002; Welch et al., 2003; Balci et al., 2006).

The Carajas Mineral Province (CMP), located in the southern Amazonian Craton of
northern Brazil has one of the most important occurrences of BIFs worldwide (Fig. 1). The
CMP (> 2.6 Ga) is the largest and best-preserved Archean segment of the craton. It is renowned
for hosting several world-class mineral deposits, including several Cu-Au deposits, Ni deposits,
and BIF-hosted giant iron deposits with an estimated inventory of approximately 18 billion ton
of >65% Fe (DOCEGEO, 1988; Vasquez et al., 2008; Moreto et al., 2015). The province is
comprised of two tectonic domains: (i) the Rio Maria Domain (3.0-2.85 Ga), and (ii) the
Carajas Domain (Fig. 1B) (Souza et al., 2001; Vasquez et al., 2008). The geological
characteristics of the CMP are summarized in the Supplementary Material. The iron deposits
are mostly associated with BIFs (jaspilites) present in the volcano-sedimentary sequence of the
Grao-Para Group (Carajas Basin; Fig. 1C). Given their well-preserved BIF rock types, Carajas
jaspilites provide an excellent opportunity for studying the genesis, depositional environment,
and paleoenvironmental conditions during the formation of BIF at approximately 2.75 billion

years ago (Trendall et al., 1998; Martins et al., 2017).
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Fig. 1. A Map showing the location of the Amazonian craton and the Carajas province in northern
Brazil, South America; B) Carajas province map showing the location of the Carajas Basin in the
Carajas block (from Araujo Filho et al., 2020), C) Simplified geologic map of the northeastern part of
the Carajas Province, Carajas Basin (modified from Vasquez et al., 2008). The black rectangle indicates

the approximate location of N4 deposit.

The bulk-rock geochemical characteristics of BIFs in Carajas have attracted the interest
of several researchers (Lindenmayer et al., 2001; Lobato et al., 2005; Figueiredo e Silva et al.,
2008; Fabre et al., 2011; Justo et al., 2020). However, this key BIF has not been analyzed at
high resolution, and a detailed comparison of its chemostratigraphy across a complete
succession is yet to be attempted. In this study, we present petrography and a continuous
chemostratigraphic dataset of major and trace element concentrations in an entire core section
(~451 m) of the Carajés jaspilites across the N4 deposit (Serra Norte; Fig. 1C). We also provide
Sm—Nd isotopic compositions and Fe isotope profiles at varying depths of the Carajés jaspilites
to better identify the REY patterns and sources of Fe in seawater during their deposition. The
data enable us to discuss the redox conditions of ancient seawater during the Neoarchean (~2.75

Ga), and thereby constrain the formation and depositional environment of the Carajas jaspilites.
2. Geological settings of Grao-Para Group

The main geological assemblages of the Carajas Basin are Neoarchean to
Paleoproterozoic. The basin is commonly divided into the lowermost metavolcanic—
sedimentary Grao-Para Group (2.76-2.74 Ga; Fig. 2) overlain by metasedimentary rocks of the
2.68-2.06 Ga Serra Sul and Aguas Claras formations (Aratjo & Nogueira, 2019; Aratjo Filho
et al., 2020; Rossignol et al., 2020). Because of the relatively low metamorphic grade (up to
greenschist facies) of these sequences (Aratjo & Maia, 1991; Vasquez et al., 2008), the prefix

‘meta’ has been omitted throughout this manuscript to simplify the rock description. The Grao-
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Pard Group is the dominant volcano-sedimentary sequence of the Carajas Basin. It is
approximately 260 km long and 70 km wide, and these rocks cover an area of approximately
18,000 km? (Macambira, 2003; Vasquez et al., 2008; Fig. 1C). The stratigraphic framework
proposed by Araujo & Nogueira (2019) and Aratijo Filho et al. (2020) suggests that the Grao-
Para Group can be divided, from base to top, into the Parauapebas, Carajas, and Igarapé Bahia
formations (Fig. 2). The oldest unit is represented by the Parauapebas Formation, which
encompasses extensive volcanism, and is dominated by mafic rocks dated at ~2.75 Ga
(Olszewski et al., 1989; Trendall et al., 1998; Martins et al., 2017). It occurs concordantly
beneath the Carajas Formation, which reflects contemporaneity among the two formations
(Beisiegel et al., 1973; Macambira, 2003; Martins et al., 2017). This extensive volcanism is
generally considered the result of an intraplate rifting of older continental crust (Gibbs et al.,
1986, Olszewski et al., 1989; Martins et al., 2017; Tavares et al., 2018; Teixeira et al., 2021),
although some authors (Meirelles & Dardenne, 1991; Teixeira & Eggler, 1994; Zucchetti, 2007,
Figueiredo e Silva et al., 2020) have suggested the influence of a subduction-related
environment.

The (intermediate) Carajas Formation (Fig. 2) comprises layers and discontinuous
lenses of BIFs, as well as compact and soft (porous) iron ores, intruded by mafic sills and dikes
(Macambira, 2003; Lobato et al., 2005). The BIFs are jaspilites, banded rocks consisting
distinctive layering jasper (red chert) and hematite. The Carajas BIF has a thickness of ~250—
400 m (Beisiegel et al., 1973; Macambira, 2003; Cabral et al., 2013), and host one of the largest
high-grade (> 60 wt.% Fe) iron ore deposits in the world (Lobato et al., 2005; Figueiredo e
Silva et al., 2008). They have cm-thick intercalations of iron oxide (mainly hematite), jasper,
and chert, and are heavily weathered. However, the original textures and structures such as syn-

sedimentary microfaults and soft-sediment deformation are still preserved (Macambira, 2003).
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Previous studies on REY and isotopic compositions (e.g., Fe, C, and Nd isotopes) in these rock
samples have concluded that the Carajas jaspilites were possibly deposited on deep and stable
platforms, below the wave base level, and near hydrothermal vents (Lindenmayer et al., 2001;
Fabre et al., 2011; Justo et al., 2020; Rego et al., 2021). The reported light REE (LREE)
enrichment relative to heavy REE (HREE) and the positive Eu anomalies were mostly linked
to the proximity of hydrothermal vents (Justo et al., 2020). Macambira (2003) and Ribeiro da
Luz & Crowley (2012) observed clusters of microscopic spheroidal structures with a hematitic
nucleus (spherulites) in chert bands of BIF samples from the Carajds region, which these
researchers interpret as microfossils of dissimilatory iron-reducing bacteria (DIR). In contrast,
by studying the §°°Fe isotopes systematics combined with C isotope composition from two
pristine drill cores intercepting the Carajas BIFs, Rego et al. (2021) advocated for the
predominance of reducing conditions during the deposition of BIF, suggesting that anoxygenic
photosynthesis was the most plausible mechanism responsible for Fe oxidation in the Carajas
Basin.

The BIFs of the Carajas Formation are mainly exposed in the northern limb (Serra
Norte) and in the southern limb (Serra Sul) of the Carajas fold. The exposures are located along
the elongated flat ridges with little vegetation, and stand out at 100200 m above the forest-
covered lowlands (Cabral et al., 2013). U-Pb dating of zircon grains from a mafic sill that cuts
the Carajas Formation carried out using SHRIMP suggests a minimum depositional age of 2740
+ 8 Ma for the Carajas jaspilites (Trendall et al., 1998). This age was further supported by
SHIRIMP U-Pb zircon ages of two basaltic flows at 2749 + 6.5 Ma and 2745 + 5 Ma (Martins
etal., 2017). The flows are intercalated in the Carajas Formation at the Serra Norte N4AWS mine.
On the other hand, the U-Pb zircon age obtained for a quartz-trachytic rock associated with the

basal portions of the jaspilites established the maximum age for the Carajas Formation as 2751
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+ 3 Ma (Krymsky et al., 2002). If the maximum and minimum ages are correct and do not have
a hiatus between the lower unit and the start of precipitation of BIF, the Carajas Formation
could have been deposited in about 11 million years, which is coherent for the estimated current
thickness of ~400 m. The BIF sequence is overlain by a set of volcanic and volcaniclastic rocks,
in combination with subordinate deep-water marine turbidite strata belonging to the Igarapé
Bahia Formation (Tallarico et al., 2005; Dreher et al., 2008; Galarza et al., 2008; Fig. 2).

Existing U—-Pb zircon data constrain the age of the volcanic rocks at 2744 = 11 Ma (Galarza et

al., 2008).
Age Lithostratigraphy
Serra Sul . < No MIF-8’
Formation
(ca. 600-650 m) < 2684 + 10 Ma’
Igarapé Bahia < 2744 + 11 Ma’
Formation |
(ca. 100-200 m) < 2743 + 11 Ma’
o <« 2740 + 8 Ma"
| 3 FCarajas < 2745 +5Ma’
Q| 9 ormation 3
.{:‘3 < | (ca. 250-400m) | < 2749 + 6.5 Ma
g | 5 . IQIQIQEQN
2| q < 2751+ 3 Ma’
o)
¥
O
Parauapebas
Formation
(ca. 2-3 km)
<« 2759 + 2 Ma'
= &
c |
Q
& | Xingu Complex \|: < 2859 + 2 Ma'
|
A
Rocks and structures
| Unconformity m Cu-Au mineralization
Type-A granite Stromatolite
Gabbro =—— Banded iron formation (BIF)

m Coastal diamictite Volcanic and volcaniclastic rocks

K2R Pyroclastic rock 71 | Migmatite and granitoid

128



Capitulo 5

Fig. 2. Stratigraphy of the basal part of the Carajas Basin, Amazonian craton, Brazil (modified from
Araujo & Nogueira, 2019 and Araujo Filho et al., 2020). Geochronological data compiled from: 1—
Machado et al. (1991); 2—Krymsky et al., 2002; 3—Martins et al. (2017); 4—Trendall et al. (1998);
5—Galarza et al. (2008); 6—Maximum depositional age from Rossignol et al. (2020). The data of mass-
independent sulfur isotope fractionation (MIF-S) was compiled from 7—Cabral et al. (2013). The time

column was adapted from Cohen et al. (2013).
3. Sampling and analytical procedures
3.1. Sampling

Core samples were collected from five boreholes (Fig. S1; Supplementary Material)
drilled over three E-W trending sections across the N4WS deposit. They were obtained from
the Vale Core Library in Serra dos Carajas, Par4d. Samples (~15 cm long) were collected at
every 2 m from each drill core (~420 jaspilite samples in total). The core samples were split,
and one half was stored for future reference. From bottom to top, the lithotypes observed in the
core samples included mafic rocks (mainly basalt; Fig. 3D), jaspilite (Fig. 3B), and semi-
decomposed mafic rocks. At least four basaltic flows or sills were intercalated in the BIF
sequence (Fig. 3A; 3C). The samples were obtained from a core with total length of 451.8 m
(70-521.8 m depth). This drill core was selected because it preserves the primary details due to
lack of weathering, and seemingly lacked any post-depositional (hydrothermal and
metamorphic) alteration that is ubiquitous in other drill cores containing iron ore bodies from
the Carajas jaspilites. A total of 74 thin sections were processed and examined using reflected
and transmitted light microscopy. Furthermore, the petrographic analysis was used to determine
abundance of magnetite, hematite and goethite followed by selection for electron microprobe
analysis. Procedures for electron microprobe analysis are provided in the Supplementary

Material. For the chemostratigraphic study, after petrographic screening, a total of 49 jaspilite
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samples from the N4AWS-F1398 drill core (Fig. S1; 3) were selected for whole-rock major and
trace element analyses, and 21 of these were further selected for Nd isotope analyses. In
addition, milligram-sized samples (18) were separated from meso- or microbands for Fe isotope

analysis (see Section 3.4 for details).

Jas i | - g Basalt
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Fig. 3. Representative core samples of the Carajas jaspilite and intercalated basalt: A) Overview of
sampled drill cores showing basaltic rocks intercalated with jaspilites, B) Jaspilites with centimeter-
thick intercalations of iron oxide (mainly hematite), jasper, and chert; C) Baked contact between metric

lava flows and jaspilites, D) Amygdaloidal basalt with amygdules mainly filled by calcite and chlorite.

3.2. Whole-rock geochemical analyses

Sample preparation and whole-rock chemical analyses were performed at ALS Chemex
(Canada) following standard laboratory procedures. Major elements were determined by X-ray
fluorescence, and the results have been reported as oxides in weight percentages. Ferrous iron
(FeO) was acquired by H>SO4-HF acid digestion and titrimetric finish (Code: Fe-VOLOS5). The
concentrations of REEs, high field strength elements (HFSE), and large ion lithophile elements
were determined by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS), and that of
Ag, As, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Tl, and Zn were determined by Inductively Coupled
Plasma - Atomic Emission Spectrometry (ICP-AES). The loss on ignition has been provided
using the differences in weight after heating. The ALS Chemex Home Page

(www.alsglobal.com) provides a complete description of the analytical methods.

The Post-Archean Average Shale (PAAS, subscript SN) was used for shale
normalization of REE (Taylor & McLennan, 1985). Because yttrium has similar chemical
behavior to those of the REEs, it was inserted between Dy and Ho based on its ionic radius.
Thus, Y and REEs were considered together for BIF samples (Henderson, 1984; Bau & Dulski,
1996). Normalized REY anomalies were calculated using the procedures proposed by Bau &
Dulski (1996) and Bolhar et al. (2004), respectively. Normalized REY anomalies are defined
as follows: (Eu/Eu*)sn = [Eu/(0.5*Sm+0.5*Gd)]sn; (Ce/Ce*)sn = [Ce/(0.5*La + 0.5*Pr)]sn;
(Pr/Pr*)sn= [Pr/(0.5*%Ce + 0.5*Nd)]sn; (La/La*)sn= [La/(0.5*%Pr + 0.5*Nd)]sn; (Y/Y*)sn=

[Y/(0.5*Dy + 0.5*Ho)]sn.
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3.3. Sm—Nd isotopic analyses

Whole-rock samples were pulverized, weighed (50 to 100 mg), spiked with a mixed
198 m-1>'Nd spike solution, and subsequently dissolved using HF, HNO3, and HCI in Savillex
vials. Chromatographic purification of Sm and Nd were carried out by two-stage ion-exchange
resin following procedures described by Gioia & Pimentel (2000). Teflon columns filled with
AG-50W-X8 100-200 mesh resin were used in the first stage, and LN-Spec 100-150 um resin
were used in the second stage. Sr extraction was carried out using Teflon columns filled with
LN-Spec 50-100 um resin, and Sr was eluted using HNO3. Nd isotope analyses were performed
at the Laboratory of Geochronological, Geodynamic, and Environmental Studies at the Institute
of Geosciences of the University of Brasilia using a Thermo TRITON™ Plus Thermal
Ionization Mass Spectrometer in static mode, equipped with nine Faraday cups and a central
electron multiplier. Dry aliquots of Sm and Nd were loaded on a Re double filament prior to
evaporation. Nd procedure blanks were found to be less than 100 pg. The analytical precision
for "Nd/"**Nd isotope ratios was better than + 0.0005% (2c) based on repeated analyses of
international rock standard BHVO-1 (Hawaiian basalt), with a measured 143Nd/144Nd value
of 0.512989 + 0.000014. The **Nd/'"**Nd ratios were normalized to 146Nd/144Nd of 0.7219,
and the decay constant used was 6.54x10—12 yr~!. The isotope ratios obtained in this study
were found to be in good agreement with published **Nd/"**Nd ratios of 0.512986 =+ 0.000009
(Weis et al., 2005). Nd-model ages (TDM) were calculated following methods described by

DePaolo (1981).
3.4. Fe isotope analysis

For Fe isotope analysis, 10 milligram aliquots of homogenized powders from the BIFs

corresponding to 5-10 mg of iron (meso- or microbands) were sampled using a tungsten-carbide
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drill bit (I mm diameter) from a fresh rock surface, which was previously cleaned with distilled
water. They were first digested in a mixture of ultrapure HF-HNOs3 on a hot plate for 12 hours,
after which the solution was evaporated to dryness. The remaining residue was taken up in 2.0
mL of 6 mol L' HCI, and the sample was dried down. The remaining salt was dissolved in 5
mL of 7 mol L' HCI. Sample digestion described above were done in the clean laboratory at
the Institute of Geosciences of the University of Brasilia. After this point the solutions were
sent to the Institute of Geochemistry and Petrology at ETH Ziirich. From this solution, an
aliquot containing approximately 1 pg of Fe was equilibrated with a >’Fe—"®Fe double spike,
and subsequently diluted to 1 mL of 7 mol L~! HCI + H>0,. Fe was subsequently purified by
an anion exchange column (AG MP-1M resin) using methods that were slightly modified after
the established methods (Archer & Vance, 2004). The major modification involved eluting Fe
with 1 mol L™ HCI, which promoted a more efficient elution of Fe from the column. Typical
blanks during column procedure were measured to be ~1 ng Fe, and were thus negligible.

The purified Fe fraction was analyzed for its isotopic composition using a Neptune Plus
multi-collector ICP-MS (ThermoScientific) at ETH Ziirich. Analyses were performed in high-
resolution mode (M/AM>8000) to avoid spectral interferences on different masses of Fe.
Samples were introduced in a 2% (v/v) (~0.3 mol L-1) HNO3 solution via a Savillex C-Flow
PFA nebulizer (50 pul min—1) attached to a Teledyne-CETAC Aridus IITM desolvator.
Approximately 300 ng of Fe was consumed in each analysis. Each analysis consists of 30
individual 4.2 second integrations at a single point on the resolved Fe shoulder (Weyer &
Schwieters, 2003) for a total integration time of 2 minutes. >>Cr was measured to monitor the
potential interference from >*Cr on **Fe. In all cases, the measured interferences were found to
be negligible. Instrumental mass fractionation was corrected using the equilibrated Fe double

spike, using methods analogous to those used for other metal isotope systems (e.g., Ni and Zn)
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that are described elsewhere (Bermin et al., 2006; Cameron et al., 2009). The dissolved Fe
concentrations were calculated by isotope dilution. The °Fe/**Fe ratios have been reported

using delta notation (in %eo) relative to IRMM-014 iron isotope reference material:

(56Fe/54 Fe) sample

— 1] x 1000
(56Fe/5*Fe)rMM-014

856Fe (%o) =

The long-term reproducibility of Fe isotopic analyses in the ETH Ziirich lab, assessed
over the course of this and parallel studies through repeated Fe isotope measurements of the
primary IRMM-014 standard and a secondary standard (NIST SRM 3126a), was determined to
be £0.08%o (2 standard deviation, 2c). The value of NIST SRM 3126a was measured to be §°°Fe
= +0.35 +£0.08%o0 (20, n = 236 over 6 years), which is close to the published values of 0.39 +
0.13%o0 (Rouxel & Auro, 2010) and 0.35 + 0.06%o (Stevenson et al., 2017), respectively. Internal
errors, i.e., the reproducibility of 30 individual 4.2 second integrations that constituted a single
analysis, induced during mass spectrometric analysis and during the propagation through
double-spike algebra were found to be always substantially lower than the long-term
reproducibility. The uncertainties shown in Figure 11 are the long-term reproducibility (£0.08),
however, if the internal uncertainty was larger, the latter is shown. Two samples, F1398-049
and F1398-071, processed as duplicates through the ion exchange purification procedure, are

in perfect agreement and serve to demonstrate the robustness of the analytical procedures.
4. Results
4.1. Petrography and mineralogy

Hand specimens of Carajas jaspilite display marked banded texture with fine banding
down to millimeter scale (Fig. 3; 4). The bands are characterized by alternating quartz layers
(in the form of chert or jasper) and iron oxides. The contacts between these two types of bands

are mostly sharp, well-defined (Fig. 3A; 3B; 4A-D), and rarely diffused.
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Hand specimens of Carajas jaspilite display marked banded texture with fine banding down to
millimeter scale (Fig. 3; 4). The bands are characterized by alternating quartz layers (in the
form of chert or jasper) and iron oxides. The contacts between these two types of bands are
mostly sharp, well-defined (Fig. 3A; 3B; 4A-D), and rarely diffused.

Microcrystalline (~0.05 mm) chert appears as both mesobands (~1-5 cm) and
microbands (0.25—-1 mm), although, occasionally, chert forms lenses or nodules within oxide-
rich bands. The color of chert ranges from white to grayish, and a redder variety (jasper) is
observed when interstitial hematite grains are present (Fig. 3; 4A-C). The dominant parts of
iron oxide bands are black and opaque, while its minor parts are blackish gray owing to
interlayered chert microbands (Fig. 3B; 4). Iron-rich bands are characterized by hematite, and
lesser amounts of magnetite. Hematite occurs primarily as fine (down to 0.03 mm; hematite' in
figure caption) and irregular grains in Fe-rich layers (Fig. 5A-D). Hematite occurs also as
secondary crystals (martite) locally substituting magnetite (Fig. 5D; 5E), and as product of total
pseudomorphic replacement of magnetite (hematite?). The iron concentration (as FeO) of
primary hematite (hematite'), pseudomorphic hematite (hematite?) and goethite are given in the
Supplementary Material (Fig. S2; S3) (Table S2; S3). These minerals contain less total FeO
than magnetite (with an average of 86.80, 85.56, and 75.12 wt.%, respectively), whereas the
Si02, AlxO3, and TiO2 abundance are higher than in magnetite.

The dimension of magnetite grains ranges from fine-grained to coarse-grained with a
well-crystallized habit (Fig. 5C-E). A significant unidirectional variation in magnetite content
with a well-crystallized habit was observed throughout the drill core; the concentration of
magnetite was found to increase towards the deeper portions (below 350 m) of the Carajas
jaspilite unit (Fig. 5C). These magnetite grains superimpose the original banding in different

portions (Fig. 4A; 5C; 5D), and are associated with a post-depositional process, which was

135



Capitulo 5

probably of hydrothermal origin. Pseudomorphic replacement of magnetite by hematite
(martitization; Fig. 5D; 5E) was observed in the middle to bottom parts of the core sections,
particularly in samples where quartz veins were observed to crosscut the jaspilite banding. Iron-
rich bands also have a brownish to yellowish color due to the higher concentration of goethite
(Fig. 4B). The goethite pseudomorph was commonly observed in the top section of the Carajas
BIF sequence, where the weathering of iron-rich minerals (mainly hematite pseudomorph) was
intense.

Electron microprobe analyses of magnetite from the Carajas jaspilite show that
magnetite has total iron concentration (expressed as FeO total) between 90.13 and 92.31 wt.%
(Table S1; Fig. S2; S3). It has low Al2Os (0.00 to 0.04 wt.%, average 0.02 wt.%) and TiO>
contents (0.00 to 0.26 wt.%, average 0.08 wt.%), which is similar to the reported values for
magnetite grains from typical BIFs from other regions across the world (Sun & Li, 2017). An
increasing-downward pattern of FeO total contents was noticed in magnetite (Fig. S2). For
example, in the upper part of the core, above 400 m, magnetite has lower FeO total contents
(varying from 90.13 to 91.01 wt.%, n = 7), compared to those in the lower part of the core

(91.23 and 92.31 wt.%, n = 13).
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Fig. 4. Macroscopic aspects of the jaspilites: A) Jaspilite (white arrow, sedimentary slumping can be
seen in the upper half); B) Jaspilite from upper part of core section (orange color probably is associated
with goethitic alteration); C) Well-preserved jaspilite showing alternating layers of jasper and iron

oxides (mainly hematite); D) Jaspilite-basaltic gradational upper contact; E) Breccias with jasper
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fragments encompassed by a carbonate-rich matrix, mainly seen at lower parts of jaspilite unit. Ch =
chert, Hem = hematite, Mag= magnetite. Arrows show upper direction of core.

Primary sedimentary structures were generally observed throughout BIF unit. In some
parts of the core section, large numbers of colorless micro-spherules were observed (Fig. 5D;
5F). The micro-spherules have circular structures, and are of approximately 10-30 um diameter
with a hematitic nuclei surrounded by colorless chert and a thin layer of jasper. In a few
locations, soft-sediment deformation was evident owing to the presence of sediment slumping
between the bedding planes of jasper and iron oxide bands (indicated by white arrow in Fig.
4A). Other structures as microflames and pinch-and-swell were also observed throughout the
jaspilite. The latter two structures are most likely of pre-diagenetic origin. The banding in the
Carajas jaspilite is typically plane-to-wavy laminated, although, occasionally, banding was
obliterated in certain places by veins, fractures, and microfaults (Fig. 4). The veins and fractures
consist predominantly of medium to coarse grained quartz, secondary magnetite, carbonates,
and minor microplaty hematite. The crosscutting veins with magnetite represent localized
features (bottom part) and do not affect the general context. In fact, BIF are extremely well
preserved in the Serra Norte de Carajas. (Martins et al., 2017; Justo et al., 2020; Figueiredo e
Silva et al., 2020).

In addition, basaltic lava flows of Parauapebas Formation, which vary in thickness from
1.0 to 5.0 m (Martins et al., 2017), occur concordantly intercalated the jaspilites (Fig. S1; 3A;
3D; 4D), reflecting the contemporaneity of these two lithotypes. A baked contact was
occasionally observed between jaspilite and basalt (Fig. 3C). Mafic sills and dikes were also
observed crosscutting the jaspilite package. Brecciation was an important feature observed in
some Carajas jaspilite samples, and the feature was particularly strong near the contact between

basalts and jaspilites. Breccias comprised mostly of jaspilite fragments within a quartz-rich or
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carbonate-rich matrix are commonly associated with quartz and/or carbonate veinlets (Fig. 4E).

The relict clasts of jaspilite preserved the original banding of BIF.

e i o
Bottom sectiong

G

Fig. 5. Photomicrographs illustrating the main petrographic characteristics of the Jaspilite, (H) taken
with transmitted light: A) Hematite as primary fine irregular grains in Fe-layers; B) Alternating

microbands of primary hematite and jasper with well-crystallized habit pyrite; C) Magnetite with well-
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crystallized habit crosscut primary hematite microbands (bottom section); D) Backscatter image
showing two types of hematite (middle to basal part of core section); E) Magnetite microbands with
well-crystallized habit. Note also the secondary crystals (martite) in the corner of magnetite crystals;
F) Microspherules structures with hematitic nuclei; Ch = chert, Hem' = primary hematite, Hem?’ =
hematite as product of pseudomorphic replacement of magnetite, Mag= magnetite, Py = pyrite, Sph =

spherules structures.
4.2. Major and trace element geochemistry of whole-rock samples

The geochemical data for major and trace elements are presented in Table S4. Depth-
wise variations in the abundance of selected major and trace elements are shown in Fig. 6. The
Carajas jaspilites have markedly high contents of SiO> + Fe>Os3 (t) (with an average of 97.90
wt.%) and significantly low AlbO3 content (<0.65 wt. %) (Fig. 6A-D; S4). Apart from the very
low Al content, a constantly low concentration of TiO> (<0.08 wt. %) and HFSE such as Zr
(average at 3.34 ppm) and Nb (<0.60 ppm) (Fig. 61 and 6J) could be attributed to minor
additions of crustal materials during their deposition, which agrees with sample mineralogy as
evinced by the lack of abundant clastic components. In contrast, the concentrations of CaO and
MgO were found to be elevated in samples from the lowermost portion of the drill core (Fig.
S4), which reflect the appearance of well-developed secondary carbonates in brecciated zones
(Fig. 4E; 6F, 6G). Moreover, FeO and MnO contents were highly elevated in the bottom section
(average of 1.11 to average of 7.33 wt. % and average of 0.021 to average of 0.117 wt. %,
respectively) (Fig. 6C, 6E), whereas Fe,O3 show an increasing-upwards trend from an average
0f'45.26 wt. % to an average of 54.95 wt. % (Fig. 6B). This is consistent with the abundance of
magnetite (Fig. 5C-E) in the bottom section. No apatite or other P-rich phases were detected by
either X-ray diffraction or X-ray energy dispersive spectroscopy (data not shown). The

abundance of other major oxides (Na>O and K»O) is lower than 0.04 wt.%. Redox-sensitive
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trace elements such as U and Mo are present at very low concentrations. Transition metals (e.g.,
V, Cr, Mn, Co, Ni, Cu, and Zn) show a narrow range in their concentrations, and reach sub-
ppm values in the majority of samples. Ten out of 49 samples, corresponding to type-II BIF,
show a larger range in the concentration of HFSE (e.g., Zr, Th, Nb, and Hf) (Table S4; Fig. 10),
with Al2O3 ranging from 0.11 to 0.64 wt.% (Fig. 6D). These samples were particularly found
near the contact between the basaltic flows and jaspilites (Fig. S1). The remaining samples
studied here (type-I BIF; n = 39) are characterized by extremely low concentrations of Al,O3
(<0.5 wt.%), TiO2 (<0.02 wt.%) and HFSEs (e.g., Zr, Hf, and Th). Despite some being affected
by adjacent volcanic activity, no mineralogical differences exist between the two types (I and

IT) of BIF. These types differ mainly in their REY, Sm-Nd, and 5°°Fe patterns.
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Fig 6. Variation of selected major and trace elements with depth. Type-I and type-II BIFs are

represented as blue dot and reddish-brown square, respectively. Type- Il BIFs are samples influenced

by volcanic adjacent activity, whereas, type-I BIFs are the remaining samples. See text for further

explanation.
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The maximum, minimum and average shale-normalized REY patterns for the 49 Carajas
jaspilites samples are illustrated in Fig. 7. The SN spectra for REY span a narrow range relative
to the PAAS, which ranges between 0.01 and 0.1 (values from Taylor & McLennan, 1985) (Fig.
7). Total REE concentrations average 10.00 ppm (Fig. 8A; Table S5). Type-II BIFs display the
highest REE concentration (5.40 to 52.03 ppm; average at 18.17 ppm), and REY patterns look
like those of the intercalated basalts (Martins et al., 2017). REY patterns for both BIF types are
highly diverse, with some samples showing LREE enrichment relative to HREE, whereas
others show the reverse trend. La/Ybsn and Sm/Ybsy ratios range between 0.47—4.89 and 0.36—
2.60 (Fig. 8B; 8C), respectively. Almost all type-1 BIF show strongly superchondritic Y/Ho
ratios, ranging from 40.0 to 75.0 with an average of 57.55 (Fig. 8G). These samples also
displayed significantly positive La (La/La*sy = 0.88—7.54; Table S5) and Eu anomalies
(Eu/Eu*sn = 1.86-5.05; Fig. 8D). In contrast, type-II BIF display slightly negative to weakly
positive Eu (Eu/Eu*sy = 0.64—1.48) and La anomalies (La/La*sy = 0.8—1.64), with values of
Y/Ho ratios (27.83—41.25) closer to that of the chondrites (Fig. 8G). Despite these differences,
no systematic differences among samples from different stratigraphic horizons were identified
with respect to their REY patterns. Another striking feature is Ce/Ce*sn ratios between 0.59
and 1.07 (Fig. 8E), which might be considered as negative Ce anomalies. However, the
identification of Ce anomalies is complicated by the anomalous abundance of La. The existence

or absence of true negative Ce anomalies is discussed in the subsequent sections.
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(2007); Fabre et al. (2011); and Pecoits et al. (2009).
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Capitulo 5

Fig 8. Evolution of selected geochemical parameters with depth. The green crosses indicate basaltic
samples from Martins et al. (2017). Fields of true negative Ce anomaly and modern seawater from Bau
& Dulski (1996) and Alibo & Nozaki (1999), respectively. eNd(t) was calculated for t = 2745 Ma

(Martins et al., 2017)..
4.3. Sm—Nd isotope systematics

Samarium and neodymium concentrations of the selected samples from Carajas BIF
sequence displayed wide ranges (Table S6). Sm concentration varied from 0.038 to 0.671 ppm;
Nd concentration vary from 0.257 to 3.089 ppm (Table S6). In addition, **Nd/!*'Nd ratios
range from 0.510579 to 0.511774, while '*’Sm/!**Nd ratios range from 0.0786 to 0.1588 (Table
S6). Thus, the studied samples display a wide variation in eNd values (t = 2.75 Ga); the
differences are particularly evident among samples collected near or far away from basaltic
flows. For example, the samples near intercalated basaltic flows (type-1I BIFs, n = 5) have
consistently negative eNd(t) values (—4.97 to —0.90), whereas, the remaining samples (type-I
BIF samples, n = 16) have predominantly positive eNd(t) values (—0.84 to +5.40) (Fig. 8H).
Importantly, the Tpm(Nd) ages of these BIFs were found to vary between 2.49 and 3.60 Ga
(Fig. 9), and a similar pattern was observed in variations of éNd(t) values. For instance, type-11
BIFs display Tpm(Nd) ages ranging between 2.94 and 3.60 Ga, and thus older than their
proposed depositional age (~2.75 Ga, Trendall et al., 1998; Martins et al., 2017). On the other
hand, type-I BIFs show a limited range in their Tpm(Nd) ages, which are younger and reach
values (2.49 —2.96 Ga) closer to depositional ages for the Carajas jaspilites.

To further constrain the Nd isotopic sources of the Neoarchean seawater from where the
Carajas jaspilites precipitated, we used published Nd isotopic data of the spatially associated
volcanic and sedimentary rocks of Grao-Pard Group (Table S6; Fig. 9), which includes 4

basaltic samples from Martins et al. (2017), and 12 black-shale samples from Cabral et al.
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(2013). These samples were chosen for being located at a stratigraphically lower position or at
an equivalent position compared to that of Carajas jaspilites. They also occurred concordantly
with the jaspilites, which reflects the contemporaneity of these rocks. Black-shale intervals were
founded at bottom of the BIF unit, as well as within and on top of it (Cabral et al., 2017). In
general, the volcanic rocks are characterized by negative initial Nd isotope values, with eNd(t)
varying from —4.11 to —1.53 (Table S6; Fig. 9), reflecting enriched sources involved in the
generation of these rocks. Except for one with negative eNd(t) of —0.8 and a slightly higher
Tom(Nd) age of 3.1 Ga, all black-shale samples have positive initial eNd values (+0.40 to
+2.82), which correspond to depleted-mantle model ages of 2.8-3.0 Ga (Table S6; Fig.9). The
eNd data indicate an age of 2.8-3.1-Ga for the source of the clastic components of the shales
(Cabral et al., 2013).

Furthermore, Sm—Nd isotope data of all BIFs, in combination with previous data of
Carajas jaspilites from Serra Norte (Justo, 2018) and associated basalts (4 samples) plot along
a correlation line in the errorchron diagram (Fig. 10A) with an apparent age of 2707 + 118 Ma
(MSWD = 230) and an initial "*Nd/"**Nd value of 0.5091310 + 0.0000024. Nevertheless, this
correlation line could represent a mixing line. A subset of these data (n = 20) with only type-I
BIF samples also in combination with previous data (Justo, 2018), which displayed better
alignment, yielded an errorchron. The observation suggests an older apparent age of 2795 + 77
Ma (MSWD = 56, Fig. 10B) and an initial **Nd/***Nd value of 0.5090862 + 0.0000028. Both
Sm—Nd isochron apparent ages are concordant with the proposed minimum formation age of

the Carajas jaspilites at ~2745 Ma (Trendall et al., 1998; Martins et al., 2017).

147



Capitulo 5

eNd (t)

Type-I BIF
757 |m Type-11 BIF

Basalts

T
2

Tow (Ga)

| | |
0 0.5 1 1.5

25

Fig 9. eNd (1) vs Tpm of the Carajas jaspilites and associated rocks. Black and green fields represent

black-shale samples from Cabral et al. (2013) and basaltic rocks samples from Martins et al. (2017).

eNd(t) was calculated for t = 2745 Ma (Martins et al., 2017).

148



611

(8102) 01 puv (L107) "IV 12 SUBADIY WO

240 vIVP SIIg SPIv.v) snolaa.ad pup sajduns 211]pSPq paIPIdOSSY JUIWUSD 12))2q SUIMOYS pub Sa]ADS LT U0 YIIN WDASDIP UOLYIOST (g SIDSDG PAIDIDOSSD

puv $s2)dwns J1g 1] 10 WDASDIP UOLYDI0ST [DUOUDAUOI D UL dUL] UOYD]2.L100) (7 Apnys s1y) ul pazAjpup a1171dsv! splvan) Jo uoyisoduwoo adojost pN-usS ‘OJ 514

vzmm\amﬁﬁﬂ
€c0 0G0 <] 1) oro <00
I I [ A
rd
(8105 ‘own) 14 O Q°
anpdsel sefee) @ Ww
p _
@
e
7
7
@@&w ]
[ ]
(]
s
e —
@ ’
> 4
7
\@ —
Fa
z
rd
s
e
/7 ¥ ]
P
r'd
s
o 3 98 = AMSIN i
. §600000°0 T TIS060S'0 = PN.i/PN... FOIU]
) (0g = W B 1L T¢6.E = 95V
7
" d

GEIS0 0€IS0 SIS0 0¢IL0 SIISO0 OIIS0 SO0IS0 0010

PN.../ PN,

ge o

—..vaE\Emhw
0% 0 S0 0r°0 <00
I _ I
(810G ‘omsnf) 419 O Q7
19 11-od4L [l . ¢ i
19124l @ e ®
eseq 4 n?
s
@@
m g 6°
i ]
rd
ate
N
,O |
Fa
rd
3
rd
e 058 = AMSIN |
P FG00000°0 F OTE 600 = PN/ PN, [F1U]
© (bg = W B §TT FL0.T = 95V

v

€eIg0 0GIS0 SIIS0 OIIL0 <SOISO0 00LS0

geIg’o ocIgo

PN /PN,y

G o[nydn)



Capitulo 5

4.4. Fe isotope geochemistry

The Fe isotope values of the studied BIFs are presented in Table 1, and their stratigraphic
depth-wise variations are plotted in Fig. 11. Despite we have shown some post-depositional
features, such as formation of hematite after “original” magnetite, the samples that we used in
isotopic analyses come from drill cores parts without these features. Overall, the *°Fe/**Fe
isotope ratios (expressed as 8°°Fe) values were remarkably positive ranging from +0.83 to +1.90
%o with an average of +1.34 + 0.03 %o (n = 18), which is close to previously published average
values of 1.38 £ 0.23 %o (Fabre et al., 2011) and 1.39 £ 0.22 %0 (Rego et al., 2021), respectively.
However, compared to published Fe isotope compositions of BIFs (Johnson et al., 2003, 2008;
Rouxel et al., 2005; Konhauser et al., 2017), the respective values from Carajas are some of the
most positive that have been ever measured, as noted by Fabre et al. (2011). Nevertheless, there
are differences among the samples throughout the drill core. In the upper part of the core (Fig.
11), from 81 m to 355 m, nine samples have the highest §°Fe values averaging +1.57 + 0.04
%0 (+1.25 to +1.90 %o). These samples were found in the hematite-rich (primary hematite, >90
%) and magnetite-poor (<10 %) sections of the core (Fig. 5A; 5B). Five samples collected from
a lower part of the core at depths between 355 m and 515 m, have lower 5°°Fe values averaging
+1.25 + 0.03 %o (+1.10 to +1.38 %o). These rocks tend to have a higher content of magnetite
towards the deeper portions of the Carajas BIF unit (i.e., below 350 m; Fig. S2). In addition,
type-1I BIFs have the lowest positive §°°Fe values, which average +0.95 £ 0.03 %o (+0.83 to
+1.10 %o). A significant positive correlation (R = 0.73) exists between §°°Fe and eNd(t) values

(Fig. 16D).
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Fig 11. Variation of Fe isotope values (5°°Fe) throughout the Carajds jaspilites. Fractionation by Fe
oxidation is represented by more positive °°Fe values than the typical values for basaltic rocks.

Magnetite-rich samples (bottom part) and type-II BIF samples have lower positive 6°°Fe values (+1.10
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10 +1.38 %o, and +0.83 to +1.10 %o, respectively). For comparison, the average 5°°Fe values for basaltic

rocks is generally unfractionated at 0 £ 0.15%o (Sharma et al., 2001). See text for further details.

5. Discussion
5.1. Effects of post- and syn-depositional processes on REY patterns in Carajds jaspilites

Geochemical signatures of BIFs, particularly REY characteristics, are widely used to
provide important information on the sources of solute that led to the precipitation of BIF, the
chemical composition and redox conditions of Earth’s early oceans, and also on the evolution
of oxygenation in the contemporary atmosphere over time (Dymek & Klein, 1988; Derry &
Jacobsen, 1990; Bau & Dulski, 1996; Bau et al., 1997; Bolhar et al., 2004; Kato et al., 2006;
Alexander et al., 2008; Frei et al., 2008; Bekker et al., 2010). However, the geochemical
characteristics of BIFs might be affected by several processes, including syn-depositional
contamination (clastic or volcanic) and post-depositional processes (e.g., diagenesis and
metamorphism). Hence, it is necessary to evaluate whether the REY primary signatures of the
original protolith were modified or not before discussing the petrogenesis and
paleoenvironmental implications of BIFs (Bau, 1993; Alexander et al., 2008; Albut et al., 2018,
2019; Bonnand et al., 2020).

In general, syn-depositional processes might affect the REY patterns of BIFs with
respect to contemporaneous seawater owing to clastic contamination with crustal materials. The
effect of clastic contamination can be assessed using trace elements that are practically
immobile in aqueous solutions and enriched in clastic materials (such as Al, Ti, Th, Hf, Zr, and
Sc) (Alexandre et al., 2008). Furthermore, because most crustal rocks (i.e., felsic and basaltic
rocks) have a constant chondritic Y/Ho ratio of ~26, small admixtures of any of these

contaminants could depress the seawater-like Y/Ho ratios of >43 (Bau & Dulski, 1996; Nozaki
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et al.,, 1997; Bolhar et al., 2004). Most Carajas jaspilite (type-I) samples have very low
concentrations of AbO3 (< 0.10 wt.%; Fig. 6D) and TiO2 (< 0.1 wt.%). They have significantly
low abundances (< 1 ppm) of HFSEs (e.g., Zr, Hf, and Th) and elevated Y/Ho ratios (average
of 57.55; Fig. 8G). These geochemical proxies demonstrate that Fe-rich sediments had a
chemical origin with negligible clastic contamination (Bau & Dulski, 1996; Bolhar et al., 2004,
2005). In contrast, few samples (type-1I BIF) displayed slightly higher concentrations of Al>O3
(0.11 wt.% to 0.64 wt.%) and incompatible elements (> 1 ppm), along with chondrite-like Y/Ho
ratios (27.89 to 41.25; average of 33.46). The Y/Ho vs. Euw/Eu*sn (Fig. 16A) diagram also
demonstrates that the composition of type-II BIFs was affected by minor detritus
contamination. These features suggest that a minor (if any) concentration of detrital materials
was involved in the deposition of type-II BIF (Bau, 1993; Bolhar et al., 2004), which were
mostly restricted to their contact region with basaltic flows (Fig. S1). It is noteworthy to
mention that the REY patterns of type-II BIF look like those of the intercalated basalts,
indicating possible existence of additional REY sources (e.g., basaltic rocks).

Potential post-depositional mechanisms that could affected trace metals and REY
distribution of Carajas jaspilites include diagenesis, hydrothermal alteration, and
metamorphism. REY might get mobilized during the diagenesis of post-depositional sediments,
which would tend to average out REY distributions in BIFs (Bau, 1993). However, it is widely
accepted that REYs were not significantly changed, and therefore, they remained effectively
immobile during diagenesis and lithification processes (Mortris, 1993; Bau, 1993; Wang et al.,
2017). During hydrothermal alteration, the redox-sensitive elements Ce and Eu are especially
susceptible to mobilization relative to their neighboring REEs (Bolhar et al., 2015; Wang et al.,
2017). Hence, it is essential to evaluate the effects of hydrothermal alteration on these elements.

To test their mobility, we used Ce and Eu diagrams with respect to neighboring REEs (Fig. S5).
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For example, the Ce contents of the Carajéas jaspilites defined perfect linear relations with
respect to Pr (R? of 0.97), indicating insignificant effects on Ce from hydrothermal alteration.
Meanwhile, Eu contents displayed a better correlation without type-II BIF samples (R? = 0.63),
which demonstrated a possible effect of basaltic input or hydrothermal alteration. Finally, the
Carajas jaspilites do not exhibit Eu or LREE depletion, and tend to display consistent REYsn
patterns, thereby suggesting that they were not significantly altered by metamorphic processes
(Grauch, 1989; Bau, 1993). In addition, the Carajas jaspilites display a marked banded texture
and primary sedimentary structures. Metamorphic effects were weak or absent in the studied
samples as they belong to sub-greenschist facies (Macambira, 2003; Martins et al., 2017,
Figueiredo e Silva et al., 2020). Therefore, we can suggest that REY distributions of Carajas
jaspilites were not significantly altered by post-depositional processes, and hence, they can be
regarded as reliable proxies of the geochemical signature of seawater at the time of deposition
of BIF. This is further supported by the close similarity between the seawater-like (except for
redox sensitive Ce and Eu elements) REY sy patterns of pure and pristine Carajas jaspilite that
suggests that this BIF recorded the REY distribution in ambient seawater and are robust
geological archives of marine biogeochemical proxies in spite of diagenesis and/or

metamorphism (e.g., Bau et al., 1997; Alexander et al., 2008; Planavsky et., 2014).
5.2. Hydrothermal fluids influence in Carajas BIF

The Carajas jaspilites display patterns of pure marine chemical sediments (e.g., low
AL O3, TiO,, and HFSE contents), which renders them suitable as archives of seawater from
where they were precipitated. Modern seawater from the open ocean is characterized by positive
La, Gd, and Y anomalies, as well as negative Ce anomalies and LREE depletion when
normalized to shales (Taylor & McLennan, 1985; Bolhar et al., 2004; Planavsky et al., 2010).

These patterns are typically mimicked in the REY patterns of post-Archaean BIFs such as the
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Kuruman Iron Formation (Bau & Dulski, 1996) and the Dales Gorge Member of the Brockman
Iron Formation (Ewers & Morris, 1981; Pecoits et al., 2009) (Fig. 7). Some of these
characteristics REY patterns also occur in the classic Archean Isua BIF (Fig. 7; Bolhar et al.,
2004) and the Carajas jaspilite samples analyzed in this study. The majority of Carajas jaspilites
samples, with a minimum depositional age of ~2.74 Ga (Trendall et al., 1998), also display
positive La, Gd, and Y anomalies (Fig. 7), even though, there is a lack in true negative Ce
anomalies (Fig. 14). Instead, large positive Eu anomalies (Eu/Eu*sy = 1.86-5.05; Fig. 8D) were
observed, which are typical features of iron formations older than 2.5 Ga (e.g., Alexander et al.,
2008; Konhauser et al., 2017). Apart from redox-sensitive Ce and Eu anomalies, the general
shape and details of the Carajas REY patterns were like those of the patterns for modern
seawater, supporting the assertion that these sediments precipitated directly from the Archean
seawater, and they possessed trace element characteristics of contemporaneous seawater.
Most of the Carajas jaspilite samples displayed intense positive Eu anomalies (Eu/Eu*sn
= 1.86-5.05; Fig. 8D), hinting towards fluxes of high-temperature (>350 °C) hydrothermal
fluids (Fig. 11). Fabre et al. (2011) measured a similar Eu/Eu*sn ratio ranging up to 7.16 in BIF
samples from the N4 deposit. These unprecedented Eu anomalies from Carajas jaspilites have
been also reported in other studies (Justo et al., 2020; Rego et al., 2021). Such elevated
Eu/Eu*sn ratios indicate an unusually strong hydrothermal contribution to the Carajas Basin
during the deposition of the BIF units. Similarly, the Al2O; vs SiO; discrimination diagram
(Wonder et al., 1988) shows that all BIF samples plot in the hydrothermal field (Fig. S6). This
might also indicate that Si and Fe were likely derived from seawater and hydrothermal sources.
Note that this does not imply that the Carajas jaspilite precipitated from a high-T hydrothermal
fluid or a hydrothermal plume. Rather, it only reveals that the seawater had received significant

REY input from hydrothermal vents, where the BIF was eventually formed (Bau & Alexander,
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2009; Wang et al., 2017). In addition, the 10 samples of type-II BIFs displayed null or weakly
negative Eu anomalies (Eu/Eu*sny = 0.64—1.48; Fig. 8D). Negative Eu anomalies, which is
rarely seen in BIFs, suggest that the REY patterns of the Carajas jaspilites were also influenced
by the heterogeneous input of volcanic materials within the depositional basin.

Secular changes in the magnitude of Eu anomalies in BIFs have been historically
assumed to record diminishing hydrothermal flux with decreasing ages from Eoarchean to early
Precambrian (Fig. 12). It is noteworthy that the large positive (Euw/Eu*)sn anomalies of the
Carajas Basin are comparable to or are significantly higher (1.86-5.05; Fig. 12) than those for
~2.7-2.5 Ga BIFs. For example, the value of (Eu/Eu*)sny was 1.3 to 3.4 for the 2.62 Ga Slave
Craton (Haugaard et al., 2017), 2.8 to 4.4 for the 2.6 Ga Krivoy Rog (Viehmann et al., 2015),
1.0 to 2.75 for the 2.5 Ga Kuruman Iron Formation (Bau & Dulski, 1996), and 1.2 to 2.1 for
2.46 Ga Joffre Member of the Brockman Iron Formation (1.2 to 2.1; Haugaard et al., 2016b).
The origin of the highest (Eu/Eu*)sn values in Carajas jaspilite is not yet clear, however, it
could be associated with an extensive basaltic volcanism in the Parauapebas Formation with at
least 11 lava flows (Martins et al., 2017). It is considered that volcanism in this region was
generated in an extensional regime related to continental rift setting at approximately 2.75 Ga
(Gibbs et al., 1986; Martins et al., 2017; Tavares et al., 2018; Teixeira et al., 2021). Therefore,
we can suggest that the peak in the (Eu/Eu*)sn values for these BIFs was probably due to the

enhanced magmatism during this period.
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Fig 12. PAAS-normalized (Taylor & McLennan, 1985) Eu anomaly (Eu/Eu*)sy of Carajas jaspilite and
some of the important worldwide BIFs through time, note that impure BIFs show divergent behavior
with Eu anomaly varying from 0.64 to 1.48. Data for Isua from Frei & Polat (2007); Fig Tree from
Derry & Jacobsen (1990) and Hofmann (2005); Jharkhand-Orissa from Bhattacharya et al. (2007);
Pongola from Alexander et al. (2008); Slave Craton from Haugaard et al. (2016a, 2017); Krivoy Rog
from Viehmann et al. (2015),; Joffre from Haugaard et al. (2016b); Kuruman from Bau & Dulski (1996);
Nemo from Frei et al. (2008); Gunflint from Danielson et al. (1992); Rapitan from Halverson et al.
(2011).

The presence of large positive Eu anomalies in the studied samples provides a clear

evidence that the REY composition was derived from high-T hydrothermal fluids that

influenced the seawater of the basin which hosted the Carajas jaspilite. However, the remaining
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input of REY that affected the jaspilites was predominantly the Archean ambient seawater.
Dymek & Klein (1988) and Alexander et al. (2008) introduced conservative two-component
mixing models to assess the proportions of seawater and high-T hydrothermal fluids. This
model uses trace element compositions of modern seawater and black smoker fluids, which
offer the best analogs for high-T fluid compositions. For modeling, the Y/Ho, Sm/Yb, and
Eu/Sm ratios were used as end-members to test the relative proportions of fluid that contributed
to the observed REY distribution in Archean BIFs. The Eu/Sm variations in Carajas jaspilites
can be modeled with the contribution from more than 0.1% and less than 1% hydrothermal fluid
(Fig. 13A). Generally, this mixing ratio is in good agreement with a 1:100 or 1:1000 mixture
of seawater and hydrothermal fluid to explain the REY patterns of other BIFs (Barrett et al.,
1988; Dymek & Klein, 1988; Klein & Beukes, 1989). Nevertheless, such mixing could not
produce consistent Sm/Yb and Y/Ho ratios. Mixing calculations indicate that a significantly
higher contribution of hydrothermal fluid (1% to 5%) might account for the observed elemental
ratios in the samples (Fig. 13C). Hence, this mixing ratio is inconsistent with the 0.1% to 1.0%
contribution of the high-T fluids, which is necessary to account for the Eu/Sm variations (Fig.
13B). The poor fit of the mixing model in explaining the relatively high Sm/YDb ratios of the
Carajas jaspilites indicate the possible existence of additional REY sources (e.g., basaltic rocks)
in these BIF samples. It is noted that similar high Sm/Yb ratios were also observed in the 2.9
Ga Pongola BIF, which Alexander et al. (2008) explained by the input of continentally derived
solutes. The Carajas samples exhibit such features (Fig. 13A; 13B), however, here we have
considered that the high Sm/Yb ratios were associated with fluids derived from basaltic rocks
(Fig. 13A; 13C). The influence of Fe-rich fluids derived from adjacent basalts could be also
noticed based on the observed trend of type-II BIFs, which pointed to basaltic rocks in mixing

diagrams (Fig. 13). This interpretation is further supported by the proximity of the Carajas
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jaspilite to an intense submarine volcanic activity (Macambira, 2003; Martins et al., 2017; Justo
et al., 2020). Hence, because of this basaltic input as an additional REY source, which would
have resulted in a decrease of Y/Ho ratios and an increase of Sm/Yb ratios, the samples plot
along and under the line of the high-T hydrothermal fluids and seawater mixing (Fig.13C). It
can impart a higher mixing ratio and lead to the misidentification of the relative proportions of
fluid that contributed to the REY distribution in Carajas BIFs. Taking it into consideration, the
conservative two-end member mixing lines that best evaluate the proportions of seawater and
high-T hydrothermal fluids are the Sm/Yb vs. Eu/Sm (Fig. 13A) and Y/Ho vs. Eu/Sm (Fig.
13B) diagrams. Therefore, the mixing models indicate that the jaspilites of the Carajas Basin
could have been precipitated from more than 0.1% and less than 1% hydrothermal fluid mixed
with seawater (Fig. 13).

In summary, we adopted a three-end-member mixing model involving seawater, high-
temperature hydrothermal fluids, and fluids derived from basaltic rocks to match the observed
REY characteristics of the Carajas jaspilites. The influence of flux derived from the mafic crust
is observed mainly in the BIF samples close to the intercalated basaltic flows (type-II).
However, negligible detrital components were present in Carajas jaspilites, which preclude the
direct incorporation of mafic crustal detritus. Hence, we suggest that a small mafic crust-derived
flux was derived from the mafic subjacent rocks represented by the Parauapebas basalts. The
low Y/Ho ratios of ~26 and negative Eu anomalies (Martins et al., 2017) could have been
incorporated into the ambient seawater and/or hydrothermal fluids through extensive high—
temperature hydrothermal alteration and leaching of basalt-dominant crusts (Fig. 13). Minor
incorporation of REY leached from basalts to the water masses from where the Carajas jaspilite
was precipitated can significantly change the elemental ratios of seawater, as shown in the

model (Fig. 13). The possible influence of basaltic crust-derived fluxes was also observed by
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Huang et al. (2019) in samples from ~2.52 Ga Dengfeng BIFs, China. Such a process could
also transfer enriched Nd isotopes from the crustal contaminated basaltic rocks to the ambient
seawater and/or hydrothermal fluids (Alexander et al., 2009). The Sm—Nd isotopic constraints

on ocean chemistry are further discussed in the subsequent paragraphs.
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Fig 13. Two-component mixing models in terms of; A) Sm/Yb versus Eu/Sm, showing that more than
0.1% and less than 1% (> 350 °C, Bau & Dulski, 1999) fluid contribution to waters with shallow (<
500 m) seawater REY distributions (Alibo & Nozaki, 1999) is sufficient to explain Eu/Sm ratios; B) Y/Ho
as a function of Eu/Sm, demonstrating that relatively small (0.1%) contributions of black smoker fluid
can model Y/Ho and Eu/Sm behavior in the Carajas jaspilite; C) Y/Ho versus Sm/Yb, indicating that a
significantly higher contribution of hydrothermal fluid (1-5%) may account for these elemental ratios
in the samples. The mixing diagrams are modified from Alexander et al. (2008). Data for the basaltic

rocks and 2.9 Ga Pongola BIF are from Martins et al. (2017) and Alexander et al. (2008), respectively.

5.3. Redox state of Neoarchean seawater in the Carajas Basin

Cerium concentrations in BIFs provide important information for constraining the
paleo-redox conditions of ancient seawater. In general, oxygenated water display a strong
negative Ce anomaly when normalized to shale composition (Ce/Ce*sn), whereas suboxic and
anoxic marine settings lack negative Ce anomalies (German et al., 1991; Bau & Koschinsky,
2009). The oxidation of Ce*" to Ce*" significantly reduces Ce solubility, resulting in its
preferential removal onto Mn-Fe oxyhydroxides, organic matter, and clay particles (Byrne &
Sholkovitz, 1996). This process leaves the residual water column depleted in Ce, thereby
creating a characteristic negative Ce anomaly. In contrast, suboxic and anoxic marine waters
lack large Ce anomalies due to the reductive dissolution of Fe-Mn particles (German et al.,
1991). However, it can be challenging to identify Ce anomalies because of the anomalous
abundance of La. For this reason, Bau & Dulski (1996) established a Ce/Ce*sn versus Pr/Pr¥*sn
discrimination diagram to distinguish “real” from “fake” Ce anomalies in seawater and marine
chemical sediments. In this diagram (Fig. 14), most Carajas jaspilite samples displayed true
positive La anomalies instead of negative Ce anomalies, and there were no deviation from

trivalent Ce behavior, indicating that they were deposited under anoxic condition (Bau &
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Dulski, 1996). Although the 10 type-II BIFs were initially interpreted to have true negative Ce
anomalies, particularly owing to the significant influence of fluxes derived from mafic crust on
their REY patterns, they were not considered further to avoid misidentification of paleo-redox
conditions of Carajas ancient seawater. Fabre et al. (2011) and Justo et al. (2020) also reported
an anoxic environment for the Carajas jaspilite samples in the Serra Norte district. However, in
our dataset, three samples from the Carajas Formation exhibited true negative Ce anomalies
(Fig. 14). These samples were restricted to a depth of 280 and 300 m (Fig. 8E; 8F) above a
basaltic flow (Fig. S1). SHRIMP zircon U-Pb dating suggest that the samples have Early
Neoarchean crystallization age of 2745 =+ 5 Ma (Martins et al., 2017). This suggests that the
Carajas jaspilites were deposited in an ocean with redox heterogeneity. Several studies have
also reported negative Ce anomalies in Archaean BIF (Kato et al., 2006), however, it could be
linked to post-depositional alteration (see Bonnand et al., 2020 for details). These studies
highlight the need to carefully consider the potential of post-depositional alteration to modify
elemental and isotopic redox proxies. Caution is warranted while inferring the ancient presence
of Oy, especially if direct geochronological constraints on the age of the proxy signal is lacking
(Bonnand et al., 2020). However, the Ce content of the Carajas jaspilites defines perfect linear
relations with other relatively immobile elements (Pr) with R? of 0.97 (Fig. S5), which indicates
insignificant effects of post-deposition alterations on Ce. Therefore, assuming that the observed
Ce signature retains the original composition of the ancient seawater, we propose that
considerable dissolved oxygen, although heterogeneously distributed, existed throughout the
Carajas Basin, which permitted Fe(II) oxidation at a regional scale. However, such
concentrations were high enough to convert Ce*" to Ce* solely at a local scale (Bau & Dulski,
1996). This conclusion is consistent with the discontinuous redoxcline model proposed for

conditions before the Great Oxidation Event (GOE) (Planavsky et al., 2012; Schier et al., 2020).
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Moreover, the presence of oxygenated water for a short interval during BIF deposition was also
suggested by a previous stable (Mo) isotope study that reported elevated °%/°*Mo compositions
(up to 1.82%o) in Mo-rich black-shale samples from the bottom of the Carajas Formation, which
the authors explained as a “oasis of oxygen” at the Neoarchean (Cabral et al., 2013). Mild
oxidizing conditions were also suggested by Justo et al. (2020), who described the band-scale
REY distribution in iron formations in Carajas. Our hypothesis agrees with earlier reports on

the deduced oxic conditions based on Cr-isotope data from Archean BIF (Frei et al., 2009).
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Fig 14. Plot of Ce and Pr anomalies normalized to PAAS for the whole-rock data of the Carajas jaspilite
to discriminate between positive La and true Ce anomalies (after Bau & Dulski, 1996). The type Il BIF
samples, which might initially be taken as the presence of true negative Ce anomalies, particularly, due
to the significant influence on their REY patterns by flux derived from the mafic crust, will not be plotted
to avoid misidentification of paleo-redox conditions of Carajds ancient seawater. The field for Archean

and Early Paleoproterozoic (> 2.3 Ga) BIFs is modified after Planavsky et al. (2010).
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In conclusion, most of the geochemical data suggest that deposition of the Carajas
jaspilite did not occur under a fully oxygenated environment (lack of Ce/Ce*sn anomalies).
However, the presence of negative Ce anomalies in a few sections of the BIF sequence might
suggest the occurrence of a very early oxygen whiff or localized oxygenated
microenvironments at approximately 300 million years before the GOE (2.51-2.43 Ga;

Konhauser et al., 2011; Gumsley et al., 2017; Warke et al., 2020).
5.4. Iron isotopic constraints

The positive 6°°Fe values obtained for the studied samples BIF (average of 1.34 + 0.03
%o, n = 18) are in agreement with the published data from solution-based ICP-MS analyses,
which showed an enrichment of heavier isotopes (Fabre et al., 2011; Rego et al., 2021) (Fig.
S7). Nevertheless, in the present study, we observe a heterogeneous distribution of positive
5°°Fe values in BIF samples with depth (Table 1; Fig. 11), in contrast to these previous results
that showed a rather invariable iron isotope composition over the sedimentary package. This
contrast is probably due the differences between the studied scale, as the present data extend
over a wider thickness than it was previously investigated, spanning across a complete
succession of the Carajas BIF. In the upper parts of the BIF sequence, mostly above the type-II
BIFs, a large number of samples have significantly high 6°°Fe values (average °°Fe = +1.57
%o, n = 9) compared to those in the lower part (average 5°°Fe = +1.25 %o, n = 5). The lower
5°®Fe values in the lower part is likely due to the higher abundance of magnetite towards the
deeper portions (below 350 m) of the Carajas BIF unit (Fig. S2). Although magnetite in many
Archean BIFs is inferred to have formed after hematite (e.g., Bekker et al., 2010), the Fe isotope,
petrographic, and geochemical data from the 2.75 Ga Carajas BIF presented here indicate the
Carajas magnetite is a secondary feature formed after lithification of the primary jaspilitic chert

and not via direct precipitation from seawater, as evidenced by the secondary magnetite
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replacement (locally) of well-bedded jaspilitic layers at basal parts of the BIF sequence (Fig.
4A; 5C). Magnetite-rich bands formed during this secondary stage has lower average 6°°Fe
values than those of the “primary” hematite-rich layers (Fig. 11). One interesting aspect is that
the least positive 5°°Fe values of +0.83 to +1.10 %o (average +0.95 %o, n = 4) were obtained in
BIF samples influenced by adjacent volcanic activity (type-1I BIF; Fig. S1; 11). Because
igneous rocks generally have bulk rock 5°°Fe values of approximately 0 + 0.15%o (Sharma et
al., 2001; Dauphas et al., 2017; Heard & Dauphas, 2020), the mixing of the lighter Fe isotope
flux derived from the mafic subjacent rocks with ambient seawater and/or hydrothermal fluids
might have resulted in the precipitation of hematite with less positive 6°°Fe values compared to
the other jaspilites. This flux, enrichened in lighter isotopes, probably was leached through
convection of seawater along the fractures in the basalts. Fe isotopes in the Carajas jaspilite
could have been affected by Fe derived from clastic materials or secondary minerals present in
the rocks, not solely reflecting chemically precipitated Fe oxides. However, the samples used
for the Fe isotope study to interpret the paleoenvironment conditions responsible for BIF
deposition in the Carajas Basin (Table 1) came from the most preserved intervals that lack any
evidence of weathering and post-depositional (hydrothermal and metamorphic) alteration. In
addition, negligible clastic materials present in Carajas jaspilite preclude the direct modification
of Fe isotope compositions of the chemical precipitates. Therefore, the high Fe isotope values
in the studied samples were likely originated from the chemical precipitation during
sedimentation.

Overall, Fe isotope are remarkably positive (§°°Fe = +1.34 = 0.03 %o). Considering the
average 5°°Fe values of sedimentary Fe oxides from various time periods in the Archean, some
authors suggested an apparent overall Fe isotope trend from high positive §°Fe values in the

Paleoarchean to less positive §>°Fe values in the Early Neoarchean (Johnson et al., 2003; Rouxel
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et al., 2005; Planavsky et al., 2012; Czaja et al., 2018). This overall trend suggests a general
increase in the oxidative power on the Earth's surface with decreasing age over the course of
the Archean (Satkoski et al., 2015; Czaja et al., 2018). The average 6°°Fe value of the precursor
Fe-oxide precipitate in the Fe-Si precipitate that produced the hematite-rich Carajas jaspilite is
+1.57 %0 based on the preservation of a primary seawater signature from which these rocks
were formed. This value is lower than the average §°°Fe value of ~2.0%o for hematite grains
from the 3.46 Ga Marble Bar Chert (Li et al., 2013), but higher than the estimated average 5>°Fe
values of 1.2 %o in the 3.8 Ga Isua BIF (Czaja et al., 2013) and that of ~0.4 %o in the 3.25 Ga
Manzimnyama BIF (Satkoski et al., 2015). In a §°°Fe versus age diagram (Fig. 15), the Fe
isotope values measured for the Carajas jaspilite plot close to the most positive ones ever
measured in Archean BIFs (Johnson et al., 2003; Rouxel et al., 2005; Johnson et al., 2008;
Konhauser et al., 2017). Hence, the highly positive Fe isotopic signatures recorded in the
Carajas jaspilite require the existence of a complementary isotopically light Fe isotope reservoir
(Fabre et al., 2011) such as surface seawater containing dissolved Fe(II) and/or a high input of
heavy Fe isotope-rich material. The conspicuous positive Fe isotope peak corresponding to the
~2.74 Ga Carajas jaspilite (Fig. 15) is associated with the noteworthy large positive Eu
anomalies (Fig. 12). Although the origin of these two characteristics is not yet clear, it likely
corresponds to an intense input of hydrothermally derived fluids at that time (Viehmann et al.,
2015; Konhauser et al., 2017), possibly triggered by major magmatic activity (Viehmann et al.,
2015). This hypothesis is further supported by the proximity (adjacent) of an extensive rift-
related volcanism (Martins et al., 2017), which could have provided an increased flux of mantle-
derived fluids during this period, intensifying the hydrothermal activity (high &°°Fe). A
combination of factors, such as BIF deposition in an environment where significant

hydrothermal activity took place has been also proposed (Rego et al., 2021).
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Fig 15. Plot of whole-rock 5°°Fe values for iron oxides (magnetite, hematite, or mixed) versus age for
worldwide BIFs and other iron rich deposits (after Rouxel et al., 2005). The gray area corresponds to
0"Fe values of Fe derived from igneous rocks (at 0.1%o) and hydrothermal sources (about -0.5%o)
(Sharma et al., 2001; Severmann et al., 2004; Rouxel et al., 2008). Data for Isua from Czaja et al.
(2013); Marble Bar Chert from Li et al. (2013); Manzimnyama BIF from Satkoski et al. (2015); Manjeri
from Planavsky et al. (2012); Brockman from Johnson et al. (2008); Kuruman from Steinhoefel et al.
(2010); Caué from Mendes et al. (2017); Biwabik from Frost et al. (2007), Hyslop et al. (2008); and
Rapitan from Halverson et al. (2011). The rise of atmospheric oxygen (atm Q) is defined by multiple
sulfur isotope analyses of (Bekker et al., 2004).

The primary sedimentary structures occurring throughout the BIF unit (Fig. 3; 4) indicate that
these rocks are in excellent degree of preservation and that these structures could be used to
provide additional information on the mechanisms that led to the precipitation of BIF.
Spherulitic microstructures in some parts of the BIF section (Fig. 5D; 5F) were previously
interpreted as microfossils (Lindenmayer et al., 2001, Macambira, 2003; Ribeiro da Luz &
Crowley, 2012) based on morphology and stable carbon isotope analysis. Because a deep-water
setting (beyond ~200 m) in an open ocean has been attributed as a depositional environment for
the Carajas BIF (Fabre et al., 2011; Justo et al., 2020), the micro-spherules were interpreted to
represent microfossils of dissimilatory iron-reducing bacteria (DIR) (Ribeiro da Luz & Crowley
2012). The positive correlation between eNd(t) and §°°Fe for the studied samples (Fig. 16D),
and the lowest positive 3°Fe values of the magnetite-rich samples (Fig. 11) could potentially
be attributed to DIR that released isotopically light dissolved Fe(II) fluids (Beard et al., 2003;
Johnson et al., 2008; Heimann et al., 2010; Czaja et al., 2013), eventually transported to the
deep basin (Li et al., 2015; Konhauser et al., 2017). However, partial oxidation of magnetite to
secondary hematite would also produce more positive §°°Fe values. This is probably why the

8°%Fe values of BIF decrease systematically with increasing percentage of magnetite in the
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samples (Fig. S10), whereas the §°°Fe values of hematite-rich BIF do not display such changes.
Moreover, the strongly positive Fe isotope compositions measured here for all samples indicate
a minimal role of DIR bacteria during the formation of the analyzed jaspilite. The most likely
formation mechanism of the Carajas jaspilites could be the direct transformation of Fe-
oxyhydroxide seawater precipitates into hematite (Hem'; Fig. 5A-D; S2; S3). The positive 5°°Fe
values of hematite-rich type-1 BIF are here interpreted to reflect the partial oxidation of
hydrothermally derived Fe(II). Based on Fe isotope analyses, Fabre et al. (2011) also suggested
that after the deposition of Carajas jaspilite, only a minor amount (if any) of hematite was
partially reduced to magnetite, for instance by DIR. Hence, it is likely that this mechanism
might had little impact on the bulk BIF Fe isotope composition (Fig. 16D) because their
magnetite content was low (< 10% in each sample; see Section 4.1).

Based on our data, we suggest that during the deposition of Carajas jaspilite, submarine
hydrothermal fluids injected throughout the basin, together with Fe-flux derived from leaching
of the mafic crust, played a significant role in influencing the seawater chemistry. This is
expected given that the entire Carajds Formation has been linked to an extensive magmatic
event, which is generally considered a result of rifting that probably opened an restricted ocean
(Gibbs et al., 1986; Olszewski et al., 1989; Martins et al., 2017; Tavares et al., 2018). A breakout
event (rifting) could cause shallower mid-ocean ridges (Ernst et al., 2004), which, in turn, might
have led to transgressive events that submerged the shallow shelf under waters directly owing
to the influence of submarine mantle degassing and leaching of the oceanic crust (Haugaard et
al., 2016b). The Carajas jaspilite samples enriched in heavy Fe isotopes indicate that only part
of the Fe within the paleo-seawater was oxidized to Fe(Ill), and then precipitated. The mixing
of Fe(Il)-rich fluids, abundant reduced gases from the mantle (e.g., CHs, H2, H>S), and

alteration of new oceanic crust would have acted as O; sinks, which likely promoted marine

172



10

15

20

Capitulo 5

anoxia in the Carajas Basin (Haugaard et al., 2016b). The intense hydrothermal activity might
have provided substantial Fe(II), and maintained general anoxic conditions in the Carajas Basin
(Rego et al., 2020) reflected in strong Eu anomalies in REE patterns.

In the hematite-rich samples from upper part of the drill core of Carajés jaspilite, 5°°Fe
values were found to vary by 0.80 %o (8°°Fe = +1.10 to +1.90 %o) over tens to hundreds of
meters of section (Fig. 11). This suggests that the Fe isotope composition of seawater had
changed over periods on the order of a few million years (<20 million years). One could argue
that the relative abundance (%) of magnetite and hematite in these rocks can afford the
heterogeneous-like signature. However, each hematite-rich samples have very low average
magnetite content (presented as percent magnetite by area in Table 1). In addition, the average
5°°Fe values for each of this sample do not vary systematically with the percentage of hematite
(Fe203) in the sample (Fig. S9). Only magnetite-rich §°°Fe values vary systematically with the
percentage of magnetite in the sample (Fig. S10). Therefore, the stratigraphic variation
observed in §°°Fe values in the studied Carajas jaspilite suggest that the Fe cycle in the late
Archean seawater was affected by fractionation mechanisms (Steinhoefel et al., 2010; Haugaard
et al., 2016b). This implies a non-steady state of the Archean Fe cycle with variable Fe
concentrations caused by the competitive effect of partial oxidation of Fe and subsequent
precipitation, and Fe supply from hydrothermal sources (Rouxel et al., 2005). Again, it is
important to stress that the hematite-rich bands sampled for this study had primary bedding
textures (Fig. 5A; 5B) suggesting they also preserved primary Fe-isotope compositions. Rapid
changes in Fe concentration are consistent with the idea that Fe oxide deposition in BIFs
resulted from the episodic upwelling of Fe-rich deep waters, accompanied by partial biological
and/or abiological oxidation in shallow waters (Rouxel et al., 2005). The jaspilites lack a true

negative Ce anomaly, which might reflect the absence of free oxygen in some localities of
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Carajas Basin. Based on the absence of true negative Ce anomalies, Planavsky et al. (2010)
proposed that microbially mediated (anaerobic) iron oxidation was dominating during the
deposition of Archean and Paleoproterozoic iron formations. We suggest that anaerobic
microbial Fe(Il) oxidation, distinct from DIR, might have also played a role in the Carajas
ambient seawater. This suggests that the Carajas jaspilites were formed under anoxic
conditions, and anoxygenic photosynthesis could be the most plausible mechanism responsible
for Fe oxidation in the Carajas Basin, which has been also suggested by previous studies in the
basin (Rego et al., 2021). Nevertheless, the giant deposits of Carajas jaspilites might have
formed through a combination of biological and abiotic oxidation, with the latter occurring in
oxygen oases of the surface ocean preceding the GOE (Anbar et al., 2007; Frei et al., 2009;
Cabral et al., 2013; Mendes et al., 2017). Mild oxidizing conditions were also suggested by
Justo et al. (2020) due to the presence of negative Ce anomalies in a few sections of the BIF
sequence, which would imply that the Neoarchean seawater environment was more oxidizing
than that is commonly accepted (Canfield, 2005; Holland, 2005, 2006) at ~300 Ma before the
GOE (2.51-2.43 Ga; Konhauser et al., 2011; Gumsley et al., 2017; Warke et al., 2020). This is
supported by the emerging evidence for free oxygen in the Meso- to Neoarchean shallow oceans
(Satkoski et al., 2015; Ossa Ossa et al., 2016; Eickmann et al., 2018). However, this Fe isotope
reference frame cannot be uniformly expanded to the entire ocean because of the distinct
changes in the redox state of the ocean—atmosphere system that could have occurred during this
period and the complexity of Fe cycling in the Archean, in combination with its natural setting

(Czaja et al., 2018).

5.5. Constraints from Sm-Nd isotopic composition of Carajas jaspilites

Carajas jaspilite samples were mostly formed during chemical precipitation from the

ocean. Therefore, their REY composition can be used to determine the geochemistry of
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seawater during the formation of BIFs. Thus, their Nd isotopic compositions can be utilized as
ideal proxies for the ocean at ~2.74 Ga ago. However, it is necessary to examine whether the
Nd isotopic contents recorded in the Carajas jaspilite samples were modified by post-
depositional processes. Previous studies have shown that the Sm-Nd isotopic age
determinations can also be used to identify post-depositional alteration (Shimizu et al., 1990;
Alibert & McCulloch, 1993; Bonnand et al., 2020). The Sm—Nd isotope data of the Carajas
jaspilite measured in this study define an isochron indicating that they were formed at 2707 +
118 Ma (n = 34), whereas a subset of these data (n = 20) generated an isochron that suggests an
older apparent age of 2795 + 77 Ma (Fig. 10B). Both Sm—Nd isochrone apparent ages are
concordant with the proposed minimum formation age of the Carajas jaspilites of ~2745 Ma
(Trendall et al., 1998; Martins et al., 2017). If post-depositional events such as the ~2.00 Ga
metamorphism recognized in the Trans-Amazonian cycle (Cordani et al., 1984; Macambira et
al., 2009) or the multiple IOCG-type hydrothermal episodes (see Trunfull et al., 2020 and
Schutesky & Oliveira et al., 2020) had altered the Sm—Nd isotope values, it would have reset
and the isochron calculations would have yielded a younger metamorphic/hydrothermal age
(Viehmann et al., 2014). Because the negative eéNd(0) values and fSm/Nd ratios were different
from those of samples whose Sm—Nd isotopic system were obviously altered during post-
depositional processes (Wang et al., 2014; Peng et al., 2018), the Carajas jaspilites appear to
have preserved primary Nd isotopic signatures, and any possible metamorphic overprinting
were excluded from these samples (Section 5.1). Therefore, we can conclude that all the studied
samples have remained isotopically closed shortly after deposition/formation.

Overall, it is likely that the Archacan and Proterozoic oceans were strongly
heterogeneous in their Nd isotopic composition, with eNd(t) values estimated to range from +1

to +5 in deep-water dominated by depleted mantle-like hydrothermal sources. On the other

175



10

15

Capitulo 5

hand, eNd(t) values down to —4 would have been typical of shallow waters dominated by
terrestrial sources (Miller & O’Nions, 1985; Jacobsen & Pimentel-Klose, 1988; Alexander et
al., 2008). The studied Carajas jaspilite samples display a wide range of eNd (t = 2.75 Ga)
values between —4.97 and +5.40 (Fig. 12H; 13), and have heterogeneous Nd isotopic signatures
throughout the drill core (Table S6; Fig. 8H). The studied rocks have negative eéNd (t) values,
when close to the basaltic flows/jaspilite contact (type-II, Fig. S1), and predominantly positive
eNd(t) values in the remaining samples. The predominantly positive, depleted mantle-like
initial eNd (t) values (—0.84 to +5.40, n = 15) for most of the samples of Carajas jaspilite unit
(Table S6; Fig. 17) are coupled with pronounced positive Eu anomalies (Eu/Eu*sy = 1.86 to
5.05) and strongly super-chondritic Y/Ho ratios (average of 57.55) (Fig. 16A-C). This
information supports the interpretation that submarine high-T hydrothermal input was a
significant (if not dominant) source for the Nd isotopic signatures of seawater from where the
BIF samples precipitated. However, the relatively wide range of eNd (t = 2.75 Ga) values
observed in the Carajas jaspilite samples (Fig. 9 and 17), and their REY similarity with that of
seawater further indicated that the coeval ambient (i.e., surface) seawater, which contributed
materials to the studied BIFs, probably had lower initial eNd values compared to those inferred

for the hydrothermal end-member (Peng et al., 2018).
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Fig 16. Correlation diagrams using geochemical paleoenvironment proxies for Carajas jaspilites: A)
Eu/Eu*sy and Y/Ho; B) ¢Nd (1) and Euw/Eu*sy; C) eNd (t) and Y/Ho,; D) 5°°Fe and eNd (t) for hematite-
rich samples. The positive correlation between eNd(t) and 6°°Fe seen in BIF samples is interpreted to
reflect mixing between a hydrothermal (high-eNd(t), high-5"°Fe) iron source and a minor iron mobilized
by leaching of the mafic crust (low-eNd(t), low-6"°Fe). Type-II BIF overlap basaltic rocks field
demonstrating the volcanic influence in the geochemical signature of the Carajas jaspilite. Data of for
the basaltic rocks are from Martins et al. (2017). eNd(t) was calculated for t = 2745 Ma (Martins et al.,
2017).

Hence, the deviation towards negative eNd(t) values (—4.97 to —0.90, n = 6) in samples

near the basaltic flows/jaspilite contact (type-1I BIFs) might suggest that the seawater during

their formation was influenced by the weathering of older and isotopically evolved continental
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flux (Alexander et al., 2008). This feature is also reflected in the Tpm (Nd) ages (2.94 to 3.60
Ga), which are predominantly older than the BIF depositional age (ca. 2.75 Ga) (Table S6; Fig.
S8). Nevertheless, the lack of detrital materials in these samples indicates a deep-water
depositional environment (i.e., distal to continental landmasses). Thus, it argues against a
continentally derived solute source that might have contributed to Nd evolution. Two additional
explanations for the enriched eNd(t) values of type-II BIFs may be advanced. Seafloor-vented
hydrothermal fluids from enriched mantle or interactions with an enriched mantle source can
produce enriched Nd isotopic compositions (Dessing et al., 2009; Grasse et al., 2012).
Alternatively, the interaction of high-T hydrothermal fluids with the underlying older
terrigenous clastic sediments or enriched crust can generate aqueous fluids with enriched Nd
isotopic compositions (Piepgras & Wasserburg, 1987; Alexander et al., 2009). Given that the
seafloor-vented hydrothermal fluids derived their isotopic compositions mostly by alteration of
the subjacent crust (Kamber & Webb, 2001; Frei & Polat, 2007; Dessing et al., 2009; Wang et
al., 2017), the initial eNd value of this end-member could be well constrained by that of the
coeval mafic volcanic rock. The enriched eNd(t) values (—4.11 to —1.53; Table S6; Fig. 9; 16;
17) of the associated basaltic rocks in the Carajas Basin favor the presence of either an enriched
mantle, or interaction with the underlying older terrigenous clastic sediments, or and enriched
continental crust. Therefore, the Nd isotopic composition in seawater that were precipitated by
type-I1I BIF samples were probably controlled by direct hydrothermal input rather than by
terrigenous sources. It is important to note that these significant changes in eNd and Tpwm (Nd)
values occur near lava flows intercalated with Carajas jaspilite (Fig. 8H) supporting the
hypothesis of intense high-T hydrothermal input throughout the BIF sequence. This information
supports the above hypothesis for isotopically enriched or less depleted Nd reservoirs in the

Carajas area. Furthermore, with the advancement in isotope mass spectrometry, some
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investigations on the sources of iron and silica contents of seawater have been carried out by
analyzing solution Fe isotopic data coupled with robust Sm—Nd isotope systematics (e.g., Li et
al., 2015). The subtle positive correlation between eNd(t) values, Eu anomalies, Y/Ho ratios,
and 8°°Fe values (Fig. 16) in the Carajas jaspilite data might imply that both iron and REY were
derived from a similar source (i.e., the hydrothermal fluids and ambient/surface seawater,
together with flux derived from mafic crust). Also, the Fe/Nd ratios of the end-members did not
change significantly in the Neoarchean Ocean (Planavsky et al., 2020). Cabral et al. (2013)
reported Nd isotopic data from black-shale samples associated with Carajas jaspilites. These
samples had depleted eNd values from 0.4 to 2.8, corresponding to depleted-mantle model ages
of 2.8-3.0 Ga (Table S6; Fig. 9; 16). Differences in €éNd values between the black shales and
jaspilite could have aroused because of their differential nature, as the former is a clastic
sedimentary rock, whereas the latter is chemical sediment. A recent study by Rousseau et al.
(2015) on REE concentrations and Nd isotopic compositions for both dissolved and particulate
materials in the Amazon estuary highlight that the dissolved and suspended end-member
components might have decoupled and/or had different eNd values. In this respect, we consider
that it is highly possible that particles that formed the black shales were sourced mainly from
the nearby depleted rocks. In contrast, seawater dissolved materials derived their composition

by mixing isotopically different Nd sources (more enriched or less depleted source).
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Fig 17. Histograms of eNd (t) values for Carajas jaspilite samples, as well as associated rocks. Data

for black shales and basalts from Cabral et al. (2013) and Martins et al. (2017), respectively.

180



10

15

20

Capitulo 5

5.6. Depositional environment and tectonic settings

The Carajas jaspilites are grouped into the Carajas Formation that conformably overlie
or are occasionally interlayered with the basalts and basaltic andesites of the Parauapebas
Formation (Klein & Ladeira, 2002; Martins et al., 2017). These rocks belong to the Neoarchean
Grao-Para Group, the main volcano-sedimentary sequence of the Carajas Basin (~2.75 Ga;
Gibbs et al., 1986; Wirth et al., 1986; Olszewski et al., 1989; Machado et al., 1991; Trendall et
al., 1998; Martins et al., 2017). Although several models have suggested a subduction-related
environment (Meirelles & Dardenne, 1991; Teixeira & Eggler, 1994; Zucchetti, 2007;
Figueiredo e Silva et al., 2020), the formation of the Carajas Basin is usually considered the
result of a rift-related event., which caused extensive bimodal magmatism with significant
contamination of upper crustal rocks (Gibbs et al., 1986; Martins et al., 2017; Tavares et al.,
2018; Teixeira et al., 2021). Considering the geochemical features from basaltic rocks, Martins
et al. (2017) suggested that these basalts most likely formed during continental rifting before
2.76 Ga, and not in an arc-like environment. The basalts from N4W deposit display
predominant negative eHf(t) values, suggesting that the source material had evolved from the
Paleoarchean crust. Recently, detailed sedimentological investigations and U-Pb dating of
detrital zircon (Rossignol et al., 2020) from the newly defined Serra Sul Formation suggested
that this formation and the underlying Grao-Para Group were deposited during successive
extensional tectonic phases that affected the Amazonian Craton during late Neoarchean to early
Paleoproterozoic. Following this and the new data presented here, we consider that Carajas
jaspilites were formed in an extensional setting. The large positive Eu anomalies indicate BIF
deposition near a hydrothermal vent, probably in a rift-basin environment, like other Archean
to Paleoproterozoic BIFs worldwide, such as those from the Hamersley Group in Australia. The

strongly positive Fe isotope compositions measured in this study interpreted to reflect partial
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oxidation of hydrothermally derived Fe(II), further indicate that its deposition occurred mainly
on deep-water in conditions with very low to no free O>. Moreover, the lack of detrital materials,
such as clay, and the lack of any syn-sedimentological features besides fine banding (i.e.,
absence of current-, tide-, or wave-generated sedimentary structures) in the studied samples
also indicates a deep-water depositional environment, probably with distal to continental
landmasses. Fe-rich fluids derived from leaching/alteration of subjacent mafic rocks (volcanic
activity) could have been also incorporated into the water masses from where the Carajas
jaspilite precipitated. Thus, it can be concluded that insignificant terrigenous input, high-T
hydrothermal fluids, ambient seawater, and potential Fe flux derived from the submarine mafic
rocks controlled the material sources of Carajas jaspilites. The deposition took place at ~2.75
to 2.73 Ga (Gibbs et al., 1986; Wirth et al., 1986; Olszewski et al., 1989; Trendall et al., 1998;
Martins et al., 2017) mainly in deep-water, distal to continental landmasses, in a hydrothermal
region overprinted by submarine environment of an rift-related basin.

BIFs are broadly classified as either Algoma-type or Superior-type based on the
depositional environment (Gross, 1980, 1983). The large Eu anomalies observed in the Carajas
jaspilite (average of 2.71; Fig. 12) are consistent with those of Algoma-type BIFs (Huston &
Logan, 2004), mainly those of Archean and late Paleoproterozoic (Planavsky et al., 2010). In
addition, abundant (mostly basalt) volcanic rocks interlayered with BIF bands (Fig. S1; 3)
(Beisiegel et al., 1973; Macambira, 2003; Martins et al., 2017) suggests an Algoma-type BIF
affinity. Nevertheless, the Carajas jaspilites are laterally very extensive and thick, with the
original estimated thickness being more than 400 m in some cases (Macambira, 2003; Fig. 2),
in contrast to most Algoma-type BIFs, which rarely extend for >10 km along strike and are
typically <50 m thick (Bekker et al., 2010). Additionally, the studied BIF samples are poor in

transition metals such as V (mean of 4.61 ppm), Co (2.79 ppm), and Ni (<1 ppm), which are
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characteristic features of Superior-type BIFs (Gross & McLeod, 1980). Therefore, we suggest
that neither Algoma-type nor Lake Superior-type BIFs can completely describe the Carajas
jaspilite. We agree with the idea that it is more practical to consider these classifications as end-
members, with a spectrum of intermediate varieties (Bekker et al., 2012; 2014; Konhauser et

al., 2017).

It is now widely accepted that the deposition ages of the large, and economically
important BIF deposits (Bekker et al., 2010) are consistent with mantle plume breakout events,
which are recorded by the secular distribution of large igneous provinces (LIPs), dike swarms,
and submarine-emplaced mafic volcanic rocks (Isley, 2005; Isley & Abbott, 1999; Rasmussen
et al., 2012). One of these periods was associated with a mafic superplume event between 2.75
and 2.70 Ga (Isley & Abbott, 1999), corresponding to the accepted minimum age of ~2.74 Ga
for the deposition of the Carajas BIFs (Trendall et al., 1998; Martins et al., 2017). Mantle plume
activity provides the source of iron and enhances the precipitation of the BIF (Isley & Abbott,
1999). Although the data presented here suggest that the depositional setting of jaspilites from
the Carajas Formation resulted from the rifting of older continental crust, it is unclear whether
the attributed rift-related setting was linked to a mantle plume event or if it reflects a transition
process from a collisional to a post-collisional environment, followed by rifting (Martins et al.,
2017; Tavares et al., 2018). The absence of plume signature (e.g., enrichment in potassium and
light rare earth elements) on the geochemical data from the Parauapebas formation basalts
indicate that this rift-related setting was a result of post-collisional environment in the period
15—-8 Ma (Tavares et al., 2018), and therefore, it was not directly associated with a mantle plume
breakout event. Nevertheless, the hypothesis that Parauapebas volcanism originated from
mantle plume activity cannot be entirely ruled out. Owing to post-eruption tectonic

fragmentation and erosion, the preserved volume of the Parauapebas basalts is less than the
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minimum required size for a LIP (100,000 km®) (e.g., Ernst, 2014). However, precise
geochronological data revealed that the thick volcanic lava sequences from Parauapebas were
formed over a short period between ~2770 Ma and ~2750 (Machado et al., 1991; Olszewski et
al., 1989; Martins et al., 2017; Toledo et al., 2019). A short-lived magmatic event (with duration
as short as ~ 1 Ma) was also suggested based on the abundance of zircon from volcaniclastic
rocks interbedded in the Carajas jaspilite (Rossignol et al., 2021). In addition, the large
thickness of the basalts (2-3 km; Cabral et al., 2013; Fig. 2) is comparable to that of Siberia
and Emeishan LIPs (Zhang et al., 2019). If correct, the ~2760 Ma igneous activity in the Carajas
Basin meets at least the following three characteristics of a LIP: short duration, large thickness,
and typical rift-like geochemical signatures. The emplacement of this LIP was probably
immediately preceded by a continental extensional phase that formed a rift basin filled with
Carajas iron formations (Rossignol et al., 2021). Because this hypothesis is not well

constrained, it opens an opportunity for further research.

5.7. Genetic model

A genetic model is proposed for the Carajas jaspilites, whereby the crustal spreading in
the extensional rift-related basin led to upwelling of asthenospheric mantle and, consequently,
provided heat leading to partial melting of the lithospheric mantle (Fig. 18). Along the spreading
center, abundant hydrothermal fluid dissolved Fe(II) and Si, and the alteration of new oceanic
crust acted as O> sinks, which probably made the seawater anoxic (Fig. 18A). The
hydrothermally generated Fe(II) and Si might have originated from deeper parts of the basin,
where subaqueous volcanism was significant (Fig. 18B). According to Bekker et al. (2010),
when the hydrothermal flux overwhelms the oceanic oxidation state, reduced Fe from
hydrothermal vents gets transported to the upper water column. In the regions where the

hydrothermal flux is insufficient to overwhelm the seawater redox state, Fe becomes rapidly
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oxidized, and becomes proximally precipitated as Fe(IIl) oxyhydroxides. Hence, it is likely that
the dissolved Fe(II) and Si were not deposited near the spreading center. Rather, Fe(II) and Si
were brought in as an “iron shuttle” (Silverman & Lundgren, 1959) to the shallow-water
environment at the rift basin margins following cold and heated water convection, where it
encountered a chemocline that separated the bottom anoxic water from the surficial mildly
oxidized layer (Fig. 18 A). Owing to the higher influx of Fe(Il) caused by the higher degree of
hydrothermal activity in the deeper basin (recorded by higher Eu/Eu*sy and positive eNd(t)
values), a larger quantity of reduced iron reached the chemocline, which was subsequently
oxidized and precipitated as ferric iron oxyhydroxides at the contact with the shallow oxidized
water layer. Iron-rich particles are subsequently transported and settled to the bottom of the
basin, reaching the soft-sediment layer (Fig. 18). Additionally, only a minor amount of Fe(III)
was consumed by microbes in sedimentary pile, perhaps through partial DIR, thereby producing
magnetite. Anoxygenic photosynthesis was probably the most plausible mechanism responsible
for Fe oxidation in the Carajas Basin (Rego et al., 2021). Locally, an oxygen whiff or,
alternatively, oxygenated microenvironments were probably present in water masses of the
Carajas Basin, which led to the precipitation of jaspilites of the Carajas Formation, thereby
indicating that emerging oxidizing conditions had influenced certain areas of the Carajas Basin

before the onset of the GOE.
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Fig 18. Model for the deposition of the Carajas jaspilites in the Serra Norte region. A) Schematic view

of Fe isotope exchange reactions between the different oceanic reservoirs and BIF deposits (after Fabre

et al., 2011); B) Deposition model involving the ocean redox structure based on REY patterns and Fe

and Nd isotopic results. See text for discussion.

6. Conclusion

The following conclusions are drawn based on geological, petrological, and geochemical

analyses of the Carajas jaspilite in the ~2.75 Ga volcano-sedimentary sequence of the Grao-

Paréa Group:

(1) Major and trace elements and REY concentrations indicate that the Carajas jaspilites are

neither of Algoma-type nor Superior-type BIFs. Mixing models pointed to that more than
0.1% and less than 1% of high-temperature hydrothermal fluids (> 250 °C) mixed in with

ambient seawater, together with flux derived from the mafic crust, were involved in the
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formation of the jaspilites. Submarine hydrothermal fluids associated with mafic volcanic
activity produced BIF-forming materials, particularly silicon and iron. Overall, low Al>O3,
Ti10,, and HFSE abundance indicate that the formation of the Carajas jaspilite had minor (if

any) contributions from detrital input.

(2) Variations in §°°Fe values up to 0.80%o for hematite-rich samples over tens to hundreds of

meters of the stratigraphic section hint towards relatively sharp changes in iron isotope
composition of seawater over large periods (i.e., on the order of the deposition time of
Carajas jaspilite unit; a few million years). Hypothetically, the variation implies a non-steady
state of the iron cycle during the late Neoarchean, with variable iron concentrations being
caused by the competitive effect of iron oxide precipitation and iron supply from
hydrothermal sources. It is likely that redox variations had induced isotopic variations. The
strongly positive 5°°Fe values indicate that the deposition of Carajas jaspilite occurred
mainly in deep-water at extremely low or no free O>. However, this Fe isotope reference
frame cannot be uniformly expanded to the entire ocean because of the distinct changes in
the redox state of the ocean-atmosphere system, which might have occurred during this
period, the complexity of Fe cycling in the Archean, and the natural setting in general (Czaja

et al., 2018).

(3) The origin of both conspicuous positive Fe isotopic anomalies over time and the

unprecedented large positive Eu anomalies of the Carajés jaspilites is not clear, but likely
corresponds to an extremely high input of hydrothermal-derived fluids at that time. The
enhanced flux of mantle-derived materials during this period was probably associated with
extensive rift-related volcanism (~2.75 Ga magmatism). The breakout event (rifting)

generated shallower mid-ocean ridges, which, in turn, might have led to transgressive events
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that submerged the shallow shelf under water influenced by submarine mantle degassing and

hydrothermal alteration of the oceanic crust (Haugaard et al., 2016b).

(4) Sm—Nd isotope data of the Carajas jaspilite plot along a correlation line in a conventional

isochron diagram yielding an age of 2707 + 118 Ma. A subset of these data provided an older
isochron age of 2795 + 77 Ma. Both Sm—Nd isochron apparent ages are concordant with the
proposed minimum formation age of the Carajas jaspilites of ~2745 Ma (Trendall et al.,
1998; Martins et al., 2017). In addition, the samples had a heterogeneous Nd isotopic
signature throughout the drill core, where rocks with negative eNd (t) values (—4.97 to —0.90,
n = 6) were found near the basaltic flows/jaspilite contact. Meanwhile, predominantly

positive eNd(t) values (—0.84 to +5.40, n = 15) were widespread in the remaining samples.

(5) The redox state reconstructed from Carajas jaspilites argues against widespread elevated

oxygen levels in the late Neoarchean seawater. A depositional model for Neoarchean Carajas
jaspilite was constructed, whereby dissolved Fe(Il) in the upwelling hydrothermal fluids was
oxidized to Fe(Ill) through anoxygenic photosynthesis and subsequently precipitated as
oxyhydroxides in the upper water column before being deposited on the seafloor. Locally,
considerable oxygen was probably present in the water masses of the Carajas Basin, which
led to the precipitation of jaspilites, thereby suggesting that the emerging oxidizing

conditions could have influenced the Carajas Basin before the GOE.

(6) Jaspilites in the Carajas Basin were precipitated in a deep-sea environment (i.e., distal to

continental landmasses) near volcanic centers with intense hydrothermal activity. The Fe
deposits were mainly derived from ferrosilicon materials generated by the venting of

hydrothermal fluids under anoxic and suboxic conditions.
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SUPPLEMENTARY INFORMATION

S1. Carajas Mineral Province (Geological Background)

The Carajas Mineral Province is an Archean nucleus located in the southeastern portion
of the Amazonian Craton, Brazil (Fig. 1A). It contains world-class deposits of Fe and Cu, as
well as Mn an Ni mines (Beisiegel et al., 1973; DOCEGEO, 1988; Monteiro et al., 2014; Moreto
et al., 2015). The province is divided in two domains, the northern Carajas Domain and the
southern Rio Maria Domain (Fig. 1B). A broad E-W striking shear zone (known as “Transition”
subdomain), mostly within the Carajds Domain, occurs between the metavolcano-sedimentary

Carajas Basin sequence and rocks of the Rio Maria Domain (Fig. 1B).

The Rio Maria Domain is a typical granite-greenstone terrane, mainly composed of
tonalite—trondhjemite—granodiorite (TTG) associations, surrounded by greenstone belts, with
formation ages between ca. 3.0-2.8 Ga (Althoff et al., 2000; Souza et al., 2001; Dall’Agnol et
al., 2006; Almeida et al., 2011, 2013; Oliveira et al., 2011). Diverse Archean plutonic rocks are

intrusive in the TTG—greenstone basement rocks including a sanukitoid suite of 2.87-2.86 Ga,
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high Ba—Sr leucogranodiorite—granites and associated K—rich granites (Oliveira et al., 2009;

Almeida et al., 2010, 2011; 2013).

Apart from the strongly deformed granitoids and gneissic rocks of the Transition
subdomain, Carajas domain is composed essentially of the Carajas Basin (Vasquez et al., 2008;
Fig. 1C), also known as the central sigmoid of Carajas (Araugjo et al., 1988; Aratjo & Maia,
1991; Pinheiro & Holdsworth, 1997; Holdsworth & Pinheiro, 2000). The basement of the
Carajas Basin comprises ca. 2.85 Ga Mesoarchean igneous and metamorphic rocks, which
include granite and gneiss of TTG-type, belonging to the Xingu Complex (Machado et al.,
1991). Many authors considered the ca. 3.0 Ga Pium Diopside-Norite Complex (Pidgeon et al.,
2000) and the Chicrim-Cateté orthogranulite unit (Araujo & Maia, 1991; Vasquez et al., 2008)
as part of the basement assembly of this basin as well. The main assemblages of the Carajas
Basin are of Neoarchean to Paleoproterozoic age and it is commonly segmented into the
lowermost metavolcanic—sedimentary Grao-Pard Group (2.76-2.73 Ga; Fig. 2) overlain by
metasedimentary rocks of the ca. 2.68—2.06 Ga Serra Sul and Aguas Claras formations (Aradjo
& Nogueira, 2019; Aratjo Filho et al., 2020; Rossignol et al., 2020) (Fig. 1C). The
Paleoproterozoic Serra Sul Formation is composed of subglacial and marine diamictite
interbedded with mudstone and black shale strata (Arafijo & Nogueira, 2019), while the Aguas
Claras Formation consists mainly of fluvial siliciclastic rocks (Araujo Filho et al., 2020). Both

units overlie in unconformity the Grao-Para Group (Aratjo Filho et al., 2020).

Several ca. 2.76 Ga mafic-ultramafic layered complexes are exposed near the borders
of the Carajas Basin (Machado et al., 1991; Vasquez et al., 2008; Fig. 1C), including the PGE-
mineralized Luanga layered complexes, and large Ni-laterite mineralized layered intrusions of
the Catet¢ Suite (Lafon et al., 2000; Ferreira Filho et al., 2007). Paleoproterozoic (~1.88 Ga)

intrusions including several anorogenic granitic plutons (e.g., Carajas granite), and dike swarms
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(Machado et al., 1991; Teixeira et al., 2018; Giovanardi et al., 2019) cross-cut the Carajas Basin,

post-dating the deposition within the basin.

The most conspicuous structural feature of the Carajas Basin is an S-shaped syncline-
anticline pair (Rosiere et al., 2006), the Carajas fold, and partially disrupted by the Carajas
strike-slip system (Fig. 1C). The latter divides the Serra dos Carajas in two main blocks, named

Serra Norte and Serra Sul.
S2. Electron microprobe analytical methods

Mineral analyses were performed on polished thin section using a JEOL JXA-8230
SuperProbe with 5 wavelengths dispersive (WDS) spectrometers at the Electron Microprobe
Laboratory of the University of Brasilia, Brazil. Systematic WDS analyses were obtained for
magnetite, hematite, and goethite. Operating conditions for all minerals were 15 kV
accelerating voltage, a beam current of 10 nA and probe diameters of 1 um. Count times on
peak and on background were 10 and 5 s, respectively. Both synthetic and natural mineral
standards were used for the analyses and the same standards and procedure were retained
throughout the analytical work. 10s. In additional, X-ray energy dispersive spectroscopy (EDS)
was also performed on several minerals to support petrographic studies. The results are

provided in Supplementary Tables.
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SUPPLEMENTARY FIGURES
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Fig. S1. Litholog for N4WS-F1398, displaying the stratigraphic position and relationship between

different lithologies within the core. Note the important SHRIMP U-Pb zircon ages (Martins et al.,

2017) from individual basaltic flows.

219



Capitulo 5

FeO total (wt.%)
A Magnetite B Hematite' C Hematite’ D Goethite
90.0 90.5 91.0 91.5 92.0 925 83 84 B85 86 87 88 89 90 83 84 85 86 87 88 89 90 72 73 74 75 76 77 78 79 80
70.00 A R R N T O A Y | A T T N O T Y T N N
100.00 £ - =1
& [ ]
[ ] ®
°® ° ®
[ ] ®
[ ] ®
® @
[ J
200.00 = - =
®
[ ] ® (]
® @ L J
| i @ | ® | ®
[ ] ®
@ [ [ ]
£ [ ] [ ] ®
A=
£ 300.00 - - -
o
o)
]
@ ®
[ ] ® ®
e ® L ] ®
[ ] ® ®
® ®
400.00 -| o . 4
®e
®
® o °
e © ®
® @
[ ]
500.00 . .
e ¢ °
530.00 - = = =

Fig. S2. Distribution of total iron content expressed as FeO total with depth for electron microprobe

analyses of magnetite (A), hematite' (B), hematite’ (C), and goethite (D) from the Carajds jaspilite.
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Fig S3. Variation of total iron content expressed as FeO total for electron microprobe analyses of

magnetite, primary hematite (Hematite'), pseudomorphic hematite (Hematite®), and goethite.
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Fig S4. Major bulk element data from the Carajas BIF plotted in ternary diagrams. (4) SiOr—Fe>Os(t)—
AlLOs3 and (B) SiOr—Fe;03(t)—CaO + MgO. Type-1I BIF are samples influenced by volcanic adjacent
activity, meanwhile, Type-1 BIF is the remaining samples. See text for further explanation.
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Fig S5. Correlation diagrams between major elements and trace elements of the Carajas jaspilite: A)

SiO; and Fe;Os(total); the better alignment (without magnetite-rich samples) gives an R> = 0.97; B) Y

and Ho; C) Ce and Pr; D) Eu and Gd. R’ from (B) and (D) taken without Type-II BIF samples.
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Fig S6. SiO; vs. Al;O;3 discrimination diagram indicating the hydrothermal affinity of the studied BIF.
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al., 2011 and Rego et al., 2021.
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Fig S8. Histograms of Tpu values for Carajas jaspilite samples. Dotted line is approximately the

minimum depositional age of the jaspilites (Galarza et al., 2008).
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B) Average §°°Fe values plotted against the FeO content of each core sample. Average total magnetite

in each core section as determined by image analysis (see Table 1 for data).
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SUPPLEMENTARY TABLES

Table S1

Microprobe analyses of magnetite with core depth from the Carajas BIF.
No. Depth (m) Sample SiO, (wt.%) ALO; TiO, FeO total* MnO MgO CaO K,O Cr;0; V,0; NiO Total
1 21200 F1398-034  0.89 0.01 003 9031 000 002 001 002 000 000 000 9130
2 27000 F1398-048  0.81 0.02 000 9048 003 005 003 001 000 003 000 9146
3 28500 F1398-054 141 0.00 000 9013 014 010 001 000 004 005 000 9188
4 32800 F1398-066  1.18 0.04 000 9064 000 0.1 003 000 000 003 006 92.10
5 34400 F1398-070  0.78 000 017 9096 007 003 002 000 003 000 000 9206
6  381.00 F1398-082  0.29 0.00 006  91.01 000 001 001 002 006 000 000 9145
7 394.00 F1398-085 1.12 0.01 0.06 90.58 0.07 0.08 0.02 000 0.02 003 0.02 9201
8 40500 F1398-088  0.62 0.02 004 9123 001 003 002 001 003 002 002 9206
9  407.00 F1398-089  0.67 0.01 001 9165 001 004 013 003 000 000 000 9255
10 409.00 F1398-090  0.85 0.02 002 9165 002 004 003 001 001 002 000 9266
11 419.00 F1398-097  0.29 0.01 005 9208 001 001 002 000 001 002 002 9252
12 42300 F1398-104  1.18 0.03 001 9123 002 014 010 002 001 004 000 9279
13 42600 F1398-105  0.82 0.0 000 9202 003 012 001 000 002 002 000 93.05
14 45600 F1398-113 126 0.02 000 9220 001 037 004 001 001 004 000 9396
15 45800 F1398-114  0.66 0.0l 016 91.62 003 006 003 002 003 000 001 9262
16  486.00 F1398-123  0.61 001 026 9171 003 006 001 000 003 003 002 9277
17 489.00 F1398-125  0.89 0.01 026 9141 003 011 001 001 002 001 001 9277
18 49400 F1398-127  0.66 0.02 010 9174 003 008 002 001 001 000 001 92.69
19 503.00 FI1398-130  0.86 0.01 002 9231 005 006 002 002 002 001 002 9339
20 507.00 F1398-132  1.03 002 012 9171 004 013 001 001 002 002 001 93.11

*Total iron content expressed as FeO total
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Table S2
Electron microprobe analyses of hematite with core depth from the Carajas BIF.
No. Depth (m) Sample SiO, (wt.%) AlLOs TiO, FeO total*  MnO MgO CaO K,O Cr0; V.03 NiO Total
Pseudomorphic hematite (secondary)
1 110.00  F1398-009 0.98 0.03 0.05 85.43 0.04 0.04 0.08 0.07 0.02 0.02 0.00  86.77
2 118.00  F1398-011 1.15 0.07 0.10 83.86 0.03 0.04 0.10 0.00 0.04 0.05 0.01 85.45
3 138.00 F1398-016 0.49 0.01 0.03 86.19 0.08 0.02 0.09 0.04 0.07 0.02 0.00  87.04
4 142.00  F1398-017 0.47 0.00 0.05 85.21 0.05 0.01 0.07 0.08 0.02 0.02 0.01 85.97
5 158.00  F1398-21 0.96 0.00 0.00 87.16 0.07 0.00 0.10 0.02 0.00 0.03 0.02  88.36
6 170.00  F1398-024 1.02 0.02 0.00 85.70 0.00 0.02 0.02 0.00 0.00 0.00 0.00  86.79
7 186.00  F1398-027 1.30 0.09 0.08 86.47 0.04 0.01 0.07 0.01 0.05 0.04 0.00  88.15
8 194.00 F1398-029 1.56 0.08 0.00 85.81 0.08 0.05 0.05 0.02 0.03 0.02 0.00  87.70
9 206.00  F1398-032 0.59 0.05 0.09 86.67 0.02 0.02 0.09 0.02 0.02 0.00 0.03 87.59
10 212.00 F1398-032 1.32 0.00 0.18 88.99 0.04 0.11 0.09 0.00 0.00 0.00 0.00  90.72
11 230.00  F1398-038 0.86 0.00 0.02 85.05 0.04 0.02 0.03 0.04 0.00 0.03 0.01 86.11
12 245.00  F1398-042 0.63 0.02 0.07 87.16 0.00 0.03 0.02 0.00 0.04 0.02 0.04  88.03
13 265.00 F1398-046 1.36 0.06 0.03 86.12 0.04 0.04 0.03 0.02 0.03 0.00 0.01 87.74
14 270.00  F1398-048 1.12 0.00 0.12 86.73 0.01 0.03 0.03 0.02 0.00 0.01 0.00  88.05
15 285.00  F1398-052 1.23 0.24 0.05 84.23 0.02 0.02 0.02 0.00 0.06 0.02 0.00  85.89
16 328.00  F1398-066 1.13 0.09 0.00 84.23 0.03 0.04 0.07 0.01 0.03 0.00 0.02  85.66
17 344.00 F1398-070 0.64 0.00 0.06 85.23 0.07 0.01 0.09 0.05 0.04 0.05 0.03 86.27
18 368.00 F1398-076 1.79 0.11 0.06 84.26 0.04 0.12 0.02 0.01 0.00 0.03 0.02 8645
19 370.00 F1398-077 2.53 0.38 0.13 83.22 0.01 0.03 0.07 0.05 0.05 0.02 0.01 86.51
20 381.00 F1398-082 1.04 0.00 0.00 87.60 0.05 0.02 0.02 0.02 0.05 0.01 0.03 88.84
21 394.00 F1398-085 0.21 0.03 0.14 86.93 0.03 0.01 0.03 0.02 0.02 0.01 0.01 87.44
Fine irregular hematite (primary)
1 230.00 F1398-038 0.24 0.05 0.13 87.86 0.03 0.00 0.10 0.00 0.00 0.04 0.00 88.44
2 245.00  F1398-042 0.34 0.08 0.08 86.76 0.06 0.01 0.07 0.05 0.01 0.02 0.02  87.49
3 265.00 F1398-046 0.77 0.13 0.14 86.29 0.06 0.01 0.05 0.03 0.02 0.02 0.01 87.52
4 285.00 F1398-052 0.41 0.14 0.04 85.84 0.03 0.03 0.04 0.01 0.26 0.01 0.01  86.82
5 381.00  F1398-082 0.33 0.07 0.07 86.25 0.03 0.02 0.03 0.02 0.02 0.01 0.00  86.86
6 426.00 F1398-105 1.10 0.04 0.00 86.45 0.06 0.05 0.07 0.05 0.01 0.01 0.06  87.90
7 456.00 F1398-113 0.77 0.04 0.03 87.26 0.00 0.06 0.09 0.04 0.07 0.02 0.00  88.37
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8  480.00 FI398-125  0.38 009 018 8703 003 002 013 007 007 002 000 8802
9 49400 FI398-127  0.40 006  0.05 8675 001 004 007 002 003 00l 000 87.44
10 507.00 F1398-132 031 004  0.03 8762 002 002 006 002 003 00l 001 8816
*Total iron content expressed as FeO total
Table S3
Electron microprobe analyses of goethite with core depth from the Carajas BIF.
No. Depth(m) Sample SiO, (Wt.%) ALO; TiO, FeOtotal* MnO MgO CaO K;O Cr,0; V,0; NiO  Total
1 110.00  F1398-009  0.95 0.14  0.06 7422 006 003 009 000 002 000 002 7558
2 118.00  F1398-011 1.18 003  0.02 7222 003 002 007 005 00l 000 002 73.63
3 138.00 F1398-016  1.00 006  0.00 7926 012 001 002 000 000 002 001 8049
4 142.00 F1398-017 097 000  0.02 7473 004 004 007 001 005 002 000 7593
5 158.00  F1398-021 0.65 021 0.00 7364 014 003 005 002 007 000 000 7479
6 170.00  F1398-024 1.14 001 0.00 7587 000 000 003 003 002 002 005 77.17
7 185.00 F1398-027 144 046  0.00 7708 008 008 009 005 000 000 002 7930
8 21200 F1398-034  1.17 000  0.04 76.11 002 001 002 00l 000 002 000 77.40
9 230.00 F1398-038 1.01 000  0.02 7583 000 005 003 00l 000 000 000 7696
10 24500 F1398-042  0.96 003 0.0l 7448 002 001 004 002 004 002 00l 7565
11 27000 F1398-048  0.88 001 0.3 7496 001 000 005 003 000 002 002 7601
12 34400 F1398-070  2.22 074 0.5 7419 002 017 004 001 007 001 007 77.59
13 36800 FI1398-076  2.70 035  0.03 7354 004 008 004 002 006 000 001 7685
14 37000 F1398-077 191 0.14  0.00 7756 000 005 003 002 002 001 000 79.73

*Total iron content expressed as FeO total
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Capitulo 6

6. CONSIDERACOES FINAIS

A sequéncia vulcanossedimentar do Grupo Grao-Paré, localizada na porcao norte da Provincia
Mineral de Carajas, € a principal sequéncia da Bacia Carajas. A bacia € preenchida inicialmente por uma
espessa camada de rochas vulcanicas, associada ao vulcanismo Parauapebas, seguida pelas formacgdes
ferriferas bandadas de Carajas. Tais rochas possibilitam o acesso as condi¢cdes ambientais e geograficas
vigentes durante o Neoarqueano (~2.75 Ga) e aos processos tectonicos associados a formacao da bacia.
Neste estudo, ambos os aspectos foram investigados a partir de andlises de dados petrograficos e
geoquimicos de elementos maiores e tragos, bem como a composicao isotopica de Nd e Fe nas amostras
das FFBs de Carajas. Além disso, estudos paleomagnéticos foram realizados nas rochas vulcanicas méaficas
da Formagdo Parauapebas no intuito de reconstruir as condi¢des paleogeograficas durante a formacao da

bacia. Os dados obtidos permitiram as seguintes observacdes:

[.  As FFBs de Carajas sao formadas por bandas alternadas, milimétricas a centimétricas, de
quartzo cripto- a microcristalino (chert e/ou jaspe) e 6xidos de ferro (geralmente hematita).
O jaspe ¢ uma variedade de chert contendo inclusdes microscopicas de hematita que lhe
conferem a cor vermelha. Estruturas primarias sdo comumente observadas em todo pacote
sedimentar, por exemplo: bandamento, microflames, scour-and-fill, pinch-and-swell e
esferulitos.

II.  De maneira geral, as FFBs estudadas destacam-se pela pureza, sendo formadas quase que
exclusivamente por SiO; + Fe;Os total (96,40 a 99,90 %). Além disso, os baixos conteudos
de Al,Os (<1,00 %), TiO2 (<0,01 %) e HFSE (p.ex., Zr, Hf e Th) (<1 ppm) em boa parte das
amostras estudadas também indica um ambiente deposicional livre de detritos. Possuem,
relativo aos valores do PAAS, leve fracionamento nos elementos terras raras mais itrio (ETR
+Y) com algumas amostras apresentando enriquecimento nos pesados em relagao aos leves,
enquanto outras mostraram a tendéncia inversa (La/Yb paas = 0,47—4,89 ¢ Sm/YD paas =

0,36-2,60). Os padrdes de ETR +Y para a maioria das amostras também mostram anomalia
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III.

IV.

positiva leve de La, auséncia de anomalia negativa verdadeira de Ce e anomalia positiva
acentuada de Eu (Eu/Eu paas = 1,86-5,05) (Fig. 13). Tais caracteristicas indicam a entrada
significativa de fluidos hidrotermais de alta temperatura (> 250 °C) e um estado ndo oxidado
da agua do mar durante a deposicdo dos jaspilitos. No entanto, a presenca de anomalias
negativas verdadeiras de Ce em parte do pacote de jaspilitos pode sugerir a ocorréncia
precoce de oxigénio ou, alternativamente, microambientes oxigenados ~250 milhdes de anos
antes do Grande Evento de Oxidac¢do. Os resultados ainda indicam que fluidos hidrotermais
quentes a partir de ventes submarinas misturados com a dgua do mar, juntamente com o
fluxo derivado da crosta mafica subjacente, estiveram envolvidos na precipitagdo dos
jaspilitos.

Os valores de 6°°Fe (razdo *Fe/>*Fe) para as FFBs de Carajas so estritamente positivos com
uma média de +1,34 £ 0,08 %o (Fig. 13), sendo um dos valores mais altos ja medidos em
FFBs arqueanas (Johnson et al., 2003, 2008; Rouxel et al., 2005; Konhauser et al., 2017).
Tais valores indicam a entrada significativa de material rico no componente pesado dos
isotopos de Fe (*°Fe) na agua do mar contemporanea a precipitacdo das FFBs. Neste
contexto, os fluidos hidrotermais quentes gerados a partir de ventes submarinas seriam a
fonte mais provavel desse material. Além disso, os valores de 5°°Fe para as amostras ricas
em hematitas primarias variam ao longo do pacote de jaspilitos (+1,10 a +1,90 %o), 0 que
indica que a composi¢do isotopica de Fe variou durante o periodo de deposi¢ao das FFBs de
Carajas (< 20 Ma). Esta variacdo corrobora com a hipdtese de um estado ndo estacionario
do ciclo do Fe durante o arqueano com concentragdes varidveis de Fe causadas pelo efeito
competitivo da precipitagdo do 6xido de Fe e fornecimento de Fe oriundo de fontes
hidrotermais (Rouxel et al., 2005).

Dados isotopicos fornecidos pela sistematica Sm—Nd nos jaspilitos de Carajas identificaram

uma assinatura heterogénea, onde as rochas com valores negativos de eNd (t = 2745 Ma) (—
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4,97 a 0,90, n = 6) foram encontradas préoximas ao contato jaspilito/basalto (tipo-II),
enquanto as demais amostras apresentaram valores predominantemente positivos de eNd (t
= 2745 Ma) (-0,84 a +5,40, n = 15). Os valores negativos de eNd (t) indicam a presenca de
manto enriquecido ou alguma interagdo com rochas “enriquecidas” (p.ex., basaltos
adjacentes). Além disso, as isdcronas (Sm—Nd) fornecidas resultaram em idades
deposicionais de 2707 = 118 Ma (MSWD = 230, n = 34) e de 2795 + 77 Ma (MSWD = 56,
n = 20) concordantes com a idade minima difundida na literatura para a deposi¢ao das FFBs
de Carajas de ~ 2745 Ma (p.ex., Trendall et al., 1998; Martins et al., 2017).

As FFB de Carajas apresentam uma assinatura ETR + Y semelhante a 4gua do mar; no
entanto, as anomalias pronunciadas positivas de Eu, valores positivos de eNd (t) e razdes
Y/Ho menores quando comparados a 4gua do mar indicam uma possivel mistura com fluidos
hidrotermais de alta temperatura (> 1,0%).

O estudo quimioestratigrafico e o contexto geolodgico regional indicam que os jaspilitos de
Carajas ndo se enquadram dentro da classificagdo convencional entre tipo Algoma ou tipo
Superior (Gross, 1980). As anomalias positivas ¢ acentuadas de Eurdpio (Eu/Eu paas = 1.86
— 5.05) observadas nas amostras e a existéncia de atividade vulcanica contemporanea a
deposicao dos jaspilitos sao consistentes com os FFBs do tipo Algoma (Gross, 1980; Huston
& Logan, 2004). Entretanto, os jaspilitos possuem teores negligiveis de metais de transigao
como V (média de 4,61 ppm), Co (2,79 ppm) e Ni (<1 ppm), comumente observados em
FFBs do tipo Superior (Gross & McLeod, 1980). Além disso, os jaspilitos de Carajas sdo
muito extensos ¢ espessos, possuindo espessura original estimada de 200 a 400 m
(Macambira, 2003; Cabral et al., 2013), diferente do observado na maioria das FFBs do tipo
Algoma, as quais raramente se estendem por mais de 10 km e tipicamente possuem espessura
menor que 50 m (Bekker et al., 2010). Portanto, a ideia de que ¢ mais pratico considerar os

tipos Algoma e Superior como membros de classificacdo finais seja a mais adequada, com
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um espectro de variedades intermedidrias entre elas (Bekker et al., 2012; 2014; Konhauser
et al., 2017).

Dados paleomagnéticos obtidos para os derrames basalticos da Formagdo Parauapebas,
porcdo basal do grupo Grao-Pard, forneceram duas componentes caracteristicas de
magnetizacdo primarias denominada C1 e C2. Tais componentes foram posteriormente
usadas para calcular o polo paleomagnético médio para cada um: C1 (~ 2759 Ma; 40,5°E, -
44,6°S A95 = 6,5°, K = 18,5) e C2 (~ 2745 Ma; 342 ,4°E, -54,3°S, A95 = 14,8°, K = 27.,8).
Os dados paleomagnéticos obtidos na regido da Provincia Carajas foram os primeiros
coletados para um fragmento Arqueano do Craton Amazdnico, 0 que aumenta o registro
paleomagnético do Craton. Estes dados, integrados com evidéncias geoldgicas revelam que
o Bloco Carajas ocupava baixas latitudes na época de deposi¢ao da bacia (Fig. 14), e poderia
ter feito parte da configuracdo do supercraton conhecido como “Supervaalbara” (Gumsley,
2017; Salminen et al., 2019) durante o Neoarqueano (~ 2,75 Ga). Além disso, uma sequéncia
de trés eventos de reversdo magnética ¢ identificada nos derrames basalticos estudados; o
que indicaria a existéncia de um geodinamo dinamico anterior a 2,7 Ga.

A Bacia Carajas provavelmente foi formada em regime divergente relacionada a um
ambiente do tipo rifte por volta de 2,75 Ga (Gibbs et al., 1986; Martins et al., 2017; Tavares
et al., 2018), onde a bacia foi preenchida inicialmente por uma espessa camada de rochas
vulcanicas, associada ao vulcanismo Parauapebas, seguida de ampla deposi¢ao de formagao
ferrifera bandada (Formagdo Carajas) ainda no Neoarqueano (2,76-2,74 Ga) (Fig. 15). A
deposi¢do da FFB de Carajas ocorreu em mar profundo, distal as massas continentais, em
uma regido intensamente influenciada por fluidos hidrotermais de alta temperatura ¢ com
baixa disponibilidade de oxigénio (Fig. 13). Além disso, a reconstrucao paleogeografica
fornecida pelos dados paleomagnéticos corrobora com a hipdtese de rifte, a qual indica que

apos 2,75 Ga, as paleolatitudes do bloco Carajas e dos demais cratons arqueanos divergem
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consideravelmente, o que seria indicativo do inicio da separagdo desses blocos (Fig. 14). Tal
fato poderia registrar a ruptura de um dos primeiros supercontinentes documentados

(Gumsley et al., 2017; Salminen et al., 2019; Rossignol et al., 2020; 2021).

Atmosphere

Sea level

Partial iron oxidation Chemocline

Continent

/Fe(lll)

Fe(lll)
Fe(l)

Hydrothermal fluids
8°Fe ~0, positive Euw/Eu” \&

anoxic bottom waters /'

D

Jaspilite
5*Fe ~1.34 %o, EU/Eu*,, (1.86-5.05) < —
YIHO,,.. = 57.55, very low Al contents Extension

Figura 13. Principais caracteristicas das formagoes ferriferas bandadas de Carajds e modelo genético simplificado.
A deposi¢do ocorreu em mar profundo, distal as massas continentais, em uma regido intensamente influenciada por
fluidos hidrotermais de alta temperatura e com baixa disponibilidade de oxigénio O Fe(ll), proveniente de sistemas
hidrotermais de dgua profundas, sobe até regiées mais rasas se transformando em Fe(lll) na zona fotica e
precipitado como hidrato de ferro, Fe(OH)3. Por fim, o hidrato de ferro é depositado no assoalho ocednico como

precursor das formagdes ferriferas.
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Figura 14. Proje¢do de Mollweide demonstrando de forma simplificada as paleoposi¢des de alguns crdatons
arqueanos durante o Neoarqueano (~2760 Ma). Os pontos pretos representam os polos obtidos para a Provincia
Carajas (Cl e C2) e em verde a regido arqueana do Craton Amazonico. A reconstrugdo foi feita utilizando o software
“PaleoMac” (Cogne, 2003) e tendo como referéncia o Craton de Kaapvaal. A seta pontilhada indica a possivel
movimentagdo do bloco Carajds entre ~2760-2745 Ma. K = Kaapvaal; Ka = Karelia; P = Pilbara; Si = Singhbhum;
Su; Superior; W = Wyoming, Z = Zimbabwe.

Por fim, algumas questdes levantadas nesta tese carecem de maior esclarecimento, e serdo objetos

de estudos posteriores:

[.  As anomalias negativas de Ce observadas em algumas porg¢des da sequéncia de jaspilitos
seriam evidéncia da produgdo de O em 2,75 Ga na Provincia de Carajas, ¢
consequentemente, a existéncia de micro-organismos capazes de produzir o O2? Até o
momento, existem os relatos de microfosseis associado aos esferulitos encontrados nas FFBs
de Carajas (Macambira, 2003; Ribeiro da Luiz & Crowley, 2012; Justo et al., 2020), os quais
poderiam ser responsaveis por esta leve oxigena¢do. No entanto, trabalhos recentes (p.ex.,
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Justo et al., 2020; Rego et al., 2020) defendem que as condi¢des de redugdo eram
predominantes e que a fotossintese anaerobica era 0 mecanismo mais plausivel responsavel
pela oxidacdo do Fe na Bacia de Carajas. Outra questdo a se destacar ¢ se as anomalias
observadas seriam produto ou ndo de alteragdes pos deposicionais? Bonnand et al. (2020)
demonstraram que mesmo proxies redox considerados mais imoveis como o cério podem
ser mais sensiveis a alteracdo pods-deposicional do que se pensava anteriormente; o que
indica a necessidade de buscar estudar tais proxies paleoredox acoplados a geocronologia
(p.ex., sistema La-Ce) para permitir a datagdo direta desses sinais antigos de oxigenacao
presente na superficie terrestre (pré-GOE);

Apesar de haver um consenso a respeito da idade de deposi¢ao das FFBs de Carajas (~2,75
Ga; Trendall et al., 1998; Krymsky et al., 2002; Martins et al., 2017), ainda ndo foi possivel
avaliar sua taxa de deposi¢do. Dados geocronoldgicos de U-Pb em zircdo em rochas
vulcanicas intercaladas com a FFB estabelecem um limite minimo para sua idade de
deposic¢ao por volta de ~2745 Ma (Galarza & Macambira, 2002; Galarza et al., 2008; Martins
et al., 2017). Por outro lado, a idade da Formacgao Parauapebas, unidade subjacente a FFB
de Carajas, varia entre 2759 + 2 Ma (Machado et al. 1991) e 2751 + 2 Ma (Krymsky et al.,
2002), o que estabelece sua idade maxima para a deposi¢do. Estes dados geocronologicos
indicariam que a FFB de Carajas se depositou entre um periodo de 10 a 20 Ma, o que ¢
razoavel para uma espessura maxima aproximada de 400 m (Macambira 2003; Cabral et al.,
2013). No entanto, estes dados sdo apenas superficiais havendo a necessidade de se fazer
um estudo mais robusto e completo, buscando quantificar de forma mais detalhada a taxa de
sedimentacdo da FFB de Carajas. A taxa de sedimentagdo/deposi¢do seria um dado
importante para se reconstruir com mais precisdo as condi¢des paleoambientais e
geodinamicas existentes durante sua precipitagdo. Datagdes U-Pb em andamento no dmbito

do grupo de pesquisa serdo cruciais para elucidacdo dessa questao;
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IV.

As evidéncias encontradas corroboram a ideia de que a bacia de Carajas se formou a partir
do rifteamento de uma crosta continental (Gibbs et al., 1986; Olszewski et al., 1989; Martins
et al., 2017; Tavares et al., 2018; Teixeira et al., 2021), no entanto, ndo esta claro se esta
abertura poderia estar relacionada a presenca de uma pluma mantélica (Rossignol et al.,
2021; Teixeira et al., 2021) ou provocada por um relaxamento da crosta ocasionado ap6s um
evento orogénico, ou seja, durante a transicdo de um ambiente colisional para um pos-
colisional (Martins et al., 2017; Tavares et al., 2018). Considerando os dados geoquimicos
estudados para FFB de Carajas (p.ex., intensa atividade hidrotermal e wvulcanica),
paleomagnéticos e geologicos obtidos nas rochas vulcanicas da Formagdo Parauapebas
(magmatic barcodes), a possibilidade da existéncia de uma pluma mantélica se faz vélida,
necessitando de um aprofundamento maior nessa questao.

A reconstru¢do paleogeografica observada para o Bloco Carajas revelou uma mudanga
significativa da paleolatitude (média de 31,2 °) entre o limite dos derrames 3 e 4 (~ 55m, C1
para C2 (Fig. 14). Tal deslocamento poderia indicar a atua¢ao de tectonica semelhante a
moderna durante este periodo? Caso sim, a velocidade atuante neste bloco seria semelhante
ou mais rapida que a observada atualmente ~ 4 cm/ano (Zahirovic et al., 2015)? Se as idades
de SHRIMP U-Pb adotadas estiverem corretas (2759 + 1 para C1; Machado et al., 1991 e
2749 £ 6.5 Ma para C2; Martins et al., 2017), a diferenca entre essas duas paleolatitudes
encontradas seria em média de 10 + 8,5 Ma. Assim, assumindo a Terra com o raio atual, o
deslocamento médio seria de ~ 3466 km, o que daria uma velocidade média de ~ 34,6 cm/ano
(3,12°/Ma) para o Bloco Carajas durante este periodo. Entretanto, esta hipdtese seria apenas
especulativa, tendo em vista que a discrepancia na paleolatitude observada poderia ser
explicada por outras variaveis como TPW (true polar wander) e campo magnético nao
dipolar (Brenner et al., 2020). Além disso, estudar mais detalhadamente a mudanga

observada na paleolatitude com novos dados paleomagnéticos em regides diferentes da
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Bacia Carajas acoplada com geocronologia de alta resolugo seria necessario para o melhor

entendimento dessas variacdes e, consequentemente, da tectonica atuante durante o periodo

de formacao da bacia.

a) ~2.76 Ga

Extensdo, vulcanismo associado a
Formagado Parauapebas e intrustes
mafica-ultramaficas (Abertura da bacia)

<— Extensdo —>

b) 2.76 - 2.68 (?) Ga
Deposigéo da FFB, vulcanismo
bimodal e intrusdes graniticas do

Tipo-A (Rifte de Carajas) Bacia Carajas Dominio Transicional

Manto litosférico metassomatizado - Formagao ferrifera bandada Magmatismo da Formagéo
Parauapebas

"" Rochas graniticas do Tipo-A (2.76 - [(ntzrl;sgés ;néficwultraméﬁcas ;"" Rochas granfticas (2.87 - 2.83 Ga)
LAl 2.74 Ga) ~2.76 Ga %"

Figura 15. Modelo tectonico para a geragdo dos espessos derrames de rochas vulcdanicas associados ao vulcanismo

Parauapebas em cerca. 2,75 Ga (modificado de Martins et al., 2017). As camadas das FFBs de Camadas se

depositaram imediatamente acima dos estratos vulcanicos.
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