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RESUMO
Em ~1880 Ma, um extenso evento magmatico gerou granitos tipo-A com afinidade rapakivi
no Craton Amazénico, com destaque para a Provincia Carajas. Nesta provincia, esse
magmatismo compreende batdlitos e stocks anorogénicos agrupados em trés suites: (1) Suite
Jamon oxidada; (2) Suite Velho Guilherme, ferrosa reduzida, com leucogranitos estaniferos
associados; (3) Suite Serra dos Carajas, constituida por plutons moderadamente reduzidos.
Além dessas trés suites, também ocorrem nos diferentes dominios da provincia outros corpos
graniticos tipo-A com caracteristicas semelhantes aos das suites mencionadas. Entre eles,
dispdem-se de informac6es sobre os granitos Seringa, S&o Jodo, Gogd da Onca, Rio Branco e
Gradals. O Granito Gogd da Onca Granite (GGO) compreende um stock localizado no
sudeste de Canad dos Carajas, composto por biotita-anfibélio granodiorios, biotita-anfibolio
monzogranito e biotita-anfibolio sienogranito. Apresenta comportamento geoquimico similar
aos granitos anorogénicos de Carajas. E um granito metaluminoso, ferroso do subtipo A2-
com carater reduzido. O comportamento dos elementos tracos sugere que suas diferentes
facies sdo relacionadas por cristalizacdo fracionada. Dados U-Pb SHRIMP em zircéo e titanita
mostraram que o GGO cristalizou entre ~ 1880 e 1870 Ma. Esse granito mostra contrastes
significativos com as suites Jamon e Velho Guilherme. O GGO é mais parecido com a Serra
dos Carajas e com os granitos Seringa e Sdo Jodo, e aos granitos Sherman (mesoproteroz6ico)
dos EUA e o Batolito Suomenniemi (paleoproterozoico) da Finlandia. Novos dados U-Pb
SHRIMP para os granitos das suites Jamon, Serra dos Carajas e Velho Guilherme, e para os
granitos Seringa e Sdo Jodo mostraram que esses plutons cristalizaram entre 1880 Ma e 1857
Ma, situando-se o principal pico do magmatismo em cerca de 1880 Ma. As analises em zircdo
e titanita revelaram ainda idades de ~1900 Ma a ~1920 Ma nas suites Velho Guilherme e
Jamon e no Granito Seringa que representam possivelmente fases cristalizadas precocemente,
incorporadas nos pulsos magmaticos dominantes, mais tardios. Também foram obtidas idades
mais jovens (~1865 Ma a ~1857 Ma), comparadas aquelas obtidas para as fases menos
evoluidas, para leucogranitos que formam stocks tardios nos corpos Bannach e Redencéo.
Esses dados sustentam a interpretacdo de que estes leucogranitos foram gerados por pulsos
magmaticos independentes e tardios na evolugdo daqueles corpos, conforme ja havia sido
proposto por outros autores. Além das idades mencionadas, uma idade de 1732 = 6 Ma foi
obtida na facies de leucogranita do pluton Antonio Vicente da Suite Velho Guilherme, e
poderia representar um evento magmatico na regido do Xingu ainda ndo relatado ou,
eventualmente, poderia corresponder a um evento hidrotermal isolado que permitiu o

crescimento de zircGes. Além dos dados geocronoldgicos esses granitos foram analisados por



isétopos de Hf, O e alguns plutons por isétopos de Nd. Em geral, os zircdes analisados desses
granitos tém composicéo inicial 1®Hf/*""Hf razoavelmente restrita, variando entre 0,281156 e
0,281384, com valores fortemente negativos enrt) variando de -9 a -18 ¢ 580 homogéneos
variando de 5,50 %o a 7,00 %o0. Os valores obtidos para o Enst) Nos diferentes granitos
analisados sdo fortemente negativos e coerentes de modo geral com os dados isétopicos de
Nd. Na Suite Serra dos Carajas os valores de €t variam entre -14 a -15,5, na Suite Jamon
entre -9,5 a -15, e na Suite Velho Guilherme entre -12 a -15, enquanto que os granitos S&o
Jodo, Seringa e Gogd da Onca tendem a apresentar valores mais acentuadamente negativos
[Enrw=-12 a -18]. Apesar dos dados isotdpicos serem homogéneos, pequenas variages foram
observadas em diferentes plutons de uma mesma suite e em diferentes facies de um pluton.
Com por exemplo na Suite Jamon, as composi¢Oes isotdpicas sdo mais variaveis,
especialmente nos leucogranitos evoluidos dos plutons Bannach e Redencdo, e fontes com
contraste no grau de oxidagdo podem ser desenvolvidas na geracdo desses leucogranitos. Os
dados isotopicos de Hf indicaram fontes crustais paleoarqueanas (3.3Ga 3.6 Ga) com menor
contribuicdo mesoarquena (3,0 Ga a 3,2 Ga) como fontes desses granitos. Essas idades sdo
mais antigas que as idades das rochas Arquenas encaixantes desses granitos, que estdo
expostas na Provincia Carajas, e € necessario investigar a presenca de crosta arqueana mais
antiga em Carajas. As composi¢fes de Nd, Hf e O dos granitos paleoprozozdéicos da
Provincia de Carajas atestam claramente fonte crustais ignea arqueanas na origem de seus
magmas. As diferencas observadas podem resultar em contrastes nos dominios crustais da

Provincia Carajas que foram a fonte dos granitos ou por processos de contaminacao local.

Palavras-chave: Granitos tipo-A. U-Pb-SHRIMP. Is6topos de Hf-O. Isotopos de Nd.

Provincia Carajas. Craton Amazonico.
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ABSTRACT
In ca. 1880 Ma an extensive magmatic event generated A-type granites with rapakivi affinity
in the Amazonian Craton, especially in the Carajas Province. In this Province these granites
are grouped into three main suites according to mineralogy, geochemistry, and state of
oxidation of their magmas — Jamon, Velho Guilherme, and Serra dos Carajas — and include
also the Gogd da Onga, Seringa, Sdo Jodo, Gradaus, and Rio Branco plutons. The Gog6 da
Onca Granite (GOG) comprise a stock composed by biotite-amphibole granodiorite, biotite-
amphibole monzogranite and amphibole-biotite syenogranite. The GGO crosscut discordantly
the Archean country rocks and are not foliated. All Gog6é da Onga Granite varieties are
metaluminous, ferroan A2-subtype granites with reduced character. The major and trace
element behavior suggests that its different facies are related by fractional crystallization.
Zircon and titanite U-Pb SHRIMP ages show that the pluton crystallized at ~1880-1870 Ma.
This is more akin to the Serra dos Carajas Suite and to the Seringa and S&o Jodo granites of
Carajas and to the Mesoproterozoic Sherman granite of USA and the Paleoproterozoic
Suomenniemi Batholith of Finland. New U-Pb SHRIMP data for the Serra dos Carajas, Velho
Guilherme and Jamon Suite and for Seringa and S&o Jodo Granite show that these plutons
crystallized between 1880 Ma to 1857 Ma. Some granites of the Velho Guilherme and Jamon
suites and of the Seringa Granite presented 1920 to 1900 m. y. old zircon and titanite crystals
interpreted here as antecrysts from an earlier pulse of magma that were incorporated in the
main later pulse of 1880 Ma. We also obtained ages of 1865 Ma to 1857 Ma in the
leucogranite facies of the Redencdo and Bannach plutons, which indicate that the
leucogranites of these plutons are younger than their ~1880 Ma old granites and were
generated by independent magma pulses that are not cogenetic with the less evolved facies of
the respective plutons. Besides it, an age of 1732 + 6 Ma obtained in the leucogranite facies of
the Antonio Vicente pluton of the Velho Guilherme Suite that could represent a magmatic
event in the Xingu Region not yet reported or, eventually, could correspond to an isolate
hydrothermal event that allowed the growth of zircons. This ranites have been also analysed
by Lu—Hf and Oxygen isotopes and few granites also by Nd isotopes. Zircons from all the
granites have remarkably restricted initial 1"Hf/*’’Hf (0.281156 and 0.281384) and strongly
negative ¢Hf(t) values ranging from —9 to -18, and §'80 fairly homogeneous varying from
5.50%o to 7.00%0. Small differences were observed internally in the plutons or between them.
The Enr values of the analysed plutons are strongly negative and similar to Nd isotopic data.
The Serra dos Carajas Suite has € values of -14 to -15.5, the Jamon Suite of -9.5 to -15 and

values of -12 to -15 for the Velho Guilherme Suite, while S&o Jodo, Seringa and Gogé da
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Onca granites have stronger negative values (Enr=-12 to -18). Crustal model ages indicate a
Paleoarchean source (3.3 Ga to 3.6 Ga) with a minor contribution from Mesoarchean (3.0 Ga
to 3.2 Ga) melts for these granites. This model ages are older than the exposed Archean
country rocks of the Orosirian granites of the Carajas Province and more investigation is
needed to verify the real existence of that older Archean crust. The studied samples have Hf—
O isotopic compositions that overlap within error, and evidence of contamination (crustal
assimilation or mixing) of a mantle-derived magma cannot be seen. These plutons crystallized
from magmas generated by melting of pre-existing igneous rocks with possibly in the Velho
Guilherme Suite a minor contribution from a supracrustal (metasedimentary) component. The
Nd, Hf, and O isotope compositions of the Paleoproterozoic granites of Carajas Province
clearly attest to an igneous ancient crustal source in the origin of their magmas. The
differences observed can result for contrasts in the crustal domains of the Carajas Province

that were the source of the granites or of local contamination processes.

Keywords: A-type granites. U-Pb SHRIMP. Hf-O isotopes. Carajds Province. Amazon

Craton.
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1. INTRODUCAO

1.1  APRESENTACAO

Loiselle & Wones (1979) introduziram o termo granitos tipo-A para definir uma serie
de rochas graniticas colocadas em ambientes tectdnicos extensionais, ao longo de riftes
continentais ou em ambientes pos-colisionais. Comparados a outros tipos de granitos, 0s
granitos tipo-A apresentam média a alta afinidade alcalina, altas razGes Fe/Mg, (K+Na)/Al e
K/Na, e altos conteudos de elementos tracos incompativeis dos tipos LILE e HFSE. Um
grande numero de processos envolvendo cristalizacdo fracionada de magmas basélticos
derivados do manto, processos de assimilagéo e cristalizagdo fracionada (AFC), fuséo parcial
do manto ou da crosta, e mistura de liquidos basalticos e crustais podem estar envolvidos na
geracdo desses granitos.

O magmatismo tipo-A ocorre em diversos cratons com distribui¢do temporal desde o
Noarqueano (~2,7 Ga; Cunha et al. 2016, Dall'Agnol et al. 2012, 2017) até o recente (Ali et
al. 2015, Wu et al. 2002, Zhang et al. 2015), sendo mais abundantes no Paleoproterozoico e
Mesoproterozoico (Anderson et al. 2004, Heinonen et al. 2010, Dall'Agnol et al. 19993, b, c,
2005, 2012, Ramo & Haapala 1995, Goodge &Vervoort 2006).

Na Provincia Carajas, o magmatismo Orosiriano é constituido por trés suites
anorogénicas e diversos outros pluton anorogénicos e diques méaficos e félsicos relacionados,
gue seccionam os diferentes dominios que a constituem. As suites Serra dos Carajas, Velho
Guilherme e Jamon apresentam muitas similaridades, mas se diferenciam por mostrar alguns
constrastes geoquimicos e pelas condi¢des de fugacidade de oxigénio dominantes durante sua
evolucdo magmatica. Estudos anteriores de Nd, Sr, Pb e O em rocha total (Dall’Agnol et al.
2005) foram utilizados para discutir a natureza e a fonte desses granitos e sdo referéncia para
a discusséo da petrogéneses desse magmatismo.

Dall’Agnol et al. (2005), seguindo modelo de Hoffman (1989) e Windley (1993),
propuseram que a origem dos granitos anorogénicos de Carajas seria relacionada ao inicio da
quebra de um supercontinente Paleoproterozoico (~2,0 Ga) que propiciaria a fuséo parcial do
manto e geraria magmas maficos. Estes ascenderiam e se colocariam na base da crosta
(underplating; Huppert & Sparks 1988) e o calor liberado por eles levaria a fuséo da crosta
inferior arqueana formando os magmas graniticos.

Portanto, a Provincia Carajas é uma area chave para o entendimento da influéncia de

crosta arqueana na origem de granitos anorogénicos. Avangos na compreensdo desses



processos também devem contribuir para esclarecer determinados aspectos da evolugdo do
Craton Amazénico. Além disso, embora a geracdo dos magmas graniticos paleoproterozoicos
a partir da fusdo parcial da crosta arqueana ja esteja razoavelmente demonstrada (Dall’ Agnol
et al. 1999, 2005) e ja tenham sido apresentadas hipdteses sobre a natureza das fontes, é
indispensavel aprofundar esta discussao.

Assim, o objetivo principal dessa Tese foi, através de novos métodos isotdpicos, em
particular de Lu-Hf e Oxigénio, e o aprimoramento dos dados geocronoldgicos, com datacbes
de zircdo por U-Pb em SHRIMP, estabelecer com maior rigor a idade do magmatismo e
avaliar as hipoteses existentes sobre as fontes dos magmas paleoproterozoicos tipo-A.

Este documento foi elaborado seguindo o modelo de tese de integracdo de artigos.
Desta forma, o corpo central da tese apresenta trés artigos cientificos que ja foram ou seréo
submetidos a periddicos internacionais, sendo os mesmos apresentados na forma de capitulos
(capitulos 2, 3 e 4). Os capitulos com os artigos sdo precedidos por um texto integrador, que €
apresentado no presente capitulo de carater introdutério (Capitulo 1) e que inclui a
apresentacdo da pesquisa, contexto geologico e tectdnico regional, as principais caracteristicas
do magmatismo granitoide da Provincia Carajas, bem como a apresentacdo do problema, os
objetivos da tese e materiais e métodos usados para alcancar os objetivos. O capitulo final
(capitulo 5), sumariza de forma integrada as discussdes e as conclusfes alcancadas nos trés
artigos cientificos e no desenvolvimento da tese como um todo. Os artigos serdo apresentados
de acordo com a seguinte ordem:

Capitulo 2 — Artigo 1: Geochemistry, geochronology and Nd isotopes of the Gog6
da Onca Granite: A new Paleoproterozoic A-type granite of Carajas Province, Brazil.
Publicado na revista Journal of South America Earth Sciences. Este artigo apresenta 0s
resultados obtidos apara o Granito Gogo da Onca recentemente mapeado a sudeste de Canad
dos Carajas, na Provincia Carajds. O artigo integra dados de petrografia, geoquimica e
gecronologia U-Pb SHRIMP em zircdo e titanita e is6topos de Nd. Os dados apresentados
permitiram caracterizar, definir a natureza, idade do granito, estabelecer comparacdes entre
ele e as Suites Paleoproterozoicas e demais granitos tipo-A da Provincia Carajas e de outros
cratons, e discutir as possiveis fontes do magmatismo.

Capitulo 3 — Artigo 2: Crystallization ages of Paleoproterozoic A-type granite
Suites and Related granites of Carajas Province, Amazon Craton: constraints from U-
Pb geochronology of zircon and titanite. Submetido a revista Precambrian Research. Esse
artigo apresenta novos dados geocronoldgicos U-Pb SHRIMP em zircdo e titanita para os

granitos que compdem as trés suites paleoproterozoicas de Carajés (Serra dos Carajas, Velho



Guilherme e Jamon), e para o0s granitos Seringa e S&o Jodo. Destaca, ainda, a importancia do
episddio magmatico de 1880 Ma no Craton Amazonico, relacionado a SLIP Uatuma e
também registrado em outros cratons do mundo, demonstrando a sua relevancia na evolucédo
tectdnica de continentes proterozoicos.

Capitulo 4 — Artigo 3: Petrogenesis of the Paleoproterozoic (Orosirian) A-type
Magmatism of Carajas Province, Amazonian Craton, Brazil: combined in situ Hf-O
isotopes of zircon. A ser submetido a revista Lithos. Esse artigo apresenta as composicoes
isotopicas de Hf e Oxigénio para os granitos tipo-A Paleoproterozoicos da Provincia Carjas,
discutindo sobre os contrastes existentes entre os diferentes plutons estudados. Faz
comparagdes entre os dados de Hf e Nd e entre os dados de Hf obtidos para os granitos
estudados com outros granitos do Craton Amazoénicos, e de outros cratons do mundo. Discuti

fontes geradoras dos granitos, e a influéncia de crosta arqueana na geracdo desses granitos.

1.2 JUSTIFICATIVA DA TESE

Granitos contém valiosas informacGes para evolugdo de crosta continental e tém sido
tema de inimeros trabalhos. Particularmente granitos tipo-A, também chamados de granitos
ferrosos (Frost et al. 2001), sdo de consideravel importancia, uma vez que podem fornecer
informacdes sobre ambientes e regimes teconicos (Eby 1992, Whalen et al. 1987, Zhao et al.
2016) e sdo derivados de uma ampla variedade de rochas fontes e processos, o que implica
significativos contrastes mineraldgicos e geoquimicos. Uma intensa manifestacdo magmatica
de granitos tipo-A com afinidade rapakivi ocorreu em diversos cratons do mundo desde o
final do Paleoproterozoico até o inicio do Neoproterozoico, como por exemplo no cratons da
China, Finlandia, India, além do Craton Amazonico. Em diversas provincias deste Gltimo, em
~1880 Ma ocorreu expressivo magmatismo amplamente representado pelo vulcano-
plutonismo Uatuma que constitui uma Silicic Large Igneous Province (SLIP; Klein et al.
2002, Fraga et al. 2017, Teixera et al. em impr.). O magmatismo tipo-A anorogénico
orosiriano de Carajas faz parte, portanto, de um megaevento evento extensional
paleoproterozoico (~1880) que gerou centenas de rochas graniticas e vulcanicas, cuja origem
é relacionada a atividade de plumas mantélicas em escala global.

Por outro lado, apesar de existirem inquestionaveis semelhancas petrograficas,
geoquimicas e isotopicas entre as suites paleoproterozoicas de Carajas (Jamon, Velho
Guilherme e Serra dos Carajas), ha contrastes significativos entre as mesmas, que tém sido
interpretados como indicativos de que esses granitos foram formados em condic¢des algo

contrastantes de temperatura, conteido de H>O e fugacidade de oxigénio. Com base em



evidéncias petrologicas e geoquimicas, incluindo dados isotopicos de Nd e,
subordinadamente, Pb e oxigénio em rocha-total, diferentes fontes e/ou graus de fusdo foram
propostos para os magmas formadores dos granitos anorogénicos da provincia (Dall’Agnol et
al. 1999b, ¢, 2005, Dall’Agnol & Oliveira 2007, Scaillet et al. 1995, R&mo et al. 2002).
Porém, quanto maior a diversidade das fontes que contribuiram para a formagdo do magma,
menos esclarecedores sobre a natureza e grau de envolvimento das fontes envolvidas serdo os
dados de isotopos radiogénicos Sm-Nd e outros dados isotopicos devem permitir aprofundar
esta discusséo.

Os sistemas isotopicos radiogénicos (Sr, Nd, Pb, Hf) de intrusbes graniticas retém a
memoria da composicdo, idade e historia petrogenética das fontes dos magmas graniticos
situadas na crosta ou no manto superior (Andersen et al. 2009, Goodge & Vervoort 2006,
Griffin et al. 2002, Kemp et al. 2007, Kurhila et al. 2010, Payne et al. 2016). Esses is6topos
tendem a registrar as contribuicdes de fontes mantélicas e/ou crustais na génese de rochas
graniticas e podem ser usados como tracadores de ambientes tectdnicos (Goodge & Vervoort
2006). Embora seja tradicional o uso de isétopos de estroncio e neodimio em rocha total, os
mesmos fornecem informacgdes apenas sobre a composicdo média homogeneizada das rochas
fontes e sdo, portanto, menos eficientes quando se trata de fontes heterogéneas, pois néo
levam em conta a possibilidade de processos de mistura ou contaminacao.

Como em termos dos granitos paleoproterozoicos de Carajas, s6 se dispunha de dados
isotopicos parciais, foi indispensavel realizar estudos isotopicos complementares com
métodos mais robustos para testar as hipéteses ja formuladas.

A andlise de Hf em zircdo é uma poderosa ferramenta para se determinar as fontes
envolvidas em processos magmaticos, uma vez que o zircdo é um mineral estavel, resistente a
perturbacdes isotopicas, e que geralmente preserva a composicdo isotdpica do hafnio do
magma do qual este foi extraido (Amelin et al. 2000, Andersen et al. 2009, Belousova et al.
2010, Griffin et al. 2000, Griffin et al. 2002, Izuka et al. 2017, Kemp et al. 2007, Kemp and
Hawkesworth 2007, Patchett et al. 1981). A baixa razdo Lu/Hf no zircdo, normalmente
inferior a 0,0005, que torna a correcdo para o crescimento radiogénico in situ desprezivel,
aliada a alta concentracdo e a baixa mobilidade do Hf no zircdo propiciam razdes isotdpicas
bastante precisas, que podem permitir importantes inferéncias, ndo s6 quanto a idade de
extracdo mantélica, mas também quanto a possivel historia evolutiva da rocha (Ali et al. 2015,
Belousova et al. 2010, lzuka et al. 2017, Kemp et al. 2010, Payne et al. 2016). Além disso, a
curta meia-vida do *"®Lu comparada com a do **’Sm resulta em contrastes significativos nas

razOes iniciais de ®Hf/*""Hf comparadas as razdes *3Nd/***Nd. Assim, quando se trata do



sistema isotopico Lu-Hf em zircdo, este apresenta vantagens significativas sobre o sistema
Sm-Nd em rocha total, atuando como um importante tragador de fontes magmaticas e
processos petrogenéticos.

Os isétopos de oxigénio em cristais de zircdo de rochas igneas refletem a composicao
do 80z da fonte magmatica, e podem indicar a incorporagdo de materiais contaminantes
dentro da fusdo, quando estes tém valores de 580z maiores que o manto primitivo (520 =
5,3 = 3; Valley 2003). Assim, analises de oxigénio in situ em zircdo permitem a determinacao
do &80 igneo mesmo em rochas fortemente alteradas (Valley 2003). O zircio possui uma
difusdo de oxigénio extremamente lenta (Peck et al. 2003) e o fracionamento dos isétopos de
oxigénio em zircdo tem sido calibrado usando varios tipos de rochas diferentes (Valley et al.
2003, Valley et al. 2005). Como o fracionamento isotépico do oxigénio é baixo em altas
temperaturas, a alta precisio analitica do &'30 em zircdo permite reconhecer e interpretar
pequenas variagdes (décimo de permil) na composicdo isotdpica, e assim avancar na
interpretacdo da génese e evolugdo magmatica (Bindeman et al. 2008).

Adicionalmente, o mineral zircdo tem a vantagem de poder ser datado também pelo
método U-Pb em SHRIMP (Sensitive High-Resolution lon Microprobe), técnica que possui
alta resolucdo espacial, permite a selecdo de dominios homogéneos em cristais com estrutura
interna complexa resultante da superposicdo de varias fases de crescimento, e, ainda,
possibilita a obtencdo de analises pontuais com rapidez.

Sendo assim, a combinacdo de medidas isotdpicas in situ de Hf por LA-ICP-MS
(Laser Ablation- Inductively Coupled Plasma - Massa Spectrometer), 530 por microssonda
ibnica, e U-Pb no SHRIMP, em um mesmo cristal de zircdo, permite gerar informagdes
criticas para rastrear a evolugdo dos eventos magmaticos/pds-magmaticos e metamorficos que
possam ter ocorrido na histéria de evolu¢do magmatica de uma rocha.

Portanto, apesar da quantidade relativamente expressiva de dados geoquimicos,
isotopicos e geocronoldgicos disponiveis na literatura sobre os granitos paleoproterozoicos da
Provincia Carajas, para avancos na compreensao da origem destes granitos mostraram-se
essenciais estudos de Lu-Hf e O, em conjunto com novas datacbes U-Pb em zircdo em
SHRIMP, ja que as idades disponiveis até o0 momento foram obtidas em sua maioria pelos
métodos Pb-Pb e, subordinadamente, U-Pb por TIMS (Thermal Ilonization Mass
Spectrometer).

Deste modo, essa Tese integra os dados isotdpicos obtidos de Hf, O e U-Pb, com
alguns novos dados de Nd e aqueles disponiveis na literatura, buscando definir com maior

rigor a idade do magmatismo anorogénico da Provincia Carajas e avancar nas discussdes



sobre a natureza das fontes e processos responsaveis pela origem dos magmas formadores de
granitos do tipo-A, e do magmatismo proterozoico de outras provincias do Craton Amazodnico

e de outros cratons do mundo.
1.3 OBJETIVOS

Tendo em vista 0s problemas assinalados e discutidos no item anterior, essa Tese de
Doutorado tem como objetivo principal, definir a composicdo isotopica dos magmas
geradores e refinar as idades das diferentes suites e demais granitos paleoproterozoicos da
Provincia Carajas. Com base nestes dados pretende-se determinar a idade do magmatismo
anorogénico e avaliar a origem dos granitos tipo-A e o papel da fonte na definicdo de suas
carateristicas petrologicas e geoquimicas.

Como objetivos especificos podem ser listados:

e Definir com maior precisdo e acuracia, as idades de cristalizacdo dos granitos
paleoproterozoicos da Provincia Carajas;

e Definir as assinaturas isotdpicas de Lu-Hf em zircdo nos diferentes granitos;

e Definir a composicéo isotopica do 630 em zircdo nos diferentes granitos;

e Estabelecer comparagdes entre as composi¢des isotdpicas de Hf e O;

e Estabelecer comparac6es entre os dados Lu-Hf em zircdo (tom e €nf) com as
idades modelos tom e parametros Eng dOS granitos paleoproterozoicos de
Carajés;

e Reavaliar as idades e natureza das fontes geradoras do magmatismo
paleoproterozoico da Provincia Carajas, de modo a explicar os contrastes
existentes entre as suites;

e Avaliar possiveis processos de contaminacao e mistura de magmas;

e Comparar os resultados obtidos com aqueles de outros granitos tipo-A do

Craton Amazonico e de outros cratons pré-cambrianos do mundo.

1.4 METODOLOGIA

1.4.1 Pesquisa Bibliogréafica

A pesquisa bibliografica foi centrada no tema granitos tipo-A e na fundamentagéo
teorica das técnicas analiticas a serem utilizadas na pesquisa e nas suas aplicagdes. No tema
granitos paleoproterozoicos, o foco foi em trabalhos relacionados com: (1) suites graniticas

paleoproterozoicas de Carajas e do Craton Amazonico; (2) diferentes tipos de granitoides e



sequéncias arqueanas, fontes potenciais dos magmas graniticos paleoproterozoicos; (3)
contexto geoldgico, distribuicdo, evolugdo, tipologia e petrogénese de granitos tipo-A em
nivel global; (4) magmatismo global de ~1880 Ma. No plano dos métodos, foi utilizada
bibliografia voltada para conceitos basicos e aplicagdes dos diversos sistemas isotopicos, com
énfase nos métodos Lu-Hf, O e U-Pb em zircdo, no estudo de processos petrogenéticos
responsaveis pela geracdo de rochas afins as estudadas, no método Sm-Nd em rocha total e,

especialmente, nas diferencas entre este e 0 metodo Lu-Hf em zircao.

1.4.2 Amostragem dos corpos de granitos paleoproterozoicos

O Grupo de Pesquisa Petrologia de Granitdides (GPPG) do Instituto de Geociéncias da
UFPA possui em seu acervo amostras dos principais corpos das suites graniticas de interesse
para a pesquisa. Amostras representativas dos diferentes corpos graniticos foram submetidas a
estudos petrograficos e geoquimicos detalhados em trabalhos anteriores de pesquisadores do
referido grupo. Sendo assim, a primeira etapa do trabalho exigiu a integralizagdo de todos 0s
dados disponiveis na literatura sobre os granitos paleoproterozoicos de Carajas, com a criacao
de um banco de dados, dos granitos mais representativos de cada uma das trés suites, que
possuissem informacdes geoldgicas (dados de campo, coordenadas geogréficas), petrogréficas
(anélise modal), geoquimicas e isotopicas (Pb-Pb e/ou U-Pb em zircdo, e Sm-Nd em rocha
total). A partir desse banco de dados, foi feita uma selecdo prévia das amostras que poderiam
servir para o estudo. A etapa seguinte foi localizar as amostras consideradas mais adequadas
para os estudos complementares que se pretende realizar no acervo do GPPG, na litoteca do
Instituto de Geociéncias da UFPA, e verificar quais dispunham de material suficiente para
geocronologia. Por fim, foram selecionadas amostras representativas das principais facies dos
corpos graniticos das suites Serra dos Carajas, Velho Guilher e Jamon, e dos granitos Seringa,
Sdo Jodo e Gogd da Onga, para estudos isotopicos. Além disso, foram selecionadas 14
amostras para estudos petrograficos e geoquimicos complementares.

Complementarmente, em agosto de 2015, foi realizada campanha de campo nas areas
de Bannach e Redencgdo, para re-amostragem dos granitos homénimos. Com base nas
informagdes disponiveis, foram selecionados previamente pontos onde se dispunha de
amostras estudadas em termos petrograficos e geoquimicos. Tais pontos foram re-amostrados
para obtencdo de quantidade maior de material. Esse trabalho de campo ocorreu em conjunto
com o estudante de mestrado Caio Mesquita, o qual desenvolveu sua Dissertacdo de Mestrado
no Granito Bannach, e contou com a colaboragdo dos professores José de Arimatéia Costa de
Almeida, da Universidade Federal do Sul e Sudeste do Para (UNIFESPA), e Davis Carvalho



de Oliveira da UFPA, os quais tém trabalhos desenvolvidos nesses granitos (Almeida et al.
2006, Oliveira et al. 2008, 2009, 2010) e foram de grande valia nessa etapa.

1.4.3 Mineralogia e Petrografia

De modo geral, os estudos petrograficos foram efetuados apenas para reconhecimento
das principais facies dos granitos estudados e envolveram: identificacdo da mineralogia da
rocha (Deer et al. 1992, Kerr 1959), estudo das texturas magmaticas e de alteracdo (Bard
1980, Mackenzie et al. 1982), avaliacdo das composi¢cdes modais, exame preliminar do zircéo
presente nos granitos. Em casos especificos, exemplificado pelo Granito Gogé da Onca, do
qual ndo se dispunha de informacBes petrograficas, foi desenvolvido estudo classico
envolvendo descri¢cBes petrograficas em microscépio 6tico, realizacdo de analises modais,
estudos complementares em microscopia eletronica de varredura e medidas de suscetibilidade
magnética. Em boa parte, tais estudos foram efetuados em colaboragdo com o estudante de
graduacdo Luan Alexandre Martins de Sousa, tendo culminado na producdo de seu Trabalho
de Concluséao de Curso (TCC; Sousa, 2017).

1.4.4 Analises quimicas

Foram realizadas analises quimicas complementares, sobretudo no Granito Gog6 da
Onca do qual ndo se dispunha dessa informacao.

As analises foram realizadas no laboratério comercial Acme Analytical Laboratories
Ltda (Vancouver, Canadd), por ICP-ES, no caso de elementos maiores e menores (SiO2, TiO,
Al>03, FeoOst, MgO, CaO, MnO, Na20, Kz0, P20s), e por ICP-MS no caso dos elementos-
traco (Rb, Sr, Ba, Ga, Y, Zr, Nb, U, Th, Cr, Ni, V), inclusive os elementos terras raras (La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb e Lu).

A caracterizacdo geoquimica destas rochas foi feita com base nos principios gerais
discutidos em Rollinson (1993). Ela consistiu em: determinacdo e representacdo dos
elementos maiores e menores em diagramas de variagdo; definicdo das principais
caracteristicas geoquimicas (Dall’ Agnol & Oliveira 2007, Debon & Le Fort 1983, Frost et al.
2001, Shand 1950, Sylvester 1989, Whalen et al. 1987), e estudo dos elementos tragos, com
destaque para os elementos terras raras (ETR).

1.4.5 Datag0Oes U-Pb em zircéao e titanita por SHRIMP



Zircdo (ZrSiOs) e titanita (CaTiSiOs) sdo minerais acessorios comuns que possuem
concentracdes de uranio (U) geralmente suficientes para seu uso como geocronémetros. O
avanco das andlises in situ por LA-ICP-MS (Laser ablation inductively coupled plasm mass
espectrometry) e SHRIMP (Sensitive High-Resolution lon MicroProbe) tem mostrado a
complexidade de gréos de zircéo e titanita que frequentemente apresentam mais de uma fase
de cristalizacdo. A determinacdo das idades de diferentes zonas desses minerais pode, assim,
fornecer importantes informacdes petrogenéticas sobre a evolucao das rochas que os contém.

Vinte e seis amostras selecionadas dos diferentes corpos graniticos paleoproterozoicos
da Provincia Carajas foram datadas pelo método U-Pb em zircdo e alguns granitos da Suite
Jamon foram datados também pelo método U-Pb em titanita, utilizando a sonda idnica
(SHRIMP) na Curtin University, em Perth, na Australia. Os procedimentos metoldgicos na

obtencdo desses dados estdo descritos nos capitulos 2 e 3.

1.4.6 Estudos isotopicos pelo método Lu-Hf

O sistema isotopico Lu-Hf em zircdo se tornou uma importante ferramenta no estudo
de fonte de rochas magmaticas e na proveniéncia de sedimentos. Diversos estudos tém
definido assinaturas isotopicas do Hf de importantes reservatérios do manto superior e da
crosta continental, e discutido sua evolugdo através do tempo geoldgico (Andersen et al.
2009, Belousova et al. 2010, Condie et al. 2011, Dhuime et al. 2012; Griffin et al. 2000,
2002, Hawkesworth & Kemp 2006, lizuka et al. 2010). Esse sistema isotopico afirmou-se
como um importante tracador da histéria de diferenciacdo da crosta e do manto.

As andlises isotdpicas Lu-Hf in situ em zircdo por LA-ICP-MS dos granitos
paleoproterozoicos da Provincia Carajas foram realizadas em duas sessdes: a primeira sessao
foi na University of Western Australia, onde foram analisados cristais de zircdo das suites
Serra dos Carajas, Velho Guilherme e Jamon, e do Granito Gogd da Onca; a segunda sessao
foi realizada na Curtin University onde foram analisados zircGes dos granitos Seringa e S&o
Jodo. As condigdes analiticas utilizadas para obtencdo dos resultados constam do capitulo 4.

1.4.7 Estudos Istépicos 80 em zircéo

Analises de isétopos de oxigénio, em cristais de zircdo igneo cuja idade tenha sido
determinada podem ser usadas como tragadores de evolucdo e reciclagem crustal e da
interagdo manto-crosta (Payne et al. 2016). No estudo de suites graniticas, o 50z, em
conjunto com as composigdes isotopicas do Hf, tem se mostrado uma importante ferramenta

na determinacéo das fontes geradoras dos granitos, levando a importantes interpretacdes sobre
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processos de contaminagédo e assimilacdo de material supracrustal, e no papel da crosta na
geragdo de granitos do tipo-A (Andersen et al. 2004, Elliot et al. 2005, Goodge & Vervoort
2006, Heinonen et al. 2010, 2012).

Na presente Tese de Doutorado foram realizadas, em média, entre 10 e 15 analises de
5180 em zircBes das amostras selecionadas para estudo, sendo sido a maior parte das analises
realizada em cristais preliminarmente datados. As andlises foram realizadas em microssonda
ibnica CAMECA 1280, no CMCA (Center for Microscopy, Characterization and Analyses)
na University of Western Australia. As condi¢des analiticas utilizadas para obtencdo dos

resultados sdo descritas no capitulo 4.

1.4.8 Estudos isotopicos pelo método Sm-Nd (rocha total)

Esse sistema isotdpico é amplamente utilizado na investigacdo de processos de
formacdo e evolucdo de crosta continental. Na petrogénese de rochas graniticas, as idades
modelo (tom), juntamente com o pardmetro eng auxiliam na discussdo de fontes. Diversos
trabalhos que envolvem sistemas isotdpicos como tracadores se baseiam em analises em rocha
total e, apesar das técnicas serem precisas em termos de acuracia analitica, oferecem limitada
resolucdo espacial para registrar informacbes petrogenéticas contidas em populagdes
heterogéneas de minerais. As incertezas analiticas podem ocorrer também devido a processos
secundarios que ocorrem em ambiente crustal, como a mistura de magmas.

Em razdo disso, trabalhos que envolvem estudos de fontes tém integrado os dados
isotopicos obtidos em rocha total (Nd, Sr), com analises isotopicas in situ como Hf e O. Na
presente Tese de Doutorado, optou-se por realizar analises Sm-Nd em rocha total nos
Granitos Seringa, Sao Jodo e Gogo da Onga, afim de se estabelecer comparacGes preliminares
com os dados de Nd ja disponiveis na literatura para as suites paleoporterozoicas de Carajas.
As analises foram realizadas no Laboratorio de Geologia isotopica Para-1so da Universidade
Federal do Para (UFPA). Nos Capitulos 2 e 4 sdo descritos os procedimentos para obtencdo
dos dados isotépicos de Nd.

1.5 CONTEXTO GEOLOGICO REGIONAL

O Craton Amazonico (CA) foi formado por sucessivos episodios de acresc¢do crustal
durante o Paleoproterozoico e Mesoproterozoico ao redor de um nucleo antigo estabilizado no
final do Arqueano (Brito Neves & Cordani 1991, Cordani & Teixeira 2007, Santos et al.
2000; Teixeira et al. 1989, Tassinari & Macambira 1999). Dois modelos propostos para a

divisdo do craton em provincias com base em dados geoldgicos e geocronoldgicos (U-Pb e
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Sm-Nd) tém sido amplamente discutidos na literatura. Esses modelos sé&o semelhantes em
termos das grandes linhas de evolucdo do craton, porém divergem em termos de idades,
denominacdes e, principalmente, nos limites das diversas provincias (Tassinari & Macambira
2004, Santos et al. 2000).

Santos et al. (2000) propuseram a dividisdo do craton em sete provincias
geocronoldgicas (Fig. 1a): Carajas (3100 — 2530 Ma), Transamazoénica (2250 - 2000 Ma),
Tapajos — Parima (2100 -1870 Ma), Amazonia Central (1880 — 1700 Ma), Rio Negro (1860 —
1520 Ma), Ronddnia — Juruena (1760 — 1470 Ma), e Sunsas (1330 — 990 Ma). Tassinari &
Macambira (2004; Fig. 1b) inserem a Provincia Carajas na Provincia Amazonia Central,
considerada como a crosta continental mais antiga do cratén que ndo foi afetada pelo ciclo
transamazonico, e definem as seguintes provincias: Maroni-Itacaiunas (2200-1950 Ma),
Ventuari-Tapajés (1950-1800 Ma), Rio Negro-Juruena (1800-1550 Ma), Rondonia-San
Ignécio (1550-1300 Ma) e Sunsés (1250-1000 Ma).
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- 2 AN
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Figura 1- Provincias geocronolégicas do Craton Amazénico, com destaque para a regido de Carajas representada
na Figura 2.
Fonte dos dados: Segundo Santos et al. 2000 (a) e Tassinari & Macambira 2004 (b).

Diversos autores propdem que o Craton Amazonico fez parte de um Supercontinente
atualmente conhecido como Columbia (Meert et al. 2017, Zhao et al. 2011) que se aglutinou
durante eventos colisionais no Paleoproterozoico (2,0 Ga a 1,8 Ga). Durante a Era
Paleoproterozoica (Orosiriano), especialmente em ~1880 Ma um extensivo magmatismo
orogénico e pos-colisional ocorreu formando centenas de stocks, batélitos e diques nas
provincias Carajas, Tapajos-Parima, Amazbnia Central e Rond6nia-Juruena. Esse
magmatismo € em grande parte representado pelas rochas vulcanicas e plutdnicas do evento
Uatuma, considerado como sendo uma Silicic Large Igneous Province ( SLIP - Fraga et al.
2017, Teixeira, W. et al. submetido).
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Na Provincia Carajas (PC; Fig 2) o evento de ~1880 Ma gerou diversos granitos
anorogénicos com afinidade rapakivi e diques maficos e félsicos a eles correlacionados
(Dall’Agnol et al. 1999 a, b, c, 2005, Silva et al. 2016, Oliveira & Dall’Agnol 2007, Teixeira
et al. 2002). Esses granitos foram aglutinados em trés suites (Jamon, Serra dos Carajas e
Velho Guilherme) que séo o alvo principal desta Tese de Doutorado.

A Provincia Carajas esté localizada na porgéo sul-oriental do CA (Fig. 1 e Fig 2a), no
sudeste do estado do Para. Foi redividida recentemente por Dall’Agnol et al. (2013) em trés

dominios distintos que serdo apresentados abaixo:

1.5.1 Dominio Rio Maria

O Dominio Rio Maria ocorre na porcdo sul da Provincia Carajas (Fig. 2), apresenta
idades variando entre 2,98 Ga e 2,86 Ga e é composto por: a) greenstone belts do Supergrupo
Andorinhas (3,0 - 2,9 Ga), que consiste de rochas meta-ultraméficas (komatiitos), meta-
basicas (basaltos e gabros), e subordinadamente rochas félsicas a intermediarias com
intercalacGes de meta-grauvacas. b) granitdides sddicos que compreendem suites tonalito-
trondhjemito e suites Leocogranito-granito (Almeida et al. 2017). As suites tonalito-
trondhjemito séo representadas por Tonalito Arco Verde, Trondhjemito Mogno, Complexo
Tonalitico Caracol, Tonalito Mariazinha e Trondhjemito Agua Fria (Almeida et al. 2008,
Almeida et al. 2011, Guimaraes et al. 2010, Leite et al. 2001, Macambira & Lafon 1995,
Rolando & Macambira 2003). A suite leucogranito-granito (2,87 — 2,86 Ga) € composta pela
Suite Guarantd, Granodiorito Grotdo e rochas similares (Almeida et al. 2010, 2013). c)
granitoides com alto Mg do tipo sanukitoide (~2,87 Ga), representados pela Suite Rio Maria
composta pelo Granodiorito Rio Maria (Medeiros & Dall’Agnol 1988, Oliveira M.A et al.
2009) e rochas intermediarias a méaficas associadas, o Granito Rancho de Deus (Dias 2009), e
0 Quartzo-diorito Parazbnia (Guimaraes et al. 2009). E, por fim, d) leucogranitos potassicos
(2,87-2,86 Ga) representados pelos Granitos Xinguara e Mata Surrdo e por pequenos stocks
graniticos relacionados (Almeida et al. 2013, Althoff et al. 2000, Duarte & Dall'Agnol 1996).

1.5.2 Dominio Sapucaia

O Dominio Sapucaia (Fig. 2) apresenta fortes semelhancas com o Dominio Rio Maria
em termos litologicos, porém as rochas que o constituem foram intensamente deformadas
durante o Neoarqueano e seccionadas por granitoides subalcalinos neoarqueanos (suites
Planalto e Vila Jussara). Nesse dominio ocorrem: a) rochas tonaliticas distintas das

associacfes TTG classicas, as quais foram denominadas de Tonalito Sdo Carlos (2,94 Ga;
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Guimardes et al. 2012, Silva et al. 2014); b) cléssicas suites TTG arqueanas, denominadas
Trondhjemito Colorado (~2,87 Ga; Santos et al. 2013, Silva et al. 2014,) e Trondhjemito
Agua Fria; ¢) granitoides mesoarqueanos de alto Mg denominados de Granodiorito Agua
Azul e Granodiorito Agua Limpa (2,88 Ga - 2,87 Ga; Gabriel & Oliveira 2014); d)
leucogranodioritos com alto Ba e Sr representados pelo Leucogranodiorito Pantanal (Teixeira
et al. 2013) e Leucogranodiorito Nova Canada (2,89 Ga; Leite-Santos et al. 2016, Oliveira et
al. 2010); e) leucogranitos de alto K representados pelo Leucogranito Velha Canada (2,74 Ga;
Leite-Santos et al. 2016, Santos et al. 2010); finalmente, tem-se granitos subalcalinos
noarqueanos agrupados nas suites Planalto (~2,73 Ga; Feio et al. 2012, Cunha et al. 2016) e
Vila Jussara (2,75 — 2,73 Ga; Dall’ Agnol et al. 2017).

1.5.3 Dominio Canaa dos Carajéas

O Dominio Canad dos Carajas (Fig. 2) se distingue dos dominios Rio Maria e
Sapucaia em termos de associacgdes litoldgicas e também em assinaturas isotdpicas de Nd em
relacdo ao Dominio Rio Maria (Dall’Agnol et al. 2013, Feio et al. 2013). Feio et al. (2013) e
Moreto et al. (2011, 2015) individualizaram naquele dominio diversos granitdéides com
assinaturas geoquimicas distintas e idades mesoarqueanas a neoarqueanas. S8o estes, em
ordem de idades decrescentes: Tonalito Bacaba, Granito Canad dos Carajas, Complexo
Tonalitico Campina Verde, Trondhjemito Rio Verde, Granito Cruzaddo, Granito Bom Jesus,
Granito Serra Dourada (mesoarqueanos), granitos subalcalinos da Suite Planalto, granitos
sodicos da Suite Pedra Branca, e rochas charnoquiticas associadas ao Diopsidio-Norito Pium
(neoarqueanos). Esta Gltima unidade era considerada como tendo idade mesoarqueana
(Pidgeon et al. 2000), porém estudos geoldgicos, geoquimicos e geocronoldgicos
demonstraram que a mesma possui idade neoarqueana e natureza charnockitica e ndo
granulitica (Santos, R.D. et al. 2013).

1.5.4 Bacia Carajas

A principal unidade litoestratigrafica presente na Bacia Carajas (Fig. 2) é o
Supergrupo ltacaitnas (2,76 Ga; Gibbs et al. 1986, Machado et al. 1991) constituido
principalmente por rochas méficas a intermediérias, metavulcanicas e formacoes ferriferas
bandadas, que compreendem as rochas dos grupos Igarapé Salobo, Grao-Pard, Igarapé Bahia,
Igarapé Pojuca e Rio Novo. Recentemente Martins et al. (2017) obteve idades mais jovens

(~2,74 Ga) para os basaltos da Formacéo Parauapebas.
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Ocorrem também neste dominio: a) rochas do Complexo Luanga (2,76 Ga; Machado
et al. 1991), localizado nas proximidades de Serra Pelada, sendo constituido por rochas
ultrabéasicas e béasicas acamadadas (Medeiros Filho & Meireles 1985); b) granitos subalcalinos
foliados representados pelo Complexo Granitico Estrela (~2,75 Ga; Barros et al. 1991,
Barros et al. 1997, Barros & Dall’Agnol 1994) e granitos Serra do Rabo (2,74 Ga, Sardinha et
al. 2006), Igarapé Gelado e Velho Salobo. Sdo dominantemente monzogranitos a &lcali-
feldspato granitos fortemente deformados, tendo sido admitida uma colocacdo sintectdnica
para o0 Complexo Granitico Estrela (Barros et al. 2009).

Sobreposta estratigraficamente as unidades arqueanas mencionadas tem-se a
Formagdo Aguas Claras, que constitui uma cobertura siliciclastica de possivel idade

paleoproterozoica (?), ndo metamorfisada, cortada por varios diques e sills de gabro e

diabasio.
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Figura 2 - a) Mapa do Estado do Par4 mostrando a localizacdo da Provincia Carajés; b) Mapa geolégico de parte
da Provincia Carajas destacando os granitos Paleoproterozoicos estudados. ¢) Mapa simplificado mostrando a
compartimentagdo tectbnica da Provincia Carajas.

Fonte dos dados: Almeida et al. 2011, Dall’ Agnol et al. 2013, Feio et al. 2013, Gabriel & Oliveira 2014, Oliveira
et al. 2010, Rodrigues et al. 2014, Santos, P.A. et al. 2013, Silva et al. 2014, Teixeira et al. 2013, Vasquez et al.
2008.

1.6 GRANITOS ANOROGENICOS DA PROVINCIA CARAJAS
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Os granitos tipo-A anorogénicos da Provincia Carajas formam uma série de corpos
intrusivos que seccionam as unidades arqueanas dos seus diferentes dominios. Esses granitos
se colocaram em ambiente extensional e sdo contemporaneos a diques de diabasio e
dacitos/granitos porfiros de direcbes WNW-ESE a NNW-SSE (Dall’Agnol et al. 2005,
Oliveira et al. 2010, Silva et al. 2016).

Sdo agrupados em trés suites (Fig. 2b), de acordo com suas caracteristicas
petrograficas e geoquimicas e estado de oxidacdo dos seus magmas. Sdo estas: (1) Suite
Jamon, situada no Dominio Rio Maria, representada pelos granitos Jamon, Musa, Marajoara,
Manda-Saia, Redencdo e Bannach; (2) Suite Velho Guilherme, formada por granitos
estaniferos presentes na regido do Xingu, os quais seccionam as rochas vulcanicas do
Supergrupo Uatuma e o embasamento arqueano; compreende os granitos Velho Gilherme,
Antbnio Vicente, Mocambo, Benedita, Rio Xingu (Teixeira et al. 2002) e Bom Jardim
(Lamardo et al. 2012); (3) Suite Serra dos Carajés, situada no Dominio da Bacia Carajés,
composta pelos granitos Serra dos Carajas, Cigano e Pojuca (Barros et al. 1995, Dall’ Agnol et
al. 2005, Javier-Rios et al. 1995, Teruya et al. 2008). Além das trés suites mencionadas, cabe
destacar os granitos Gogo da Onga, Seringa, Sdo Jodo, Rio Branco e Gradaus (Fig. 2b), que
ndo foram até o momento vinculados a nenhuma das trés suites.

Os plutons anorogénicos de Carajas foram colocados em niveis crustais rasos (~1-3
kbar), e comumente se observam enclaves angulares das rochas encaixantes nos granitos,
indicando alto contraste de viscosidade entre 0s seus magmas e as rochas encaixantes
arqueanas (Dall’Agnol et al. 2005). Diques félsicos e méficos seccionam as unidades
arqueanas e, localmente, os corpos graniticos (Ferreira 2009, Gastal 1987, Huhn et al. 1988,
Rivalenti et al. 1998, Silva et al. 2016, Silva Jr. et al. 1999, Souza et al. 1990).

Geoquimicamente, possuem caracteristicas metaluminosas a peraluminosas e
apresentam razdes Na,O/K>0 que variam entre 1,0 e 2,0 e aumentam da Suite Jamon para as
suites Velho Guilherme e Serra dos Carajas. Sao granitos que exibem altas razdes FeO/(FeOx
+ MgO) e sdo, portanto, ferrosos, segundo a terminologia de Frost et al. (2001). Possuem
elevado contetdo de HFSE e tém assinatura do tipo A (Dall’ Agnol et al. 2005).

DatacOes pelos métodos U-Pb e/ou Pb-Pb em zircdo (Avelar 1996, Dall’Agnol et al.
1999a, 2005, Lima 2011, Machado et al. 1991, Macambira & Lafon 1995, Paiva Jr. 2009) ou,
menos comumente, Pb-Pb em rocha total (Barbosa et al. 1995), dessas suites graniticas,
forneceram idades de cristalizacdo de ~1,88 Ga. Os dados isotdpicos de Nd para estas rochas
revelam idades tpm arqueanas (~3,35 Ga a 2,60 Ga; Dall’Agnol et al. 2005, Rdm0 et al. 2002,
Teixeira et al. 2002) e valores de eng (em 1,88 Ga) extremamente negativos (-12 a -8),



16

interpretados como indicativos de fontes arqueanas para 0s seus magmas. Uma sintese das
principais caracteristicas petrograficas de cada uma das suites e dos plutons Seringa, S&o
Jodo, Rio Branco e Gradaus é apresentada abaixo . O granito Gogo da Onca € apresentado em
detalhe no capitulo 2. Os dados geocronologicos e isotopicos de Nd desses granitos estdo

sumarizados na Tabela 1.

1.6.1 Suite Serra dos Carajas

Essa suite é composta dominantemente por monzogranitos e sienogranitos;
localmente ocorrem granitos hidrotermalizados, bolsdes pegmatoides e greisens em zonas de
fraturas (Barros et al. 1995, Javier Rios et al. 1995). Como minerais acessorios sdo descritos
zircdo, apatita, magnetita, ilmenita e allanita. Titanita primaria é rara ou ausente, fluorita é
comum, e a turmalina, por vezes, esta presente (Barros et al. 1995, Rios et al. 1995). O
contelldo modal dos minerais 6xidos de Fe e Ti é inferior a 1%, e € comum a ocorréncia de
magnetita, porém sem ilmenita associada. Os valores de suscetibilidade magnética (SM) da
Suite Serra dos Carajas sdo moderados, se comparados aos das suites Jamon e Velho
Guilherme. Seguindo a classificagdo de Ishihara (1981), os granitos da Suite Serra dos Carajas
pertenceriam a série magnetita, porém apresentam altas razes FeOv/(FeO: + MgO) em rocha
total e em biotita e anfibolio, o que sugere formacdo em condicdes relativamente redutoras
(Dall’ Agnol et al. 2005).

1.6.2 Suite Velho Guilherme

E constituida predominantemente de sienogranitos e, subordinadamente,
monzogranitos e alcali-feldspato granitos, sendo suas facies mais evoluidas afetadas por
intensa alteracdo hidrotermal po6s-magmatica. S&o comuns ocorréncias de greisens que
hospedam pequenas concentracdes primarias de cassiterita (Teixeira & Bettencourt 2000;
Teixeira et al. 2005). Como fases minerais acessorias ocorrem zircdo, ilmenita, titanita,
apatita e, nas facies menos evoluidas, magnetita. Os minerais de alteracdo pds-magmatica sdo
sericita, fengita, clorita, fluorita, epidoto, topazio, esfalerita, microclina, albita, allanita e
minerais argilosos. Cassiterita, calcopirita, estanita, fluocerita, esfalerita, xenotimio e
monazita estdo associados aos granitos mais intensamente alterados (Dall’ Agnol et al. 1993,
Teixeira et al. 2005).

No geral, os granitos desta suite sdo mais pobres em maficos do que as rochas das
outras suites. As facies dominantes ndo contém quantidades significativas de titanita e nem de

magnetita e o contetdo modal de minerais opacos é menor que 0,1%. Isto implica baixos
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valores de suscetibilidade magnética e as caracteristicas descritas fazem com que tais rochas
sejam incluidas na série limenita de Ishihara (1981).

1.6.3 Suite Jamon

Os platons dessa suite sdo formados por monzogranitos e, subordinadamente,
sienogranitos, com fases minerais acessdrias que correspondem a zircdo, apatita, magnetita,
ilmenita, allanita, titanita e, somente em facies mais evoluidas, fluorita (Almeida et al. 2006,
Dall’ Agnol et al. 19993, c, Oliveira et al. 2009). Os conteudos modais dos minerais 0xidos de
Fe e Ti variam geralmente de 0,5% a 0,2% e magnetita é dominante sobre ilmenita.
Apresentam altos valores de suscetibilidade magnética (SM) e presenca marcante da
paragénese magnetita-titanita-quartzo, tipica dos granitos da série magnetita (Ishirara 1981).
A presenca constante de magnetita e titanita primarias indica que essses granitos foram
formados em condigdes oxidantes proximas ao tampao NNO (Dall’Agnol et al. 1997, 1999a,
b). Texturas do tipo rapakivi sdo comumente observadas nos plutons Redenc¢édo e Bannach
(Almeida et al. 2006, Oliveira, D.C et al. 2009).

A distribuicdo das facies dentro dos plutons desta suite € aproximadamente
concéntrica com os granitos menos evoluidos ocupando as zonas externas e os mais evoluidos
a porcao central de cada corpo granitico. Nos pluton Jamon, Redencdo e Bannach as
principais facies sdo relacionadas por cristalizagdo fracionada (Dall’Agnol et al. 1999c).
Contudo, na porc¢éo central dos granitos Bannach e Redencéo ocorrem stocks de leucogranitos
provavelmente derivados de um magma independente (Oliveira, D.C et al. 2009; Almeida et

al. 2006; Mesquita et al. submetido).

1.6.4 Granito Seringa

Trata-se de um batdlito com cerca de 2250 km? (Fig. 2b) formado por sienogranitos e
monzogranitos, e, subordinadamente, leucogranitos. Os contatos entre o Granito Seringa e
suas encaixantes sdo em geral bruscos e bem marcados, sendo comum nessas zonas a
presenca de enclaves angulosos englobados pelo Granito Seringa. Diques félsicos de
orientacdo preferencial NE-SW e NW-SE cortam tanto as diferentes facies do Granito Seringa
quanto as unidades arqueanas.

Os minerais acessorios incluem zircdo, magnetita, ilmenita, apatita e allanita.
Apresenta contetldos modais de opacos variando de 2,6% a 0,3% e valores moderados de SM,
similares aos da Suite Serra dos Carajas (Paiva Jr. 2009). A magnetita atinge proporcoes

maiores que 1% nos monzogranitos e contetdos de até 0,5% nas rochas mais evoluidas, sendo
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mais frequente que a ilmenita (Paiva Jr. 2009; Paiva Jr. et al. 2011). Texturas rapakivis séo
observadas localmente nas facies monzograniticas. A distribuicdo espacial de suas facies
petrograficas mostra um zoneamento concéntrico, com as rochas mais ricas em maficos
situadas predominantemente nas bordas do corpo e as facies mais leucocraticas no centro
(Paiva Jr. 2009).

Segundo Paiva Jr. (2009), o Granito Seringa pode ter sido formado por cristalizagdo
fracionada de um magma parental atraves de, pelo menos, trés diferentes pulsos magmaticos.
O primeiro estaria representado pelas rochas monzograniticas; o segundo teria formado as
rochas sienograniticas; e o terceiro seria responsavel pela formacéo de liquidos magmaéticos

mais evoluidos, geradores das rochas leucograniticas.

1.6.5 Granito Sao Joao

Esse granito possui dimensdo de aproximadamente 160 km? e esta localizado entre as
cidades de Agua Azul do Norte e Bannach (Fig. 2b). E formado por rochas monzo a
sienograniticas, em geral com conteddo de minerais maficos < 10% (leucocraticas). Zircéo,
apatita, allanita, magnetita e ilmenita sdo 0s minerais acessorios, sendo o conteddo modal de
opacos inferior a 1%. A auséncia de titanita magmatica é uma feicdo caracteristica em todas
as facies desse pluton. Suas diversas variedades apresentam valores moderados de SM,
similares aos dos granitos Seringa e Serra dos Carajas (Lima et al. 2014). Lima et al. (2014)
considera que as diferentes facies deste pluton evoluiram por cristalizacdo fracionada,

diferentemente do que se oberva no Granito Seringa (Paiva Jr. et al. 2011).

1.6.6 Granito Rio Branco

O Granito Rio Branco (Santos et al. 2013) corresponde a um stock que aflora nas
proximidades da mina de cobre do Sossego a NW de Canad dos Carajas e secciona o0 Granito
Cruzaddo de idade arqueana (Fig. 2b). E composto por sienogranitos hololeucocraticos com
textura equigranular. Fluorita, alanita e zircdo sdo 0s minerais acessOrios comuns, mas
também ocorrem pitira e calcopitrita. S&o afetados por processos de alteracdo po6s-magmatica,
albitizacdo e, subordinadamente, greisenizacdo. A presenca de hematita € comum nesse
pluton e a magnetita é rara ou ausente. Santos et al. (2013) consideram que o Granito Rio
Branco possui maior afinidade com aqueles da Suite Velho Guilherme e, em menor grau, com

os da Suite Serra do Carajas, sendo claramente distinto dos granitos da Suite Jamon.
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1.6.7 Granito Gradaus

O Granito Gradaus foi recentemente estudado por Carvalho (2017). Trata-se de um
batélito com formato subcircular e cerca de 800 km? de area aflorante. E intrusivo em
metassedimentos do Grupo Rio Fresco no Dominio Rio Maria. Esse granito é contituido por
dois conjuntos petrograficos distintos de rochas monzograniticas e sienograniticas. Os
principais minerais acessorios sdo zircdo, magnetita, ilmenita, allanita e apatita;
subordinadamente ocorrem pirolusita, monazita e fluorita. Os valores de suscetibilidade
magnética sdo moderados a baixos, o que permite classifica-lo como um granito
moderadamente reduzido. Assim como 0s granitos Seringa e Sdo Jodo, o Granito Gradaus
apresenta maior similaridade com os granitos da Suite Serra dos Carajas (Carvalho 2017).



Tabela 1- Dados geocronoldgicos dos granitos paleoproterozoicos da Provincia Carajas

Pluton

SUITE SERRA DOS CARAJAS

material

Idade em Ma
(Referéncias)

Método

Sm-Nd (rocha-total)

{om ENd

Cigano zircéo 1883 +2 (1) U-Pb (TIMS) 2939 97 ()
2668 9,5 (7)
Serra dos Carajas zircdo 1880+ 2 (1) U-Pb (TIMS) 2611 79(0)
2727 -9,2 (7)
Pojuca zircdo 1874 +2 (1) U-Pb (TIMS) 3353 9,7 (7)
Velho Guilherme rocha-total 1873+ 13 (2) Pb-Pb
Velho Guilherme zircdo 1853,7 £ 6,2 (13) U-Pb (LA-ICP-MS)
Antdnio Vicente zircdo 1867 5 (6) evaporacdo do Pb 3254 -12,1(6)
o 3 2976 -7,9 (6)
Mocambo zircao 1865 + 2 (6) evaporagdo do Pb
3023 -12,2 (6)
Bom Jardim zircdo 1867 + 1 Ma (11) evaporagdo do Pb
Serra Queimada zircdo 1882 + 12 (11) evaporagdo do Pb
Rio Xingu zircéo 1866 + 2 (6) evaporacdo do Pb
zircéo 1883 + 5 (1) 2821 946)
Musa U-Pb (TIMS) 2793 9,3 (5)
titanita 1884 +5 (1) 2596 -9,6 (5)
. . 3024 -9,7 (5)
Jamon zircdo 1885 + 32 (3) evaporagdo do Pb
2874 -9,5 (5)
2785 -8,8 (14)
Redencéo rocha-total 1870 + 68 (4) Pb-Pb 2807 105 (14)
2789 9,7 (14)
2727 -9,6 (14)
Bannach 2844 -9,6 (14)
Diques félsicos . x
(granito porfiro) zircdo 1885+ 2 (7) evaporagdo do Pb 2830 10 (1)
Diques félsicos I x
(dacito pérfiro) zircdo 1886 + 4 (7) evaporagdo do Pb 2884 -9,4 (14)
. L 1895+ 1 (9) B
Seringa zircdo evaporagdo do Pb
1892 +30 (2)
S&o Jodo zircdo 1890 + 2 (10) evaporagdo do Pb
Diques félsicos zircdo 1880,9 + 6,7 (14) U-Pb (SHRIMP)
Diques félsicos zircdo 1881,9 + 8,8 (14) U-Pb (SHRIMP)

20

Fontes dos dados: (1) Machado et al. (1991); (2) Rodrigues et al. (1992); (3) Barbosa et al. (1995); (4) Avelar (1996);
(5) Dall’Agnol et al. (1999a); (6) Teixeira et al. (2002); (7) Dall'Agnol et al. (2005); (8) Pinho et al. (2006); (9) Paiva Jr.
(2009); (10) Lima (2011); (11) Lamardo et al. (2012); (12) Silva et al. (2016); (13) Antonio et al. (2017); (14) R&mo et

al. (2002).
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The Gogé da Onga Granite (GOG) comprise a stock located in the Carajds Province in the southeastern
part of Amazonian Craton near its border with the Araguaia Belt. Three facies were identified in the
pluton: biotite-amphibole granodiorite, biotite-amphibole monzogranite and amphibole-biotite sye-
nogranite. The GGO crosscut discordantly the Archean country rocks and are not foliated. All Gogé da
Onga Granite varieties are metaluminous, ferroan A2-subtype granites with reduced character. The major
and trace element behavior suggests that its different facies are related by fractional crystallization.
Zircon and titanite U—Pb SHRIMP ages show that the pluton crystallized at ~1880—1870 Ma and is related
to the remarkable Paleoproterozoic magmatic event identified in the Carajds Province. Whole-rock Nd
isotope data (Tpy ages 2.78 to 2.81, enq values of —9.07 to —9.48) indicate that the GOG magmas derived
from an Archaean source compatible with that of some other Paleoproterozoic suites from Carajas
Province. The GOG show significant contrasts with the Jamon and Velho Guilherme Paleoproterozoic
suites from Carajas Province and the inclusion of the Gogé da Onga granite in any of these suites is not
justified. The GOG is more akin to the Serra dos Carajas Suite and to the Seringa and Sao Joao granites of
Carajas and to the Mesoproterozoic Sherman granite of USA and the Paleoproterozoic Suomenniemi
Batholith of Finland. This study puts in evidence the relevance of precise geochronological data and
estimation of magma oxidation state in the characterization and correlation of A-type granites.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Tassinari and Macambira, 1999; Santos et al., 2000). These Paleo-
proterozoic to Mesoproterozoic granites of the Amazonian Craton

A-type granites have been recognized in different cratonic areas
of the world and are widely distributed in time and space. At pre-
sent, it is admitted that different sources and formation processes
may be involved in the origin of these rocks. In the Amazonian
Craton, as worldwide, the 1.88 to 1.0 Ga old, anorogenic or post-
tectonic A-type magmatism is generally correlated with rapakivi
granites (Teixeira et al., 1989; Machado et al., 1991; Dall’Agnol et al.,
1999a,b, 2005; Bettencourt et al., 1999; Macambira and Lafon, 1995;

* Corresponding author.
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(J.-M. Lafon).
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are often accompanied by felsic volcanism and plutonic mafic and
charnockitics rocks as described in other Precambrian cratons. Tin
mineralization, with subordinate W, F, Y, REE, Th, and Zr, occurs
associated with evolved granites in the different provinces of the
craton (Costi et al., 2009; Bettencourt et al., 2016).

In the Carajas Province (CP), the A-type granite magmatism is
Paleoproterozoic (1.88—1.86 Ga; Table 1) and was subdivided into
three suites: (1) the oxidized Jamon Suite which occurs in the Rio
Maria Domain, in the southern part of the CP; (2) the reduced Velho
Guilherme Suite with related tin-mineralized granites, found in the
Xingu Region (western part of the CP); and (3) the moderately
reduced Serra dos Carajas Suite from the Carajas Basin, in the
northern domain of CP. Besides these three suites, the Seringa, Sao
Joao, Rio Branco and Gradais (the latter two undated) plutons also
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Table 1

Geochronology and Nd isotope data of the Paleoproterozoic A-type granites from Carajas province.

Tectonic blocks Plutons Analysed U-Pb (TIMS) AGE (Ma) Pb Evaporation age (Ma) or Pb-Pb isochron Sm-Nd (Whole-rock)
materil Tow (Ma)  ena (1)
SERRA DOS CARAJAS SUITE
CARAJAS BASIN CIGANO zircon 1883 +2 (1) 2939 -9.7 (8)
2668 —9.5(8)
SERRA DOS CARAJAS zircon 1880 +2 (1) 2611 —7.9(8)
2727 ~9.2(8)
POJUCA zircon 1874 +2 (1) 3353 ~9.7(8)
VELHO GUILHERME SUITE
XINGU REGION VELHO GUILHERME whole-rock 1873 £ 13 (5)
ANTONIO VICENTE zircon 1867 +5(7) 3254 -12.1(7)
MOCAMBO zircon 1865 + 2 (7) 2976 ~7.9(7)
RIO XINGU zircon 1866 + 2 (7) 3023 -12.2(7)
JAMON SUITE
RIO MARIA DOMAIN MUSA* zircon 1883 + 5/-2 Ma (1) 2821 -9.4(3,6)
(*Jamon Suite) 2793 -9.3(3,6)
2596 ~956 (3, 6)
JAMON* zircon 1885 + 32 (3) 3024 ~9.7 (3, 6)
2874 ~95(3, 6)
REDENCAO* whole-rock 1870 + 68 Ma (4) 2785 -8.8(6)
2807 ~10.5 (6)
2789 ~9.7(6)
2727 ~9.6 (6)
FELSIC DIKES* zircon 1885 +2(3) 2830 -10(3)
2884 —94(3)
BANNACH* 2844 —9.6 (6)
SERINGA zircon 1895 + 1 (9)
1892 + 30 (2)
SAO JOAO zircon 1890 + 2 (10)

*Granites from the Jamon Suite.

Data sources: (1) Machado et al. (1991); (2) Avelar (1996); (3) Dall’Agnol et al. (1999b); (4) Barbosa et al. (1995); (5) Macambira and Lafon (1995); (6) Ramo et al. (2002); (7)

Teixeira et al. (2002); (8) Dall’Agnol et al. (2005); (9) Paiva Jr. (2009); (10) Lima (2011)

occur in the province.

The Gogd da Onga pluton is a new stock recently identified in the
Sapucaia Domain of CP and tentatively correlated with its Paleo-
proterozoic suites. The present paper is the first study of the Gogd
da Onga granite and the results reported here intend to define its
main petrographical and geochemical characteristics, as well as its
age and Nd isotope signature. These data are employed to evaluate
its origin and affinities with the three Paleoproterozoic suites and
similar granites of the CP. The study represents a contribution to the
understanding of the Paleoproterozoic A-type magmatism of the
southeastern Amazonian craton. It shows also the relevance of
precise zircon and titanite SHRIMP dating and the estimation of
redox conditions in A-type granite studies.

2. Geological setting

The Carajas Province is the main Archean domain of the
Amazonian Craton (Fig. 1b). It is considered as an independent
tectonic province (Santos et al., 2000) or included into the Central
Amazonian Province (Tassinari and Macambira, 2004). It contains
large mineral deposits of iron, manganese, copper-gold, nickel, tin,
and gold-PGE (Tallarico et al., 2005; Bettencourt et al., 2016; Moreto
et al., 2015). It has been divided into the Rio Maria, Sapucaia, and
Canaa dos Carajas domains and Carajas Basin (Fig. 1c; Dall’Agnol
et al,, 2013).

Situated in the southern part of the Carajas Province, the Rio
Maria Domain (Fig. 1c; ca. 3.0 to 2.86 Ga; Machado et al., 1991;
Macambira and Lafon, 1995; Almeida et al., 2011) is composed of
greenstone belts grouped in the Andorinhas Supergroup (Souza
et al.,, 2001) and a variety of Archean granitoids (Dall’Agnol et al.,
2006) that comprises tonalitic-trondhjemitic series (TTG -
2.98—2.92 Ga; Almeida et al., 2011), sanukitoids (2.87 Ga; Oliveira

et al, 2009a,b, 2011; Santos and Oliveira, 2014) and granite to
leucogranodiorite suites (ca. 2.87—2.86 Ga; Almeida et al., 2013).

The Sapucaia Domain shows strong similarity with the Rio
Maria Domain in terms of dominant lithologies (Fig. 1c). It includes
TTGs (ca. 2.93 to 2.87 Ga; P.A. Santos et al., 2013a,b; Silva et al.,
2014), sanukitoids (ca. 2.87 Ga; Gabriel and Oliveira, 2014;
Gabriel et al., 2014), high Ba- and Sr leucogranodiorites and
potassic leucogranites (Teixeira et al., 2013; Leite-Santos and Oli-
veira, 2016). However, contrarily to Rio Maria, besides Mesoarchean
granitoids Neoarchean A-type like granites also occur in that
domain (Vila Jussara suite, ca. 2.75—2.73 Ga; Oliveira et al., 2010;
Silva et al., 2014; Dall’'Agnol et al., 2017).

In the Canaa dos Carajas domain (Fig. 1c), it was reported a va-
riety of Mesoarchean granitoids with different ages and
geochemical signatures: Bacaba Tonalite (ca. 3.0 Ga; Moreto et al.,
2011); Canaa dos Carajas Granite and Rio Verde Trondhjemite
(2.96—2.93 Ga; Feio et al., 2013); Campina Verde Tonalitic Complex,
Rio Verde Trondhjemite, Cruzadao, Bom Jesus, Boa Sorte, and Serra
Dourada granites (2.87—2.83 Ga; Feio et al., 2013; Rodrigues et al.,
2014). In that domain, Neoarchean A-type like granites also occur
(Planalto suite, ca 2.75—2.73 Ga; Feio et al., 2012, 2013; Huhn et al.,
1999), and charnockitic plutons (Pium Diopside Norite; R.D. Santos
et al,, 2013a,b; Feio et al., 2012).

The Neoarchean Carajas Basin is composed dominantly of
volcano-sedimentary units of the Itacaitinas Supergroup (Fig. 1¢; ca.
2.76 Ga; Hirata et al., 1982; DOCEGEOQ, 1988; Gibbs et al., 1986;
Machado et al., 1991; Tallarico et al., 2005) and Rio Novo Group
(Hirata et al., 1982). Mesoarchean granitoids are the local basement
and they are similar to those found in the Canaa dos Carajas and
Sapucaia domains. Neoarchean granites are also common and
crosscut the Itacaitinas supergroup (ca. 2.76 to 2.74 Ga; Igarapé
Gelado and Serra do Rabo granites, and Estrela complex; Barros
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Fig. 1. (a) Location of the Carajas Province in the Amazonian Craton; (b) Simplified geologic map of the Carajas Province highlighting the A-type Paleoproterozoic granites; the
rectangle corresponds to the studied area detailed in Fig. 1c. (c) Geological map of the Gogé da Onga Granite showing the location of studied samples.

et al., 1997, 2009; Sardinha et al., 2006).

The cratonization of the province occurred at the end of the
Archean and it was later affected in its different domains by the
intrusion of Paleoproterozoic A-type granites (Fig. 1c; Dall’Agnol
et al., 2005).

3. A-type Paleoproterozoic granites of Carajas Province

The anorogenic granites form plutons and batholiths that are
widespread in all the domains of CP and also in the Carajis Basin.
Based on geologic, petrographic and geochemical characteristics
and the oxidation state of their magmas, three suites were distin-
guished (Dall’Agnol et al., 2005; Dall’Agnol and Oliveira, 2007).

The oxidized Jamon Suite intruded the Archaean rocks of the Rio
Maria Domain and is represented by the Jamon, Musa, Marajoara,
Manda Saia, Redengao, and Bannach plutons (Fig. 1c; Gastal, 1987;
Dall’Agnol et al., 1999a,b; 2005; Almeida et al., 2006; Dall’Agnol
and Oliveira, 2007; D. C. Oliveira et al., 2008a,b, 2009a,b, 2010).

The moderately reduced A-type granites are located in the
Carajas Basin and they were grouped in the Serra dos Carajas Suite
composed of Serra dos Carajas, Pojuca and Cigano plutons
(DOCEGEOQ, 1988; Machado et al., 1991; Dall’Agnol et al., 2005).

The reduced granites of the Velho Guilherme Suite occur in the
Xingu region (Fig. 1c). Its plutons cut the Xingu complex, the in-
termediate to felsic volcanic rocks of the Uatuma group and the
Paleoproterozoic Parauari granite. The more evolved granites are
commonly tin-mineralized with local occurrence of wolframite and
tantalite. The suite is composed of the Velho Guilherme, Antonio
Vicente, Mocambo, Rio Xingu, and Bom Jardim granites (Teixeira,
1999; Teixeira et al., 2002; Dall’Agnol et al., 2005; Lamarao et al.,
2012).

Mafic and felsic dikes, locally forming composite dikes, are

associated with Jamon Suite granites. The felsic dikes display
geochemical and petrological affinities with the granites and yiel-
ded Pb-Pb zircon ages of ca. 1.88 Ga similar to those of the Jamon,
Serra dos Carajas and Velho Guilherme suites.

In addition to these three suites, the Seringa (Paiva Jr., 2009;
Paiva Jr. et al., 2011), Sao Joao (Lima, 2011; Lima et al., 2014), Gra-
dads (Carvalho, in prep.), and Rio Branco granites (Santos P.A et al.,
2013) were also described in the CP (Fig. 1c). All these granites and
the Gogo da Onga granite (this paper) are anorogenic granites but it
is not defined yet if they can be included in any one of those suites
or if they should be seen as new and independent units.

All granites display characteristics of A-type granites and show
within-plate signature. They are composed essentially of granites
stricto sensu (monzogranite to syenogranite with rare alkali feld-
spar granite). They occur as shallow level sheeted-like batholiths
and stocks (D. C Oliveira et al., 2008a,b, 2010), emplaced at pres-
sures of ca. 1 to 3 kbar. Near the contacts, the granites commonly
include angular enclaves of the Archean country rocks and the
Archean rocks show clear imprints of low-pressure contact
metamorphism.

4. Geologic and petrographic aspects of the Gogé da Onca
Granite

The GOG is exposed in the border between Sapucaia and Canaa
dos Carajas domains as a stock with an approximate area of 48 km?.
It forms hills of moderate altitude that contrast with the dominant
flat relief of the Archean country rocks (Fig. 2a). The pluton cross-
cuts the Colorado Trondhjemite, a 2.87 Ga old tonalite-
trondhjemite-granodiorite suite (P. A. Santos et al., 2013a,b; Silva
et al., 2014), the Xingu Complex (~2.97 Ga; Avelar et al., 1999) un-
differentiated Mesoarchean granitoids and Paleoproterozoic
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Fig. 2. (a) Geomorphologic contrast between the Gogdé da Onga Granite (GOG) and the Archean rocks; (b) Representative outcrop of the GOG; (c) altered biotite-amphibole
monzogranite of GOG showing ovoidal alkali feldspar phenocrysts with rapakivi texture (biotite-amphibole monzogranite); (d) Coarse ovoidal megacryst of alkali feldspar with
plagioclase mantle in a medium-grained matrix rich in amphibole and biotite (biotite-amphibole granodiorite).

sedimentary covers (Fig. 1d). The granite outcrops as meter-sized
blocks and boulders (Fig. 2b). Its contacts with the country rocks
were not observed in the field and the limits of the intrusion were
defined employing radar images and radiometric surveys. The
rocks of GOG are not foliated and cross-cut the NW—SE to E-W
structural trend of the host Archean rocks. Geological mapping and
sampling were limited to the southern part of the intrusion due to
the restricted access to the northern area of the granite.

The GOG comprise porphyritic coarse-grained biotite-amphi-
bole granodiorite (BAGrd), porphyritic coarse-grained to even
medium-grained biotite-amphibole monzogranite (BAMzg) and,
subordinate, coarse-to fine-grained seriated amphibole-biotite
syenogranite (ABSG). The BAMzg and BAGrd exhibit local devel-
opment of rapakivi texture (Fig. 2c and d).

4.1. Modal composition and classification

Modal compositions of the Gogé da Onga granite are presented
in Table 2 and QAP and Q-(A + P)-M’ diagrams are shown in Fig. 3.
All analyzed rocks are leucocratic, but the granodiorite and mon-
zogranite varieties have similar mafic mineral contents ranging
from 10.8% to 13.2% and 12.2% to 15.4%, respectively, and in both
amphibole is dominant over biotite. On the other hand, in the
syenogranite facies, biotite is more abundant than amphibole and
its mafic mineral contents are significantly lower than in the other
varieties (up to 7.2%).

4.1.1. Biotite-amphibole granodiorite (BAGrd)

The biotite-amphibole granodiorite display porphyritic or
granular hypidiomorphic texture. Besides quartz, plagioclase and
subordinate perthitic alkali-feldspar, they have significant modal

proportions of amphibole and biotite (Table 2). Zircon, titanite,
apatite, allanite, ilmenite, and magnetite are the primary accessory
phases and chlorite, clay minerals, sericite, epidote, and carbonate
the secondary ones. Quartz occurs as medium-grained subhedral to
anhedral crystals (Fig. 4a and b) or as fine grains forming grano-
phyric intergrowths with alkali feldspar. Plagioclase is subhedral
and show intense alteration to white micas, especially in the crystal
cores (Fig. 4a). The alkali feldspar is subhedral and displays modi-
fied perthite exsolution textures (Smith and Brown, 1988). It also
occurs as phenocrysts (~15 mm) rimmed by plagioclase. Amphibole
is represented by medium-to fine-grained subhedral hornblende,
with inclusions of zircon, apatite, allanite, and Fe-Ti oxides. Biotite

Table 2
Modal compositions of the Gogé da Onga Granite.
Mineralogy BAGrd BAMzg ABSG
PFR PFA PFA PFR PFR PFR PFR PFA PFR PFR
18B 21A 22 19A 18A 22 20 21B 19B 21
Quartz 239 234 202 242 303 319 306 219 212 21.1

Plagioclase 488 49.6 49.1 448 286 279 236 21.7 203 20.7
Alkali-feldspar 14.8 15.7 18.6 19.2 29.0 284 29.1 499 49.1 52.1
Amphibole 81 72 69 71 67 62 81 03 34 16

Biotite 31 36 34 51 46 51 65 41 48 33
Apatite X 01 01 X X X X X X X
Allanite 06 X X 04 X 01 02 06 09 1.0
Titanite X 01 X 01 X X 01 - - -
Zircon X 01 06 X X 01 X X X X
Opaques 06 08 08 06 09 04 06 02 X X
> Mafic=M" 112 108 11.7 132 122 119 154 52 72 59

X: mineral observed in thin section but not registered in the modal counting; -:
absent mineral. Abbreviations: BAGrd: biotite-amphibole granodiorite; BAMzg:
biotite-amphibole monzogranite; ABSG: amphibole-biotite syenogranite.
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Fig. 3. Q-A-P (fields according to Streckeisen, 1976) and Q-(A + P)-M’' modal diagrams for the Gogé da Onga Granite. BAGrd: biotite-amphibole granodiorite; BAMzg: biotite-

amphibole monzogranite; ABSG: amphibole-biotite syenogranite.

is subhedral, medium-to fine-grained and partially altered to
chlorite and epidote (Fig. 4b). In the granodiorite and monzogranite
facies, hornblende and biotite appears as interstitial crystals
denoting later crystallization (Fig. 4a, b, d).

4.1.2. Biotite-amphibole monzogranite (BAMzg)

The biotite-amphibole monzogranite has porphyritic or equi-
granular hypidiomorphic texture and quartz modal contents are
higher compared to the granodiorite (Table 2). Quartz occurs
mostly as subhedral to anhedral medium-grained crystals (Fig. 4c
and d), but fine-grains are included in biotite and amphibole; it
forms symplectites with amphibole and granophyric intergrowths
with alkali-feldspar. Alkali feldspar crystals are subhedral and
perthitic (Fig. 4c and d), locally forming phenocrysts (~15 mm).
Plagioclase is subhedral and shows moderate sericitization, espe-
cially in the crystal cores. Amphibole is medium-to fine-grained
subhedral hornblende, has zoned allanite inclusions, and is some-
times associated with titanite. The biotite is subhedral to anhedral,
medium-to fine-grained, and is partially altered to chlorite.

4.1.3. Amphibole-biotite syenogranite (ABSG)

The amphibole-biotite syenogranites display seriated texture
and differ from the other varieties by dominance of biotite over
amphibole (Table 2). The primary and secondary accessory min-
erals are similar to those of the other facies except for the absence
of magnetite and titanite. Quartz occurs mostly as subhedral,
medium-grained crystals, but anhedral fine-grained crystals are
included in alkali feldspar (Fig. 4e) and plagioclase, and form
granophyric intergrowths. K-feldspar crystals are subhedral and
perthitic (Fig. 4a). Poorly developed intergranular albite is observed
along the K-feldspar contacts of its crystals. Biotite is subhedral to
anhedral, medium-to fine-grained and contains inclusions of
zircon. Allanite is the most representative accessory phase in this
facies. It occurs as subhedral to euhedral fine crystals (Fig. 4f),
displaying irregular zoning and inclusions of zircon.

5. Analytical procedures
5.1. Whole-rock geochemistry

Whole-rock chemical analyses of 10 samples from Gogé da Onga
Granite were performed at the ACME Analytical Laboratories Ltd in
Vancouver, Canada. The analytical package includes analysis of
major oxides by inductively coupled plasma atomic emission
spectrometry (ICP-ES) and trace elements, including rare earth el-
ements (REE), by inductively coupled plasma atomic mass spec-
trometry (ICP-MS). The geochemical results were processed by
GeoChemical Data Toolkit 3.0 software (available at http://www.
gcdkit.org/download) and plotted in several classificatory dia-
grams. The detailed analytical procedures performed by ACME labs
are available on http://acmelab.com.

5.2. U—Pb SHRIMP

A representative sample of each facies (BAGdr, BAMzg, and
ABSG) of the GOG was selected for U-Pb SHRIMP analysis. The
samples were crushed and milled for zircon and titanite separation,
and then sieved at 60 mesh. The obtained concentrates were
washed and decanted with water. The heavy minerals were sepa-
rated using heavy liquids (LST) and magnetic separation was made
using a Frantz separator. Mineral separation was done by hand
picking under a binocular microscope. Selected grains were
mounted on adhesive tape and enclosed in epoxy resin together
with fragments of the standards. The mountings were ground up to
attain the crystal cores and then polished with diamond paste
(P4000-2400) until nearly half of each grain.

Backscattered electrons (BSE) images of the crystals were made
to obtain information about their inner structures and to select the
best areas for isotopic analyses. Then the mounts were cleaned and
gold coated for SHRIMP analysis.

In situ U-Pb zircon and titanite isotopic compositions were
determined by SHRIMP II at Curtin University of Technology (Perth,
Western Australia) using methods based on those of Compston
et al. (1992). Spot analyses about 25 pm on selected zircon and
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Fig. 4. Photomicrographies of the Gogé da Onga Granite taken with crossed nicols. (A) Textural aspects of plagioclase, quartz, and interstitial amphibole crystals in the granodiorite;
(B) Biotite altered to epidote and chlorite in the BAGdr; (C) Textural aspect of alkali feldspar and quartz in the BAMzg; (d) interstitial biotite crystals in the monzogranite; (E)
Perthitic alkali feldspar with aligned quartz inclusions, a common feature in the syenogranite; (F) Subhedral to euhedral allanite crystals in the ABSG. Abbreviations of mineral

names follow Whitney and Evans (2010).

titanite crystals were made to determine U—Th—Pb concentrations
and Pb isotope composition. BR266 (559 Ma, 903 ppm U; Stern,
2001) and M257 (522.2 Ma, 680 ppm U) were used as zircon
standards and KHAN (518 Ma, 220 ppm U; Heaman, 2009) as
titanite standard. Data reduction of measured ratios for zircon and
titanite was performed using the software SQUID (Ludwig, 2009),
and results were plotted on concordia diagrams using ISOPLOT/3.70
software (Ludwig, 2008).

5.3. Sm-Nd analysis

Nd isotopic compositions were determined in three samples of
the GOG using an LA-ICP-MS (Laser Ablation- Inductively Coupled
Plasma- Massa Spectrometer) at the Isotope Geology Laboratory of
the Federal University of Para (Para-Iso) using analytical procedures
described by Gioia and Pimentel (2000) and Oliveira et al. (2008a,
2008b). Whole-rock samples weighing up about 100 mg, were
spiked by a mixture of 9Sm and ®Nd for isotope dilution mea-
surements. Samples were dissolved using a mixture of HF and
HClO4 in tightly closed teflon. The accuracy and reproducibility of
results were controlled according to the BCR-1 and La Jolla

reference material (Oliveira et al., 2008a,b). The decay constant
used was 6.54 x 10-12 year-1 (Lugmair and Harti, 1978) and the Nd
model ages were calculated according to the model of depleted
mantle evolution (Tpy) from DePaolo (1981).

6. Results
6.1. Elemental geochemistry

Major and trace element compositions of the Gogé da Onga
Granite are listed in Table 3. The GOG analyzed samples contain
SiO; ranging from 64.20 to 73.50 wt %, K,0 from 3.14 to 5.20 wt %,
and K;0/Na;0 ratios from 0.84 to 1.87, all of them increasing from
the granodiorite to the syenogranite facies. In the Harker type di-
agrams, the GOG analyzed samples show negative correlations
with Al,03, TiO,, FeO, MgO, Ca0O, Na,O and P,0s5 and positive
correlation with KO (Fig. 5). The Al,O3 contents are relatively high
in the granodiorite and monzogranite facies, a feature not
commonly observed in most A-type granites (Dall’Agnol and
Oliveira, 2007; Dall’Agnol et al., 2012). The general trends defined
by the different facies are compatible with a fractional
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Table 3
Chemical compositions of the Gogé da Onga Granite.

Gogo6 da Onga Granite

Facies BAGrd BAMzG ABSG

Samples PFA-22 PFR-18B PFA-21A PFR-19A PFR-18A PFR-22 PFR-20 PFA-21B PFR-19B PFR-21
SiO, (%) 64.20 64.22 64.59 64.85 67.04 68.06 68.93 71.57 72.75 73.50
TiO, 0.76 0.68 0.72 0.69 0.69 0.51 0.51 0.23 0.27 0.17
Al,03 15.36 15.81 15.33 14.68 14.14 14.06 13.63 12.34 12.18 12.14
Fe,03¢ 6.16 5.78 6.12 6.32 5.78 4.82 4,99 4,37 3.94 342
MnO 0.09 0.08 0.08 0.09 0.08 0.07 0.06 0.06 0.05 0.04
MgO 0.66 0.59 0.65 0.61 0.52 043 0.38 0.13 0.19 0.09
Ca0 4,01 419 4.29 3.73 3.34 3.1 2.7 1.46 1.43 1.23
Na,0 3.6 3.76 3.55 3.37 3.19 3.27 3.14 2.78 2.73 2.74
K;0 3.22 3.14 3.29 3.64 3.9 3.81 4.26 52 5.03 5.08
P05 0.27 0.26 0.27 0.26 0.23 0.16 0.15 0.03 0.05 0.02
LOI 1.2 1.1 0.7 14 1.3 0.6 1.3 0.8 1.0 1.2
Total 99.54 99.59 99.57 99.59 99.51 99.53 99.56 99.54 99.65 99.61
Ba (ppm) 2070 1830 1942 2182 2092 2090 1985 764 1133 711
Rb 93.5 91.3 87.7 114.9 109.7 105 117.9 187.5 1864 2109
Sr 380.7 358.2 351.9 288.7 284.4 259.1 2113 1044 116.3 93.7
Zr 577 509.6 559 752.1 765.9 562.6 658.2 437.4 496.2 350
Hf 129 11.9 13.2 17.2 17.8 131 16.7 14.2 149 11.0
Nb 23.6 21.6 23 27.9 30 225 30.8 434 39.7 432
Y 62.4 52.2 54.1 67.7 60.6 54.1 70.5 110 85.5 118.2
Ga 23 22.6 219 21.8 21.1 20 19.4 225 20.3 213
Sn 2 2 2 4 3 3 2 2 2 2

U 2.9 2.3 2.5 2.6 2.1 29 3.1 10.6 6.4 7.7
Th 20.3 14.9 16.4 19.7 15.5 23 254 77.8 45.8 79.2
La (ppm) 116.9 102.4 102.6 114.8 111.7 99.6 1325 476.6 215.7 418.6
Ce 221.1 209.5 204.7 237.9 233.8 210.7 265.6 863.4 409 782.6
Pr 2491 23.62 23.47 26.98 26.71 22.37 27.78 86 43.86 81.56
Nd 86.8 82.1 86 99.7 97.8 824 105.9 260 149.6 254.4
Sm 14.47 1343 14.07 16.44 16.13 133 17.73 33.63 23.02 35.01
Eu 3.7 3.28 3.28 33 2.96 2.92 2.92 1.84 2.04 1.82
Gd 12.09 11.31 12.15 14.05 13.55 11.53 14.86 25.22 18.81 26.84
Tb 1.8 1.68 1.79 2.11 2 1.73 2.28 3.69 2.74 3.86
Dy 9.91 9.34 10.02 12.03 111 9.99 12.58 20.41 15.6 21.05
Ho 1.97 1.8 1.93 23 2.16 1.9 2.55 3.93 3.03 4.01
Er 5.73 5.36 5.49 6.5 6.24 5.45 7.42 11.82 8.82 11.99
Tm 0.8 0.76 0.83 0.99 0.9 0.83 1.11 1.76 137 1.75
Yb 5.06 4.75 5.42 6.37 5.79 5.46 7.06 11.39 8.84 11.02
Lu 0.77 0.72 0.77 1.0 0.9 0.78 1.06 1.73 1.36 1.65
K>0/Na,O 0.89 0.84 0.93 1.08 1.22 117 1.36 1.87 1.84 1.85
FeO./(MgO + FeOy) 0.89 0.9 0.89 0.9 091 0.91 0.92 0.97 0.95 0.97
(La/Yb)n 15.59 14.55 12.78 12.16 13.02 12.31 12.67 28.24 16.47 25.64
Eu/Eu* 0.83 0.79 0.75 0.65 0.6 0.7 0.54 0.19 0.29 0.17

LOL: loss on ignition; BAGrd: biotite-amphibole granodiorite; BAMzG: biotite-amphibole monzogranite; ABSG: amphibole-biotite syenogranite.

crystallization process but there are compositional gaps between
them, possibly a reflex of the limited number of analyzed samples.

The GOG granites have high FeO/(FeO, + MgO) ratios and plot in
the fields of ferroan (Frost et al, 2001) and reduced A-type
(Dall’Agnol and Oliveira, 2007) granites (Fig. 6a and b). According to
Shand's index (classification diagram of Manilar and Piccoli, 1989),
the three varieties of the Gogé da Onga granite are metaluminous
(Fig. 6¢). In the MALI vs. SiO, diagram (Fig. 6d; fields of Frost et al.,
2001), the studied granites plot in the calc-alkalic field. The FeOy/
(FeO¢ + MgO) ratios vary between 0.89 and 0.97, increase from the
granodiorite to the monzogranite and attain the highest values in
the syenogranite (Table 3).

The contents of large ion lithophile elements (LILE) in the GOG
are variable (Table 3, Fig. 7, high for Ba (2092-711 ppm), moderate
for Sr (381-94 ppm), and relatively low for Rb (88—211 ppm). On
the other hand, contents of high field strength elements (HFSE) are
generally high, especially those of Zr (766-350 ppm) and Y
(52—118 ppm). Nb, Y, U, and Th contents are higher in the sye-
nogranite facies (Table 3). Ba and Zr show similar values in the
granodiorites and monzogranites and decrease notably in the

syenogranites (Table 5; Fig. 7a, d). Nb, Y, U, and Th contents are
higher in the syenogranite facies (Table 5). Sr decreases from the
granodiorite to the syenogranite and shows a clear negative cor-
relation with SiO; (Fig. 7b), whereas Rb show positive correlation
with SiO; and increases in the reverse sense (Fig. 7c).

In the Zr + Nb + Ce + Y vs FeO¢/MgO diagram (fields of Whalen
et al., 1987), all analyzed samples of the GOG plot in the field of A-
type granites (Fig. 8a). The ferroan and reduced A-type character of
the granite discussed above, added to this additional geochemical
evidence, demonstrates that the GOG can be classified as A-type
granite. Besides, the Nb-Y-Zr/4 triangular plot (fields of Eby, 1992)
indicate that it has affinity with the A2-subtype granites (Fig. 8b).

The GOG has high contents of rare earth elements (REE contents
are higher than 1000 ppm in some syenogranite samples; Table 3),
exhibit enrichment in light REE (LREE) and sub horizontalized
heavy REE (HREE) patterns indicative of absent or limited frac-
tionation of the HREE during the origin or differentiation of its
magma [(La/Yb)n varying from 12.16 to 28.24; Table 3]. The BAGrd
and BAMzG have similar and slightly negative Eu anomalies
(0.83—0.54), whereas the ABSG show strong negative Eu anomalies
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Fig. 5. Major elements Harker diagrams (oxides in wt.%) for the Gogé da Onga Granite. The fields of A-type Paleoproterozoic granites from the Carajas Province are plotted for
comparison. Data source: Jamon Suite (Dall’Agnol et al., 1999a,b, Dall’Agnol and Oliveira, 2007; Almeida et al., 2006); Velho Guilherme Suite (Dall’Agnol et al., 1994; Teixeira, 1999;
Teixeira et al., 2005); Serra dos Carajds Suite (Barros et al.,, 1995; Javier Rios et al., 1995; Dall’Agnol et al., 2005); Seringa Granite (Paiva Junior et al., 2011); Sao Joao Granite (Lima
et al., 2014). The Suomenniemi Batholith from southeastern Finland (Ramo, 1991), the Sherman Batholith from SE Wyoming, USA (Frost et al., 1999) and the Shicheng pluton of the

North China Craton (Zhao and Zhou, 2009) are also plotted for comparison.

(0.29—0.17) (Table 3; Fig. 9a). In the primitive mantle normalized
(Sun and Mcdonough, 1989) trace element diagram, the GOG show
negative Nb, Sr, P, and Ti anomalies. In the ABSG, there are addi-
tionally negative Ba and Zr anomalies, while the BAGrd and BAMzG
display positive anomalies of those elements (Fig. 9b).

6.2. Geochronology

Analytical results for the different facies of the Gogé da Onga
Granite are presented in Table 4.

6.2.1. Biotite-amphibole granodiorite

The zircon grains are subhedral transparent and colorless with
100—250 pum in length, fractured and with common internal
oscillatory zoning. No inherited zircon cores were observed
(Fig. 10a). Eight analysis from sample PFR-18B of 8 crystals were
obtained in sets of six scans during a single analytical session. U and
Th concentrations are 168—412 ppm and 112—363 ppm, respec-
tively, except for the spot 1.9—2 that has a low concentration of U
(70 ppm) and Th (86 ppm). The Th/U ratios vary between 0.69 and
0.97, and the spot 1.9-2 has 1.26 of U/Th ratio. The obtained data
define a concordia age of 1877 + 9 Ma and MSWD of 0.8 (Fig. 11a).
This age is interpreted as the crystallization age of the sample.

Titanite crystals are subhedral and brown with 100—200 pm in
length. BSE images show dark-gray and light-gray zones in titanite
(Fig. 10b), and no overgrowths were observed. Analyses of 5 crystals
from sample PFR-18B were obtained in sets of five scans during a

single analytical session. U—Pb age data from titanite are plotted in
Fig. 11b. The titanite shows two age groups: the oldest ages are from
two crystals that yielded a composite weighted average age of
1924 + 20 Ma and MSWD of 0.28 (Fig. 11b); the other crystals have a
younger composite weighted average age of 1879 + 15Ma and
MSWD of 0.39 (Fig. 11b). The latter is similar to the zircon age ob-
tained for this granite and interpreted as its crystallization age. The
locations of analysed spots are in both dark and light-gray zones
and core and rim but the different ages do not follow a pattern.

6.2.2. Biotite-amphibole monzogranite

The analyzed zircon grains are subhedral to euhedral mostly
transparent with 100—250 pm in length, with common internal
oscillatory zoning. No inherited zircon cores were observed. BSE
images show dark-gray rim and bright cores in some crystals
(Fig. 10c). Analyses of 7 crystals from sample PFR-22 were obtained
in sets of six scans during a single analytical session. U and Th
concentrations are 176—297 ppm and 157—284 ppm, respectively.
The Th/U ratios vary between 0.73 and 1.05. The obtained data
define a concordia age of 1866 + 10 Ma and MSWD of 1.7 (Fig. 11c),
interpreted as the crystallization age of the monzogranite.

The titanite crystals of this sample are subhedral and brown
with 100—200 pm in length and very similar to those of the
granodiorite (PFR-18b, Fig. 10b), showing dark-gray and light-gray
zones as well (Fig. 10d). Analyses of 8 crystals from sample PFR-
22 were obtained in sets of five scans during a single analytical
session. U—Pb age data from titanite are plotted in Fig. 11d. Likewise
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of the North China Craton (Zhao and Zhou, 2009) are also plotted for comparison.

to the results obtained for PFR-18B sample, the titanites from the
monzogranite also contains two age groups. The oldest age is from
two crystals that yielded a composite weighted average age of
1923 + 12 Ma and MSWD of 0.13 (Fig. 11d). The youngest age is from
six crystals that yield a composite weighted average age of
1872 + 13 Ma and MSWD of 2.3 (Fig. 11d).

6.2.3. Amphibole-biotite syenogranite

The analyzed zircon grains are subhedral to euhedral mostly
transparent and colorless with 100—250 um, with common internal
oscillatory zoning. No inherited zircon cores were observed. Eight
crystals from sample PFR-19B were analysed in sets of six scans
during two analytical sessions. U and Th concentrations are
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The Suomenniemi Batholith from southeastern Finland (Rimo, 1991), the Sherman Batholith from SE Wyoming, USA (Frost et al., 1999) and the Shicheng pluton of the North China

Craton (Zhao and Zhou, 2009) are also plotted for comparison.

281—-387 ppm and 188—340 ppm, respectively, except for the spot
C.4-5 that has a low concentration of U (75 ppm) and Th (78 ppm).
The Th/U ratios vary between 0.59 and 0.96. They define a con-
cordia age of 1869 + 4 Ma and MSWD of 1.9 (Fig. 11e). This age is
interpreted as the crystallization age of the sample.

6.3. Whole-rock Nd composition
The Sm—Nd isotope data for three samples of GOG, two of

granodiorite and one of monzogranite facies, are listed in Table 5
and plotted in Fig. 8. The GOG has Nd concentration varying

between 84.86 and 106.79 ppm, and Sm contents of
13.72—17.76 ppm. It shows little variation in #’Sm/*Nd
(0.0982—0.1006). The TDM ages and £Nd values are quite uniform,
Tpm model ages varying from 2.78 to 2.81 Ga, and eng¢ (at 1870 Ma)
shows negative values varying from —9.07 to —9.48.

7. Discussion
7.1. Comparison with similar A-type Proterozoic granites

The granites selected for comparison are: the three
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Paleoproterozoic suites (Jamon, Serra dos Carajas, and Velho Guil-
herme suites; Dall’Agnol et al., 2005), and the Seringa (Paiva Janior
et al., 2011) and Sao Joao (Lima et al., 2014) granites of the Carajas
Province; the Suomenniemi batholith (1.64Ga) a rapakivi granite
complex exposed in southeastern Finland (Ramo, 1991; Ramo and
Manttari, 2015), the Sherman Granite (1.43Ga), a Mid-Proterozoic
granite of North America (Frost et al., 1999), and the Shicheng
pluton (1.74Ga), a Paleoproterozoic granite of the North China
Craton (Zhao and Zhou, 2009).

Despite the limitations of our sampling, it is clear the presence
in the Gogo da Onga pluton of a significant number of granodioritic
rocks, whereas only stricto sensu granitic modal compositions,
varying from monzogranite to syenogranite and alkali feldspar
granite, are observed in the Paleoproterozoic A-type granites of the
Carajas province (Dall’Agnol et al., 1994, 2005; Dall’Agnol and
Oliveira, 2007). The Shicheng pluton has a marginal phase of
aphyric granodiorite rocks that become porphyritic in the center of
the body (Zhao and Zhou, 2009).

In the granodiorite and monzogranite facies of GOG, titanite and
magnetite associated with ilmenite are the accessory minerals. A
similar mineral assemblage was described especially in Jamon
Suite; titanite and magnetite also occur in the Serra dos Carajas
Suite but they are rare or absent in the Velho Guilherme Suite
(Dall’Agnol et al., 2005). Moreover, in the Serra dos Carajas Suite,
magnetite is found as homogeneous grains without associated
ilmenite (Dall’Agnol et al,, 2005). In the Seringa and Sao Joao
granites, the presence of magnetite and ilmenite was also regis-
tered. On the other hand, titanite is absent and opaque modal
contents are very low in the syenogranites of GOG (Table 2). In
addition, it is known that the FeOt/(FeOt + MgO) ratios in whole
rock are strongly dependent of the oxygen fugacity prevalent dur-
ing rock evolution (Dall’Agnol et al., 2005, 2017). All varieties of the
Gogo da Onga pluton have a quite uniform FeO¢/(FeO; + MgO) ratio
varying from 0.89 in the granodiorites to 0.97 in the syenogranites,
and they plot in the field of reduced A-type granites in the FeOy/
(FeO; + MgO) vs. Al;03 diagram (Fig. 6b). On the other hand, the
crystallization in the magmatic stage of titanite and magnetite in

the granodiorite and monzogranite facies of GOG suggests that
these facies could be possibly oxidized. However, although some
authors consider that magnetite-bearing granites are necessarily
oxidized, generally based on the classification of Ishihara (1981),
the presence of magnetite in granites is not incompatible with a
reduced character (Anderson et al., 2008; Dall’Agnol et al., 2005;
Dall’Agnol and Oliveira, 2007; Cunha et al., 2016). Therefore, we
conclude that the monzogranitic variety is moderately reduced
compared to the syenogranitic rocks that are truly reduced and that
GOG is a moderately reduced to reduced A-type granite, similar in
this respect to the granites of the Serra dos Carajas suite, and Ser-
inga, Sao Joao, Suomenniemi batholith and Sherman granite.

The analysed GOG samples plot exclusively in the calc-alkalic
fields in the MALI vs. SiO, diagram (Fig. 6d). The Serra dos Carajas
Suite, Jamon Suite, Seringa and Sao Joao granites are transitional
between alkali-calcic and calc-alkalic fields while Velho Guilherme
Suite, Suomenniemi batholith, Sherman Batholith and Shicheng
pluton plot between alkalic and alkalic-calcic fields.

A comparison based in Harker diagrams for major elements
(Fig. 5)is limited for the graniodiorite of GOG because of its contrast
in silica with the different granites chosen for comparison. Only the
granites of Sherman have silica contents similar to those of the
Gogo da Onga granodiorite. Nevertheless, the available data indi-
cate some relevant aspects: 1) There is a net contrast in MgO
contents between the oxidized granites of the Jamon Suite and the
GOG (Fig. 5c), the latter approaches in this regard the moderately
reduced granites of the Serra dos Carajas Suite and the Suo-
menniemi, Sherman and Shicheng granites, and this is also clearly
indicated by the variations in FeOt/(FeOt + MgO) in these granites
(Fig. 6a); 2) The GOG facies are enriched in Al;03 and CaO compared
to the other granites and impoverished in K;0 and Na,O compared
to the Sherman and Shicheng granites.

Ba and Zr contents of the granodiorite and monzogranite facies
of GOG are higher and those of Rb tend to be lower than in the other
granites of the Carajas Province (Fig. 7). Compared to the Sherman
granites, the different varieties of GOG have similar Rb and Zr
contents and higher Ba and Sr contents.
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Fig. 9. (a) Rare earth element patterns normalized to chondrite (Nakamura, 1974); (b) Multi-element plots normalized to primitive mantle (Sun and Mcdonough, 1989) for the Gogo

da Onga Granite.

Eby (1992) subdivided A-type granites into two groups A; and
A,. The A, group would be formed by melting of continental crust
or underplated mafic crust and can be emplace in a variety of
tectonic settings. According with the geochemical discrimination
diagram of Eby (1992), the GOG as well the other granites pre-
sented here fall into the A, group (Fig. 8b). That author suggested
a post-orogenic tectonic setting for the A, granites, but they have
been described also in post-collisional settings (Nardi, 2016;
Mesquita et al., 2017) and an anorogenic setting is admitted for
the Paleoproterozoic A2 granites of the Carajds Province

(Dall’Agnol et al., 2005).

The relative enrichment in yttrium in the syenogranite facies
from GOG was also observed in the more evolved facies of the Serra
dos Carajas and Jamon Suites (Dall’Agnol et al., 1999b).

The data presented in this work indicate that there are signifi-
cant differences between the Gogé da Onga Granite and the Jamon
and Velho Guilherme suites, and strong geochemical affinities with
the Serra dos Carajas Suite and Seringa and Sao Joao granites of the
Carajas Province. The GOG approaches also the rapakivi rocks of
Suomenniemi Batholith and Sherman granite in several
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Table 4
SHRIMP U-Pb zircon and titanite isotopic data for the Gogé da Onga Granite.
spot no. 8] Th Th  2%pp 4206 isotopic ratios Ages (Ma) Disc.
207pp, 207p}, 206p}, error  208ph 206p}, 207p},
ppm ppm U ppm % 206pp 235y 238y correl. 232Th 238y 206pp %
PFR-18B (BAGrd). Zircon
N1619L.1-1-1 168 112 0.69 49 0.031 0.11326 +093 53034 +1.80 0.3396 +1.54 0.857 0.0943 +2.01 1885 +25 1852 +17 -2.0
N16191.2-1 227 201 092 65 0.000 0.11535 +0.71 52759 +1.50 0.3317 +1.19 0.881 0.0929 +1.58 1847 +21 1885 +13 +24
N1619L.5-1 214 201 097 62 0.118 0.11402 +0.82 52620 +1.59 0.3347 +136 0.856 0.0928 +1.67 1861 +22 1864 +15 +0.2
N16191.7-1 205 191 096 59 0.020 0.11600 +0.75 53945 +1.55 0.3373 +135 0875 0.0940 +1.63 1874 +22 1895 +13 +1.3
N16191.7-2 412 363 091 118 0.030 0.11497 +0.53 53071 +1.29 0.3348 +1.18 0911 0.0933 +135 1862 +19 1879 +10 +1.1
N16191.8-1 306 239 081 87 0.055 0.11489 +0.65 5.2345 +1.39 0.3304 +1.23 0.883 0.0932 +1.58 1840 +20 1878 +12 +23
N16191.9-1 380 264 0.72 105 0.119 0.11465 +0.64 5.0647 +1.35 0.3204 +1.19 0.881 0.0893 +148 1792 +19 1874 +12 +5.1
N16191.9-2 70 86 126 20 0.000 0.11570 +1.25 53501 +2.27 03354 +1.89 0.834 0.0948 +2.33 1864 +31 1891 +23 +1.6
PFR-22 (BAMzg). Zircon
N1619B.4-1 223 157 073 65 0.133 0.11348 +0.73 5.2784 +1.52 03374 +133 0878 0.0925 +1.66 1874 +22 1856 +13 -1.1
N1619B.4-2 292 275 097 84 0.027 011473 +0.62 53188 +1.87 0.3362 +1.77 0943 0.0944 +1.92 1868 +29 1876 =+11 +0.4
N1619B.5-1 176 179 1.05 51 —0.044 0.11436 +2.12 53251 +2.56 0.3377 +1.44 0562 0.0939 +1.72 1876 +23 1870 +38 -04
N1619B.5-2 210 186 091 59 0.147 0.11510 +0.87 5.1674 +1.62 0.3256 +1.36 0.843 0.0889 +1.73 1817 +22 1881 +16 +3.9
N1619B.5-3 273 262 099 77 —0.042 0.11434 +0.64 5.1814 +1.43 03287 +1.28 0.894 0.0918 +1.49 1832 +20 1869 +12 +23
N1619B.5-4 297 284 099 86 —-0.026 0.11429 +0.60 53162 +1.39 0.3374 +1.25 0901 0.0941 +145 1874 +20 1869 +11 -03
N1619B.9-1 268 232 090 76 0.015 0.11512 +0.64 52623 +1.44 0.3315 +1.29 0.896 0.0919 +1.82 1846 +21 1882 +12 +2.2
PFR-19B (ABSG). Zircon
1634C.5-1 307 282 095 84 —0.019 0.11424 +0.94 5.0467 +1.68 03204 +139 0829 0.0910 +1.68 1792 +22 1868 +17 +4.7
1634C.5-2 331 188 059 87 0.094 0.11408 +0.51 4.8316 +147 0.3072 +1.38 0938 0.0864 +2.10 1727 +21 1865 +9 +8.5
N1634C4-5 75 78 1.08 21 0.152 0.11373 +1.18 5.1640 +2.09 0.3293 +1.72 0.824 0.0936 +2.15 1835 +27 1860 +21 +1.5
N1634C.4-4 335 287 089 95 0.086 0.11355 +0.54 5.1795 +1.86 0.3308 +1.78 0.957 0.0959 +1.90 1842 +28 1857 +10 +0.9
N1634C.4-2 371 318 089 105 0.079 0.11470 +0.53 52002 +2.37 03288 +231 0.974 0.0938 +2.40 1833 +37 1875 +10 +26
N1634C.3-4 281 262 096 81 —0.010 0.11487 +0.54 53051 +1.29 03349 +1.17 0908 0.0971 +1.37 1862 +19 1878 +10 +1.0
N1634C.3-1 387 318 085 103 0.201 0.11451 +0.63 4.8982 +1.61 0.3102 +1.48 0.921 0.0951 +1.66 1742 +23 1872 +11 +79
N1634C.3-5 380 340 092 108 0.070 0.11451 =+0.53 52235 +1.99 03308 +1.92 0.964 0.0957 +2.16 1842 +31 1872 +10 +1.8
PFR-18B (cBAGrd). titanite
N1619H.1-1 258 83 033 100 0.080 0.11819 +0.80 5.4019 +2.08 0.3315 +1.92 0924 0.0978 +2.65 1846 +31 1929 +14 +5.0
N1619H.1-1B 240 73 032 60 0.154 0.11731 +0.83 55433 +2.11 0.3427 +1.94 0920 0.1056 +2.71 1900 +32 1916 +15 +1.0
N1619H.2-1 216 126 0.60 73 0.000 0.11497 +0.77 54360 +2.07 0.3429 +1.92 0928 0.0999 +2.38 1901 +32 1879 +14 -1.3
N1619H.3-1 344 198 0.60 71 0.000 0.11412 +0.65 53098 +1.94 0.3374 +1.83 0942 0.0991 +2.15 1874 +30 1866 +12 -0.5
N1619H.3-2 205 131 0.66 64 0.000 0.11581 +0.83 54581 +2.06 0.3418 +1.88 0914 0.1005 +2.34 1895 +31 1892 +15 -0.2
PFR-22 (mBAMzg). titanite
N1619A.1-1 194 111 059 56 0.000 0.11379 +0.79 53012 +2.07 0.3379 +1.91 0923 0.1000 +2.38 1876 +31 1861 +14 -1.0
N1619A.1-2 204 114 058 60 0.000 0.11554 +0.76 54861 +2.04 0.3444 +1.90 0928 0.1031 +2.81 1908 +31 1888 +14 -1.2
N1619A.1-2b 181 101 0.58 52 0.000 0.11369 +1.09 5.2806 +2.36 0.3369 +2.09 0.887 0.0975 +291 1872 +34 1859 +20 -0.8
N1619A.2-1 193 81 043 55 0.000 0.11474 +0.87 52374 +2.13 0.3310 +1.94 00913 0.0984 +2.61 1843 +30 1876 +16 +2.0
N1619A.2-2 184 114 064 53 0.224 0.11474 +095 53483 +2.12 0.3381 +190 0.894 0.1019 +2.46 1877 +31 1876 +17 -0.1
N1619A.2-3 93 45 0.50 27 0.000 0.11800 +1.13 55617 +2.43 0.3418 +2.15 0.884 0.1006 +3.12 1895 +35 1926 +20 +1.8
N1619A.3-1 214 128 0.61 61 0.000 0.11665 +0.71 53374 +2.01 0.3318 +1.88 0934 0.1014 +2.27 1847 +31 1906 +13 +3.5
N1619A3-1b 269 163 063 70 0.410 0.11377 +1.18 4.7732 +2.26 03043 +1.94 0.853 0.0882 +2.76 1713 +29 1860 +21 +9.0

Notes: Isotopic ratios errors in %.

All Pb in ratios are radiogenic component. all corrected for 204 Pb.

disc. = discordance. as 100 - 100{t[206 Pb/238U]/t[207Pb/206 Pb]}.

4£206 = (common 2%6Pb)/(total measured 2°5Pb) based on measured 2%4Pb.
Uncertainties are 1s.

characteristics. Hence, it is concluded that there is significant evi-
dence indicating that the GOG can be associated with the Serra dos
Carajas Suite.

7.2. Magmatic evolution of the Gogé da Onga Granite

The sampling of the GOG was limited and only a preliminary
discussion of its magmatic evolution can be done. Rb and Sr
behavior can be used to monitor fractional crystallization or
melting partial process (Hanson, 1978, 1989; Halliday et al., 1991;
Frost et al., 2016). Sr is compatible in plagioclase and K-feldspar
and Rb is incompatible in plagioclase and slightly compatible to
incompatible in alkali feldspar (Nash and Crecraft, 1985; Frost et al.,
2016).

In spite of the compositional gap between different facies,
some geochemical diagrams suggest that the different facies of
the Gogd da Onga granite could possibly be related by fractional

crystallization. In particular, Sr and Rb behavior are compatible
with a fractional crystallization process (Fig. 7b and c). This is
reinforced by the Sr vs. Eu/Eu* diagram (Fig. 12a) where the GOG
display a positive correlation trend which suggest that K-feldspar
and plagioclase were important fractionating phases. This is also
confirmed by negative correlation trend between Rb and Eu/Eu*
(Fig. 12b). On the other hand, the decrease of Sr from the
granodiorite to the monzogranite facies is not accompanied by Ba
(Fig. 7a; Table 3). If a fractional crystallization process controlled
the evolution from the granodiorite to the monzogranite in the
Gog6 da Onga granites, this indicates that at this stage the
plagioclase fractionation was the main responsible for the evo-
lution of the magma and the role of K-feldspar was subordinate.
In a next stage, corresponding to the differentiation of the
monzogranite to the syenogranite, Sr and Ba decrease and Rb
continues to increase suggesting that plagioclase and K-feldspar
where main fractionating phases, probably accompanied by



60 M.EB. Teixeira et al. / Journal of South American Earth Sciences 80 (2017) 47—65

PFR-18B
titanite

o

PFR-22
zircon

PFR-19B
zircon

200pum

Fig. 10. Backscattered electrons (BSE) images of zircon and titanite of the GOG. Red circles (about 25 pm in diameter) indicate locations of SHRIMP analyses. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5
Whole-Rock Sm-Nd isotopic composition of the Gogé da Onga Granite.
Amostra Sm(ppm) Nd(ppm) 147Sm/ 20 143Nd/ 20 f (Sm/Nd) Age(Ga) Tiom) eNd(t)
144Nd 144Nd U-Pb

PFA-22 (BAGrd) 13.83 85.10 0.0982 0.0003 0.510936 0.000004 -0.501 1.87 2.81 -9.48
PFR-18B (BAGrd) 13.72 84.86 0.0977 0.0004 0.510945 0.000005 -0.503 1.87 2.78 -9.18
PFR-20 (BAMzg) 17.76 106.79 0.1006 0.0003 0.510986 0.000001 —0.489 1.87 2.80 -9.07
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Fig. 12. Diagrams of (a) Sr vs Eu/Eu* (b) Rb vs Eu/Eu* for the Gogé da Onga samples.

amphibole and apatite (Fig. 7a, b, c).

7.3. Age, Nd isotopic signature and origin of the Gogé da Onga
Granite

In this work, new U-Pb SHRIMP in zircon and titanite data for
the different facies of the Gogd da Onga pluton were obtained:
granodiorite (1877+ 9Ma zircon, 1879 + 15Ma titanite); mon-
zogranite (1865 + 10Ma zircon, 1872 + 13Ma titanite) and sye-
nogranite (1869 + 4Ma zircon). These ages are very close and
overlap on the analytical error. According to these data, the crys-
tallization age for GOG is from 1866 + 10 Ma to 1879 + 15 Ma, and
similar to the ~1.88 Ga age of the Paleoproterozoic granites from the
Carajas Province. Along with field and geochemical evidence, these
data allow to conclude that GOG is a member of the Paleoproter-
ozoic A-type granite association of the Carajds Province. Besides,
the coincidence between the zircon and titanite ages indicates that
the studied granites were not submitted to metamorphic events
after their crystallization. This confirms that the Carajas Province
remained tectonically stable probably after the final of the Archean
and certainly after the final of the Paleoproterozoic.

Additionally, ages of ~1920 Ma were obtained in titanite of the
granodiorite and monzogranite facies of GOG. At our knowledge,
other titanite ages in Paleoproterozoic granites of the Carajas
Province were not reported so far. The meaning of these compar-
atively older ages is not evident. They could hypothetically repre-
sent the initial crystallization of the rocks of GOG. However, all the
information available in the literature indicates a crystallization age
near 1880—1870 Ma for the Paleoproterozoic anorogenic granites
(cf. Table 1). Another possibility is to infer that these older ages
correspond to inheritance in the analyzed titanites crystals. Inher-
itance in titanite is considered as relatively uncommon, but it was
demonstrated by Zhang and Scharer (1996) that the closure tem-
perature for the U—Pb system in titanite is about 700 °C. Thus
titanite crystals extracted from felsic igneous rock could preserve
the initial in print of an older crystallization event. However, the

absence of oldest zircons in the studied rocks weakens this hy-
pothesis that needs to be better evaluated and tested.

The analysed samples of the GOG show strongly unradiogenic
initial Nd isotopic compositions indicating a long period of crustal
residence time for its magma sources. The Nd isotopic composition
of the three facies of the GOG fall along the evolution path of Nd
isotopes of the Canaa dos Carajas crust (2.8—3.2 Ga; Fig. 13) and also
along that of the Rio Maria crust because both partially overlap.
However, the existence of a distinct and significantly older crust for
the Canaa domain was assumed by Feio et al. (2013). The model
ages (Tpm) for the GOG, range from 2.78 to 2.81 Ga, suggesting that
the source rocks have ages and Nd isotopes similar to those of the
Mesoarchean basement rocks of the Carajas Province. This isotopic
behavior is in general compatible with those of other Paleoproter-
ozoic suites from Carajds (Tpm model ages 3.35 to 2.60 Ga; eng
values —12 to —8 at 1880 Ma). A more specific comparison with the
Serra dos Carajas granites, geochemically akin to the GOG, indicates
similar eng values (—9.7 to —7.9 at 1880 Ma) and Tpy; model ages
(2611—2939 Ma, except for the Pojuca Granite; data from Dall’Agnol
et al., 2005).

A-type granites can be formed by partial melting of mafic rocks
or by fractional crystallization of mantle-derived mafic magmas
(Frost and Frost, 1997; Bonin, 2007). Anderson (1983) and
Dall’Agnol et al. (1999b) suggested that their magmas can be
derived by partial melting of quartz diorite, tonalite, and granodi-
orite rocks. Patino Douce (1997) and Frost and Frost (2011) suggest
that partial melting of tonalitic to granodioritic crust produces
alkali-calcic to calc-alkalic granitoids that are metaluminous at low
pressures and peraluminous at high pressures. Poitrasson et al.
(1995) and Nardi and Bitencourt (2009) argue that mantle-
derived magmas may also assimilate crustal material during their
ascent or residency time in the crust to produce ‘mixed’ source
characteristics.

The origin of the anorogenic granites from Carajas is probably
related to a mantle superswell beneath the Trans-Amazonian su-
percontinent (Dall’Agnol et al., 2005; following the model proposed
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Fig. 13. ¢Nd versus age diagram showing initial Nd isotopic composition of Gogé da Onga Granite. The three Paleoproterozoic suites from Carajas Province and the fields of the
Archean rocks of the Rio Maria (Ramo et al., 2002) and Canaa dos Carajas Domain (Feio et al., 2013) are also plotted for comparison.

by Hoffman, 1989). This caused the breakup of the continent and
was associated with magmatic underplating of mantle mafic
magmas that induced crustal melting and generation of A-type
granite magmas (Dall’Agnol et al., 2005). The Jamon granites may
have been derived from a quartz dioritic source, the Velho Guil-
herme granites from K-feldspar-bearing granitoid rocks with some
sedimentary input, and the Serra dos Carajas granites from a more
mafic source than Velho Guilherme or resulted of a larger degree of
melting (Dall’Agnol et al., 2005).

The eng values (—9.07 to —9.48) are quite uniform in the
different facies of GOG and compatible with a comagmatic origin of
the analyzed varieties. The GOG is intrusive in a ~2.87 Ga old TTG
association (Colorado Trondhjemite). This age is similar to the TDM
ages (2.78—2.81 Ga) obtained but more detailed studies are
required to further constrain the origin of the GOG.

8. Conclusions

On the basis of the obtained geochemical, geochronological, and
Nd isotope data, the following conclusions can be made:

e The Gogd da Onga granite is a stock with an approximate area of
48 km?. Three facies, varying from biotite-amphibole granodi-
orite to biotite-amphibole monzogranite and amphibole-biotite
syenogranite were identified in the geological mapping. The
stock is intrusive in the Colorado Trondhjemite and located in
the border between the Sapucaia and Canaa dos Carajas do-
mains of the Carajas Province;

e U-Pb SHRIMP ages in zircon and titanite indicate that the GOG
was emplaced at ~1880—1870 Ma, and has an age similar to that
of the A-type Paleoproterozoic magmatism of the Carajas
Province;

e Whole-rock Nd isotope data (Tpy ages 2.78 to 2.81, enq values
of —9.07 to —9.48) indicate that the GOG magma derived from a
Mesoarchaean source compatible with those of other Paleo-
proterozoic suites from Carajas (Tpy ages 3.35 to 2.60 Ga; eng
values —12 to —8 at 1880 Ma);

e Geochemical features classify the GOG as A-type reduced
granite of A2-subtype. It is metaluminous and enriched in HFSE,
and have high K;0/Nay0 and Y/Nb (2.15—2.54) ratios;

e The geochemical data of the Gogé da Onga granite also suggest
that the different facies of this granite are possibly related by
fractional crystallization;

o The obtained data suggest that the GOG has strong affinity with
the granites of the Serra dos Carajas Suite from Carajds Province
and could be possibly included in that suite. The GOG is also
similar in several aspects to the Sherman Granite of USA and
Suomenniemi Batholith of Finland.
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Abstract
New U-Pb SHRIMP dating in zircon and titanite showed that the three large

Paleoproterozoic A-type granite Suites and related granites from Carajas Province of the
Amazon Craton (Brazil) were emplaced between 1880 Ma and 1857 Ma, with the main
magmatic peak at 1880 Ma. We have identified also some particular ages not reported
before: (i) Some granites of the Velho Guilherme and Jamon suites and of the Seringa
Granite presented 1920 to 1900 m. y. old zircon and titanite crystals interpreted here as
antecrysts from an earlier pulse of magma that were incorporated in the main later pulse
of 1880 Ma; (ii) ages of 1865 Ma to 1857 Ma in the leucogranite facies of the Redencéo
and Bannach plutons, which indicate that the leucogranites of these plutons are younger
than their ~1880 Ma old granites and were generated by independent magma pulses that
are not cogenetic with the less evolved facies of the respective plutons; (iii) an age of
1732 + 6 Ma obtained in the leucogranite facies of the Antonio Vicente pluton of the
Velho Guilherme Suite that could represent a magmatic event in the Xingu Region not
yet reported or, eventually, could correspond to an isolate hydrothermal event that
allowed the growth of zircons. The more precise and detailed geochronological data
obtained in the Paleoproteozoic A-type granites of Carajas Province, added to the
information available in the literature, demonstrate the relevance of that magmatic event
and indicate that the emplacement of those granites was done in about ~20 m.y., that
means in a relatively short geological time. This 1880 Ma magmatic episode was also
intense in other provinces of the Amazon Craton, where it is linked mostly to the
formation of the Uatuma Silicic Large Igneous Province. This event was mostly
extensional and is also registered in several cratons worldwide demonstrating its
relevance in the tectonic evolution of Proterozoic continents.

Keywords: A-type magmatism, Paleoproterozoic, Orosirian, Carajas Province, Amazon
Craton, U-Pb SHRIMP.
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1. Introduction
The Amazon Craton (AC) is the largest stable tectonic unit of the South American

Platform (Almeida et al., 1981). The craton has more than 5,000,000 km? and is composed
of several geological provinces generated by accretional, arc-related processes and by
recycling of continental crust (Santos et al., 2000; Tassinari and Macambira, 2004).
According to Santos et al. (2000), it is formed by an Archean province (Carajas), followed
along time by dominant Paleoproterozoic provinces (Transamazonic; Central
Amazonian; Tapajds-Parima; Rondénia-Juruena and Rio Negro provinces) and locally by
Mesoproterozoic provinces (Sunsas and K’Mudku provinces)— Fig. 1. Extensive
anorogenic and post-tectonic magmatism occurred during Paleoproterozoic (Orosirian)
forming widesppread batholiths and stocks concentrated in the Tapajds-Parima, Central
Amazonian, and Carajas provinces.

A-type granites are present in different cratons of the world and different sources
and formation processes were proposed to explain the origin of these rocks. A-type
granites can be formed in extensional environment, either in tardi- to post-orogenic or
anorogenic settings (Collins et al., 1982; Whalen et al., 1987; Sylvester, 1989; Eby, 1992;
Bonin, 2007).

A large number of petrological, geochemical and geochronological (Rb-Sr whole-
rock; Pb-Pb evaporation in zircon; U-Pb in zircon by TIMS-multigrain) analyses have
been performed on the Paleoproterozoic (Orosirian) A-type suites from Carajas Province
in the past decades. However, advances in geochronology permit to obtain in situ U-Pb
analyses in zircon by SHRIMP (Sensitive High-Mass Resolution lon Microprobe). This
method provides higher spacial resolution and accuracy of the resulting ages and was not
employed so far in the Orosirian A-type granites of Carajas Province. It can also provide
information of the time duration of the magmatic evolution of different suites or
intrusions.

Most anorogenic granite bodies (1880-1860 Ma) of Carajas Province are grouped
into three main suites according to their mineralogical composition, geochemical
characteristics, and the oxidation state of their magmas (Dall’Agnol et al., 2005,
Dall’Agnol and Oliveira, 2007): a) oxidized granites represented by Jamon Suite
(Dall’Agnol et al., 1999a; Oliveira, D.C. et al., 2009); b) moderately reduced A-type
granites included in the Serra dos Carajas Suite (Machado et al., 1991), and c) reduced
granites of Velho Guilherme Suite (Teixeira, 1999, Teixeira et al., 2002). However, there

are other anorogenic, Paleoproterozoic A-type granites that constitute independent bodies
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and have not been included in any of the three above suites: Seringa (Paiva Junior et al.,
2011), S&o Jodo (Lima et al., 2014), Gogd-da-Onca (Teixeira et al., 2017), Gradads
(Carvalho, 2017) and Rio Branco (Santos P.A. et al., 2013) granites.

Nd isotope compositions of these Orosirian suites (Tom model ages 3.35 to 2.60
Ga; €ng values -12 to -8 at 1880 Ma; Dall’ Agnol et al., 1999a, 2005; Ramo et al., 2002;

Teixeira et al., 2002) constitute evidence that they are derived from the melt of Archean
protoliths, possibly equivalent to units of the Carajas Province in depth. It was proposed
that the origin of these suites is linked to the asthenospheric upwelling and magma
production in the mantle. The underplating of mafic mantle magmas in the lower
continental crust provided heat and induced its partial melting (Dall’Agnol et al., 2005).
In this paper, we report new high-precision zircon and titanite U-Pb ages for the
A-type Orosirian granites of the Carajas Province of the Amazon Craton and combine
then with previous data in order to discuss their crystallization ages, emplacement time
and petrogenetic characteristics. The detailed geochronological data obtained by us
demonstrate the relevance of the Paleoproteozoic magmatic event in the Carajas Province.
The presence of this mostly extensional event in other provinces of the Amazon Craton
and in several cratons worldwide is also discussed, as well as its relationship with the

tectonic evolution of Proterozoic continents.

2. Geological setting

The Carajas Province (Figure 1) is located in the southeastern part of the Amazon
Craton (Almeida et al., 1981) and hosts world-class mineral deposits of iron and iron
oxide-copper-gold (IOCG), besides manganese, nickel, tungsten, tin, and gold-PGE
deposits (Tallarico et al., 2005; Moreto et al., 2015; Bettencourt et al., 2016). The Carajas
province is considered as the eastern domain of the Central Amazon Province (Tassinari
and Macambira, 1999, 2004) or seen as an independent tectonic province (Santos et al.,
2000). It is limited to the west by Proterozoic granitoids and volcano-pyroclastic
assemblages mostly included in the Uatuma Supergroup (Juliani and Fernasdes 2010;
Fernandes et al., 2011; Ferreira and Lamaréo, 2013) of the Central Amazon Province, as
proposed by Santos et al. (2000); to the east, by the Neoproterozoic-Cambrian Araguaia
belt; to the north by the Bacajas Domain (Santos, 2003), that has Archean remnants but
was mostly formed during the 2.2-2.06 Ga Trans-Amazonian orogen (Vasquez et al.,
2008b); and to the south by the Santana do Araguaia Domain of Archean age but
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reworked during the Paleoproterozoic (Vasquez et al., 2008; Corréa and Macambira,
2014). The Carajas Province was divided initially into the Carajas and Rio Maria domains
(Santos, 2003) and more recently into the Rio Maria, Sapucaia, and Canad dos Carajas
domains, and the Carajas Basin (Dall’Agnol et al., 2013).

In the southern part of the province, it occurs the Mesoarchean Rio Maria Domain
composed of greenstone belts (3.0-2.90 Ga; Macambira and Lafon, 1995; Souza et al.,
2001), and several Archean granitoids that comprises tonalitic-trondhjemitic series (TTG
- 2.98 - 2.92 Ga; Almeida et al., 2011, 2017), sanukitoids (2.87 Ga; Althoff et al., 2000;
Oliveira M.A. et al., 2009, 2011) and potassic leucogranite and leucogranodiorite-granite
suites (ca. 2.87-2.86 Ga; Almeida et al., 2011, 2013).

The Sapucaia Domain is formed by strongly deformed Mesoarchean to
Neoarchean units, including TTG (ca. 2.87 Ga; Santos, P.A. et al., 2013; Leite-Santos and
Oliveira, 2014; Silva et al., 2014), sanukitoids (ca. 2.87 Ga; Gabriel and Oliveira, 2014;
Gabriel et al., 2014), undated leucogranodiorites with high Ba and Sr (Teixeira et al.,
2013) and A-type-like granitoids (Vila Jussara Suite; ca. 2.75 - 2.73 Ga; Oliveira, D.C. et
al., 2010; Dall’Agnol et al., 2017).

The Canad dos Carajas Domain encompasses several granitoids with different
geochemical signatures. It includes: remnants of greenstone belts; the Bacaba Tonalite
(ca. 3.0 Ga; Moreto et al., 2011); Canad dos Carajas Granite and Rio Verde Trondhjemite
(2.96 — 2.93 Ga; Feio et al., 2013); Late Mesoarchean granitoids, represented by the
Campina Verde Tonalitic Complex, and Cruzaddo, Bom Jesus, Boa Sorte, and Serra
Dourada granites (2.87 — 2.83 Ga; Feio et al., 2013; Rodrigues et al., 2014; Moreto et al.,
2015); and, finally, Neoarchean granites of the Planalto suite (ca 2.75 to 2.73 Ga; Feio
and Dall’Agnol., 2012; Huhn et al., 1999; Cunha et al., 2016), and associated charnockitic
plutons (Pium Diopside Norite; Santos, R.D. et al., 2013; Feio et al., 2012, 2013).

The Neoarchean Carajas Basin is composed dominantly of volcano-sedimentary
sequences included in the Itacaiinas Supergroup (Hirata et al., 1982; DOCEGEO 1988;
Machado et al., 1991; Tallarico et al., 2005), which is formed by mafic to intermediate
metavolcanic rocks and banded iron formations aged of ca. 2.76 Ga (Gibbs et al., 1986;
Machado et al., 1991) or a little younger (2749 + 6.5 and 2745 + 5 Ma, SHRIMP U-Pb ages
obtained in mafic metavolcanic rocks of the Parauapebas Formation; Martins et al., 2017).
The rocks of the Itacaitnas Supergroup are cross-cut by the Estrela Suite, Igarapé Gelado
and Serra do Rabo Neoarchean granites (Barros et al., 1997, 2009; Sardinha et al., 2006).
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These tectonic domains were stabilized at the end of the Archean and remained
stable until ca. 1880-1860 Ma when occurred the generation and emplacement of A-type
granites (Dall'Agnol et al., 1994, 1999b, 2005).

3. Geological background of the A-type Orosirian granites of the Carajas
Province
The anorogenic granites are widespread in the Rio Maria, Sapucaia, and Canaa

dos Carajas domains and also in the Carajéas basin (Fig. 1). These plutons were emplaced
in an extensional tectonic setting and are coeval with WNW-ESE to NNW-SSE striking
diabase and granite porphyry dikes (Dall’ Agnol et al., 2005; Oliveira, D.C. et al., 2010;
Silva et al., 2016). These three suites are composed of 1.89 Ma to 1.86 Ma (Table 1)
undeformed granites forming stocks and batholiths with geochemical and petrological
affinities with Mesoproterozoic rapakivi granite suites of Laurentia-Baltica (Anderson
and Smith, 1995; Anderson and Morrison, 2005; Emslie, 1991; Rdmo and Haapala, 2005;
Heinonen et al., 2012), and also with similar granites of the Amazon Craton such as those
of Rond6nia Suite, Surucucus Suite, Mucajai Complex and Parguaza Granite (Dall’ Agnol
etal., 1994; Fraga et al., 2009; Bettencourt et al., 2016; Sidder and Mendoza, 1991).

A synthesis about the main geologic features of the Jamon, Velho Guilherme, and
Serra dos Carajés suites, as well as of the Seringa, Sdo Jodo, and Gog6-da-Onga
independent plutons is given in the following.

3.1 Jamon Suite

The plutons of the Jamon Suite and associated coeval mafic and felsic dikes
intruded Archaean rocks (TTG, greenstone belts, sanukitoids) of the Rio Maria Domain
(Figure 1c). This suite is represented by the Jamon, Musa, Marajoara, Manda-Saia,
Redencdo, and Bannach intrusions (Gastal, 1987; Dall’Agnol et al., 1999a, b, 2005;
Almeida et al., 2006; Dall’Agnol and Oliveira 2007; Oliveira, D.C. et al., 2008, 2009).
Pedra Preta wolframite deposits are related to the Musa granite (Javier-Rios et al., 2003).

Except for a local magmatic foliation observed near the border of the Redencéo
and Bannach plutons (Oliveira, D.C., 2008), the plutons of the Jamon Suite are unfoliated.
The Archean country rocks were affected by hornblende hornfels contact metamorphism
and contact aureoles were identified around the Jamon and Musa plutons (Dall’ Agnol et
al., 1994, 19993, b). Angular xenoliths and enclaves of the Archean rocks are commonly
observed near the border of the Jamon, Musa, Redencdo, and Bannach plutons
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(Dall’Agnol et al., 1999a; Gastal, 1987; Oliveira D.C. et al., 2009; Almeida et al., 2006).
Local mingling features involving distinct granite facies were observed in the Redengéo
and Bannach plutons (Oliveira, D.C. et al., 2009). The granites of the Jamon Suite contain
magnetite and titanite as primary accessory minerals and were formed in moderately
oxidizing conditions around the nickel/nickel oxide (NNO) oxygen buffer (Dall'Agnol et
al., 1997, 1999a, b).

Swarms of mafic and felsic dikes, including locally composite dikes, are
associated with the Jamon Suite (Dall’ Agnol et al., 2005; Oliveira, D.C. et al., 2009). The
felsic rock in the composite dike (1885 £ 4 Ma; Pb-Pb zircon age; Table 1) shows
evidence of mingling with the associated mafic dike indicating that they are
contemporaneous.

The plutons of the Jamon Suite are composed of monzogranite and subordinate
syenogranite with biotite or, in the less evolved facies, biotite-amphibole =+
clinopyroxene. The accessory minerals are zircon, apatite, magnetite, ilmenite, allanite,
and titanite (Dall’Agnol et al., 1999a, b; Oliveira, D. C. et al., 2009). Rapakivi textures
are more common in Redenc¢éo and Bannach plutons (Oliveira, D.C. et al., 2009; Almeida
et al., 2006).

The facies distribution within most of the plutons of the suite is approximately
concentric with the less evolved granites occupying the outer zones and the more evolved
in the central area of each body. In the Jamon, Redencdo, and Bannach plutons the main
facies are related by fractional crystallization (Dall’Agnol et al., 1999c). However, in the
central portions of the Redencdo and Bannach plutons, there are small stocks of
leucogranites which probably were derived from an independent magma (Oliveira, D.C.
et al., 2009; Almeida et al., 2006; Mesquita et al., submitted).

Based in gravimetric and magnetic anisotropy geophysical studies, Oliveira, D.C.
et al. (2008, 2010) concluded that the Bannach and Redencao plutons are sheeted-like
intrusions and proposed for those plutons an intrusion model in which the magmas

ascended through dikes and were amalgamated in sheeted or tabular bodies.

3.2 Serra dos Carajas Suite

The Serrados Carajas, Cigano, and Pojuca plutons constitute the Serra dos Carajas
Suite (Dall’Agnol et al., 2005). The ages of these granites were determined by Machado
etal. (1991; cf. Table 1). They are located in the Carajas Basin, in the northern part of the
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Carajas Province (Figure 1). These granites contain magnetite but they show high
FeOt/(FeOt+MgO) in whole rock and mafic minerals and are classified as moderately
reduced A-type granites (Dall’Agnol et al., 2005). Chalcopyrite, molybdenite, and Sn
mineralization are spatially associated with hydrothermally altered zones within Serra dos
Carajas granite cupola (Javier-Rios et al., 1995; Bettencourt et al., 2016).

The sedimentary rocks of the Aguas Claras Formation were affected by the
emplacement of the Serra dos Carajas pluton and show recrystallization and neoformed
tourmaline crystals (Javier-Rios et al., 1995). Fracture plans without preferential
orientation were developed in the contact zone and should result in hydraulic fracturing
under weak or nonexistent tectonic tension. The magma emplacement has taken place
under high liquid/crystal ratio, implying high viscosity contrast between the magma and
the country rocks (Javier-Rios et al., 1995). Sparse rapakivi textures are common in this
granite (Dall'Agnol et al., 1994). Decimeter-sized enclaves were observed in the Cigano
pluton, which is composed of (amphibole)-biotite monzogranite with subordinate
syenogranite. Disseminated molybdenite was observed in quarries of the altered biotite
monzogranite.

The accessory minerals of Serra dos Carajas Suite are zircon, apatite, magnetite,
ilmenite, and allanite. Primary titanite is rare or absent, fluorite is common, and
tourmaline is sometimes present, possibly related to exchanges with sedimentary country
rocks (Javier-Rios et al., 1995; Barros et al., 1995; Dall'Agnol et al., 2005).

The absence of lineation and foliation in the plutons of the Serra dos Carajas Suite,
as well as the sharp contacts and overall discordant character of the plutons, all indicate
relatively low pressure for their emplacement, probably on the order of 2.0 £ 1.0 kbar
(Dall'Agnol et al., 2005).
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Fig.1. (A) Location of the Carajés Province in the Amazon Craton; (B) Simplified geologic map of Carajas Province highlighting the A-type Paleoproterozoic Granites of the Province (Dall’ Agnol
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3.3 Velho Guilherme Suite

The Velho Guilherme Suite is composed of the Velho Guilherme, Antonio
Vicente, Mocambo, Rio Xingu, Benedita, and Bom Jardim granites (Teixeira 1999;
Teixeira et al., 2002; Lamarao et al., 2012). These rocks outcrop in the Xingu region and
cut undifferentiated Archean rocks, intermediate to felsic volcanic rocks of the Uatuma
group and the Orosirian Parauari granite. There are tin and subordinate wolframite and
tantalite-columbite mineralization associated with the plutons of the suite.

The plutons of Velho Guilherme Suite are composed of syenogranite,
monzogranite, and subordinated alkali-feldspar granite. The more evolved leucogranitic
facies are intensely affected by late to postmagmatic hydrothermal alteration. Primary
concentrations of cassiterite are associated with greisen zones and albitized granites
(Dall’Agnol et al., 1993; Teixeira, 1999).

The dominant syenogranite does not contain titanite or significant magnetite and
display low magnetic susceptibility values which indicate crystallization under reducing
conditions on or below those of the FMQ (fayalite-magnetite-quartz) buffer. Fluorite,
topaz monazite, thorite, xenotime, and columbite are common accessory minerals
(Dall’ Agnol et al., 1993; Teixeira et al., 2002; Lamardo et al., 2012).

The country rocks are affected by contact metamorphism and the contact aureoles
grade outward from hornblende hornfels to albite/epidote hornfels facies (Dall’ Agnol,
1980; Teixeira, 1999). The absence of foliated structures in the interior of the plutons,
their discordant character and the presence of micrographic intergrowths suggest a
shallow level of emplacement.

The different facies of the plutons of the Velho Guilherme Suite are related by
fractional crystallization. The more evolved facies associated with tin mineralization are
the product of fractionation crystallization and interaction with late- to post-magmatic
fluids (Dall’ Agnol et al., 1993; Teixeira et al., 2005).

3.4 Seringa, Sdo Jodo, Rio Branco, and Gog6-da-Onca granites

The Seringa (Paiva Jr. et al., 2011) and S&o Jodo (Lima et al., 2014) granites
outcrops in the northern part of the Rio Maria Domain (Fig. 1b). They are essentially
composed of moderately reduced monzogranite to reduced syenogranite, with biotite and
amphibole as mean mafic minerals and zircon, apatite, magnetite, ilmenite, and allanite

as the accessory phases. Primary titanite is rare or absent. The Seringa Granite includes
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angular enclaves of the country rocks, which indicates a high viscosity contrast between
the Seringa magma and Archean rocks similar to that observed in the three
Paleoproterozoic suites. Felsic dikes cut the Seringa Granite but were not observed in the
Séo Jodo Pluton (Lima et al., 2014).

The Rio Branco Granite (Santos, P.A. et al., 2013) intrudes the Mesoarchean
Cruzadao Granite. It is located in the Canad dos Carajas Domain nearby the Sossego
copper mine (Fig. 1b). It is constituted by syenogranites containing commonly chloritized
biotite and fluorite, allanite, and zircon as accessory minerals. Albitization and
subordinate greisenization are the main alteration processes that affected locally the
granite. Albite, fluorite, topaz, chlorite, muscovite, siderophyllite, and iron oxides are the
secondary phases.

The Gogdé-da-Onca Granite (GOG; Teixeira et al., 2017) is a stock located in the
northeast of Carajas Province, in the border between the Sapucaia and Canaa dos Carajas
domains (Fig. 1). The granitic pluton is comprised of reduced granodiorite, monzogranite,
and syenogranite. Amphibole is the mean mafic mineral followed by biotite. Accessory
minerals are zircon, titanite, allanite, apatite, magnetite, and ilmenite. Titanite is absent
in the syenogranite facies.

Paiva Jr. et al. (2011) and Lima et al. (2014) argue that Seringa and S&o Jodo
granites display strong similarities with the granites of the Serra dos Carajas Suite, and
should be included in that suite. Teixeira et al. (2017) also consider that the GOG has a
strong affinity with the granites of the Serra dos Carajas Suite, whereas Santos, P.A. et
al. (2013) identified in the Rio Branco Granite strong similarities with the Velho

Guilherme Suite and, subordinately, with the Serra dos Carajas Suite.



Table 1 — Selected geochronology data of the Paleoproterozoic (Orosirian) A-type
granites from Carajas Province

Pluton material Age in Ma (Reference) Method
SERRA DOS CARAJAS SUITE
Cigano zircon 18832 (1) U-Pb (TIMS)
Serra dos Carajas zircon 1880 +2 (1) U-Pb (TIMS)
Pojuca zircon 1874+2 (1) U-Pb (TIMS)
VELHO GUILHERME SUITE
Velho Guilherme whole-rock 1873 +13(2) Pb-Pb isochron
Velho Guilherme zircon 1853.7 £6.2 (13) U-Pb (LA-ICP-MS)
Antonio Vicente zircon 1867 +5 (6) Pb evaporation
Mocambo zircon 1865 £ 2 (6) Pb evaporation
Bom Jardim zircon 1867 + 1 Ma (11) Pb evaporation
Serra Queimada zircon 1882 + 12 (8) Pb evaporation
Rio Xingu zircon 1866 * 2 (6) Pb evaporation
Musa zircon 1883 £5 (1) U-Pb (TIMS)
Musa titanite 1884 £5 (1) U-Pb (TIMS)
Jamon zircon 1885 + 32 (5) Pb evaporation
Redencéo whole-rock 1870 + 68 (3) Pb-Pb isochron
Felsic dikes zircon 1885+ 2 (7) Pb evaporation
Felsic dikes zircon 1886 £ 4 (7) Pb evaporation
| OTHER OROSIRIAN GRANITES AND DIKES
. . 1895+ 1 (9) .
Seringa zircon Pb evaporation
1892+ 30 (4)
S&o Jodo zircon 1890 + 2 (10) Pb evaporation
1869 + 4 (14)

zircon 1866 + 10 (14)
Gogo-da-Onca 1878 + 9 (14) U-Pb SHRIMP

o 1879 + 15 (14)

titanite

1872 + 13 (14)

Felsic dikes zircon 1880.9 £ 6.7 (12) U-Pb (SHRIMP)
Felsic dikes zircon 1881.9 +8.8 (12) U-Pb (SHRIMP)
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Data sources: (1) Machado et al., (1991); (2) Rodrigues et al., (1992); (3) Barbosa et al., (1995); (4) Avelar
(1996); (5) Dall’Agnol et al., (1999a); (6) Teixeira et al., (2002); (7) Dall’'Agnol et al., (2005); (8) Pinho et
al., (2006); (9) Paiva Jr., (2009); (10) Lima (2011); (11) Lamardo et al., (2012); (12) Silva et al., (2016);
(13) Antonio et al., (2017); (14) Teixeira et al., (2017).

4. Geochemistry

Whole rock geochemical data of the Orosirian granites from Carajas Province

have been previously discussed (Jamon and Musa: Gastal, 1987; Dall’ Agnol et al., 1999a,
2005; Redencdo: Oliveira, D.C. et al., 2009; Bannach: Almeida et al., 2006; Velho
Guilherme: Dall’Agnol et al., 1993, 1994; Teixeira et al., 2002, 2005; Serra dos Carajés:

Barros et al., 1995; Javier-Rios et al., 1995; Seringa: Paiva Jr. et al., 2011; S&o Jodo: Lima



54

et al., 2014; Rio Branco: P.A. Santos et al., 2013; Gogo-da-Onca: Teixeira et al., 2017)

and they will be just sumarized here.

All granites display the general characteristics of A-type granites (see Dall'Agnol
etal., 2012). They plot in the A-type field in the Zr+Nb+Ce+Y vs FeO/MgO diagram of

Whalen et al. (1987) (Fig.2a) and show geochemical affinities with within-plate granites

(Fig. 2b). The FeO/(FeO+MgO) ratios normally are higher than 0.8 placing the granites

in the ferroan A-type granite field of Frost et al. (2001) (Fig.2c). The Jamon Suite granites

plot in the oxidized A-type field whereas the other granites plot mostly in the reduced A-

type field as shown in FeOy/(FeOr+MgO) vs. Al2Os diagram (fields from Dall'Agnol and
Oliveira, 2007) (Fig. 2d). According to the discrimination diagrams of Eby (1992), they

have also a geochemical affinity with the Az-subtype granites (Fig. 2e).
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Fig. 2. Geochemical classification diagrams for Paleoproterozoic granites of Carajas Province. (a) FeOt+MgO vs
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diagram (fields of calc-alkaline, reduced, and oxidized A-type granites of Dall'Agnol and Oliveira, 2007); (e) Y-Nb-
Zr/4 plot (Al and A2 fields of Eby, 1992). Data sources: Jamon Suite [Dall’Agnol et al. (1999¢), Dall’ Agnol and
Oliveira (2007); Almeida et al. (2006)]; Velho Guilherme Suite [Dall’ Agnol et al. (1993); Teixeira (1999); Teixeira et
al. (2005)]; Serra dos Carajas Suite [Barros et al. (1995), Javier-Rios et al. (1995)]; Seringa Granite (Paiva Junior et al.,
2011); S&o Jodo Granite (Lima et al., 2014); Rio Branco Granite (P.A. Santos et al., 2013); Gog6-da-Onga Granite
(Teixeiraetal., 2017).

5. Analytical procedures for U-Pb isotopic analyzes by Sensitive High-Resolution
lon Microprobe (SHRIMP)

Zircon and titanite were extracted from 1-4 kg of whole-rock of selected samples
using standard crushing, sieving (60 mesh), heavy liquid (LST), and magnetic separation
(Frantz) techniques. The mineral selection was made by hand picking using a binocular
microscope. The selected grains were mounted on double-sided sticky tape, cast in epoxy
resin together with fragments of standards, and polished to expose surfaces suitable for
in situ isotopic analysis.

Back-scattered electrons (BSE) images of the grains were obtained in Tescan
Vega3 at the Centre for Microscopy, Characterization, and Analysis (CMCA) of the
University of Western Australia. Images were made to obtain information about the
internal structure of the grains and to select the best locations for isotopic analysis. The
epoxy mounts were then cleaned and gold coated for SHRIMP sessions.

U-Pb zircon and titanite isotopic ratios were determined in situ by SHRIMP 11 (De
Laeter and Kennedy, 1998) at Curtin University (Perth, Western Australia), and the
isotopic compositions of the minerals were determined using methods based on those of
Compston et al. (1992).

Circular spot analyses of 10 to 25 pm in diameter were performed on selected
zircon and titanite grains to determine U-Th-Pb concentrations and Pb isotope
composition. Zircons standards were BR266 (559 Ma, 903 ppm U; Stern, 2001) and
M257 (561 Ma, 840 ppm U; Nasdala et al., 2008). Titanite standard was Khan (522.2 Ma,
680 ppm U; Heaman, 2009). For each spot analysis, initial 60—90s were used for pre-
sputtering to remove the gold and avoid common Pb contamination from the coat.

The analytical results are reported with 1o error. Data reduction of measured ratios
for zircon and titanite was performed using the software SQUID 2.5 (Ludwig, 2009), and
results were plotted on concordia diagrams using ISOPLOT 3.70 software (Ludwig,

2003). Error ellipses on concordia plots are shown at the 95% confidence level (20).
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6. Geochronological results

Twenty three samples of ten distinct Paleoproterozoic plutons of the Carajas
Province were investigated by U-Pb SHRIMP geochronology using zircon and, for the
granites of the Jamon Suite, also titanite (Table 2). The selected samples are
representative of the three suites and most independent plutons of the A-type anorogenic
magmatism of Carajés. Analytical data are given in Supplementary tables 1 to 5. Recent
results obtained in the Gogd da Onca Granite (Teixeira et al., 2017) using the same

methods are also presented.

6.1 Serra dos Carajés Suite

Samples of biotite-hornblende syenogranite of Serra dos Carajas Granite (ECR-
SC-01), biotite-hornblende monzogranite and biotite-monzogranite of Cigano Granite
(ECR-CG-14A and CIG-1, respectively) were selected as representative for U-Pb
analyses of this suite. All zircon grains are subhedral to euhedral and form transparent
and colorless short to long prisms, with 100-250 um; they are strongly to moderately
fractured or without significant fracture; internal oscillatory zoning and irregular
metamict areas are observed in some grains but there is no evidence of older cores (Fig.
3a, b, ¢). Monazite inclusions were observed in zircon of sample CIG-1, but not large
enough to be analysed by SHRIMP.

The U-Pb isotope data of zircon of the selected granites of this suite are listed in

Supplementary Table 1 and graphically displayed in concordia diagram (Fig. 4).

Serra do Carajas Granite

Eight grains of zircon of biotite-hornblende syenogranite (ECR-SC-01) were
analysed in sets of six scans during one analytical session. They show concentration
ranges of U from 189 to 687 ppm (except for one spot with 1315 ppm U), and 66 to 395
ppm of Th with Th/U ratios of 0.21 to 0.64. Individual spot ages range from 1869 + 9 Ma
to 1898 + 17 Ma (Supplementary Table 1). The upper concordia intercept age is 1882 +
10 Ma with MSWD of 0.96 (Fig. 4a). Most zircons have less than 10% discordance,
except two spots that were excluded from the age calculation but are presented in the
analytical results: the analysis N1619D.2-1, which has a very high U content (1315 ppm),
is very discordant and yielded a significantly younger 2°’Pb/?%Pb age of 893 + 21 Ma
(Supplementary Table 1), and the spot N1619D.7-1 that is 33% discordant despite
showing a coherent age.
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The zircons do not show any evidence of metamorphic or hydrothermal alteration
(Fig. 3 a) and the age of 1882 + 10 Ma (Fig. 4a) is interpreted as the time of zircon

crystallization.

Cigano Granite

Six grains of zircon (Fig. 3b) of biotite-hornblende monzogranite (ECR-ECG-14)
were analyzed in sets of six scans during one analytical session, and results are presented
in Supplementary Table 1 and in the concordia plot of Fig. 4b. Uranium contents vary
from 242 to 799 and those of Th from 81 to 500 ppm resulting Th/U ratios of 0.11 to 0.77.
Individual spot ages range from 1863 + 8 Ma to 1892 + 8 Ma. The upper concordia
intercept age for this sample is 1884 + 4 Ma with MSWD of 2.0 (Fig. 4b). Most zircons
have less than 10% discordance.

Five spot analyses on zircon (Fig. 3c) of biotite monzogranite (CIG-1) were
performed in sets of six scans during two analytical sessions, and results are presented in
Supplementary Table 1 and in the concordia plot of Fig. 4c. They show uranium contents
between 430 to 759 (except for one spot with 1092 ppm U). Th contents vary from 308
to 600 ppm and Th/U ratios between 0.57 and 0.77. Individual spot ages range from 1878
+ 8 Ma to 1888 £ 9 Ma. The upper concordia intercept age for this analysis is 1884 + 3
Ma with MSWD of 1.3 (Fig. 4c). All zircons are less than 10% discordant.

The magmatic ages obtained for the above three samples of Serra dos Carajas
Suite are quite similar and overlap on the analytical error, and we interpret these as
reflecting the crystallization age of this suite.

6.2 Velho Guilherme Suite

Three different varieties of rocks of this suite were investigated by U-Pb SHRIMP:
albitized leucogranite (L-42) from the Velho Guilherme pluton and hornblende-biotite
syenogranite (R-10) and leucogranite (R-05) both of the Anténio Vicente Granite.



Table 2 - Summary of the rock samples of the Paleoproterozoic granites of the Carajas Province dated in this work

Sample Rock Unit Northing Easting | References
ECR-SC-01 biotite-hornblende syenogranite Serra dos Carajas Granite Javier-Rios et al. (1995)
ECR-CG-14A biotite-hornblende monzogranite Cigano Granite Teruiya et al. (2008)
CIG-1 biotite monzogranite Cigano Granite Teruiya et al. (2008)
L-42 albitized leucogranite Velho Guilherme Granite Dall’Agnol et al. (1993)
R-10 hornblende-biotite syenogranite Antbnio Vicente Granite Dall’Agnol et al. (1993)
R-5 leucogranite Antdnio Vicente Granite Dall’Agnol et al. (1993)
PROA-11 biotite-hornblende monzogranite Jamon Granite Dall'Agnol et al. (1999a)
KM-144B biotite-hornblende monzogranite Musa Granite -7.6697 -50.0370 | Dall'Agnol et al. (1999a)
CREMU-37A biotite monzogranite Musa Granite -7.5091 -50.0443 | Dall'Agnol et al. (1999a)
KM-77A hornblende-biotite monzogranite Musa Granite -7.5378 -50.0874 | Dall'Agnol et al. (1999a)
DC-111 even-grained biotite monzogranite Redencéo Granite -8.0351 -50.1765 | Oliveira D.C et al. (2009)
DC-120 seriate leucomonzogranite Redeng¢do Granite -8.1013 -50.0601 | Oliveira D.C et al. (2009)
DCR-42A medium even-grained leucomonzogranite Redencéo Granite -8.1402 -50.1408 | Oliveira D.C et al. (2009)
ADR-136l cumulate granite Bannach Granite -7.4142 -50.3516 | Almeida et al. (2006)
ADR-35A fine-grained leucomonzogranite Bannach Granite -7.4761 -50.4469 | Almeida et al. (2006)
AC-45 heterogranular leucosyenogranite Seringa Granite -6.5278 -50.4389 | Paiva Jr. et al. (2011)
AC-59 coarse-grained biotite-hornblende monzogranite Seringa Granite -6.5077 -50.5401 | PaivaJr. etal. (2011)
AC-85 coarse-grained hornblende-biotite monzogranite Seringa Granite -6.5162 -50.5021 | PaivaJr. et al. (2011)
AC-42 heterogranular hornblende-biotite syenogranite Seringa Granite -6.5475 -50.4446 | Paiva Jr. et al. (2011)
PC-03B hornblende-biotite syenogranite S80 Jodo Granite -7.0485 -50.5177 |Limaetal. (2014)
PC-21 biotite monzogranite S80 Jodo Granite -7.0612 -50.5891 |Limaetal. (2014)
PCM-10 biotite-hornblende monzogranite S80 Jodo Granite -7.0600 -50.5198 |Limaetal. (2014)
PCM-13 biotite-hornblende syenogranite S80 Jodo Granite -7.0858 -50.5244 | Limaet al. (2014)
PFR-18B biotite-hornblende granodiorite Gogd-da-Onga Granite -6.3741 -49.3507 | Teixeira et al. (2017)
PFR-22 biotite-hornblende monzogranite Gogd-da-Onga Granite -6.3653 -49.3636 | Teixeira et al. (2017)
PFR-19B hornblende-biotite syenogranite Gogo-da-Onga Granite -6.3735 -49.3514 | Teixeira et al. (2017)
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Fig. 3. BSE images showing the analytical pits on zircons of the: Serra dos Carajas Suite - (a) ECR-SC-01 (Serra dos

Carajas pluton), (b) ECR-CG-14A, (c) CIG1 (Cigano pluton); Velho Guilherme Suite: (d) L-42 (Velho Guilherme
pluton), (e, f), R-10, (g) R-5 (Antonio Vicente pluton); Jamon Suite (h) PROA-11 (Jamon pluton).

Most zircons of the three samples (L-42, R-10, and R-5) are subhedral to euhedral,
and form short to long prisms, with lengths of 100-250 um, fractured, with common
internal oscillatory zoning, and no evidence of older cores (Fig. 3d, e, f, g). They are
transparent and light yellow and they have apatite and less often xenotime and monazite

inclusions. Zircons from the leucogranite (R-5) are sometimes corroded with irregular
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metamict areas and recrystallized zones (Fig. 3g) indicating that the crystals were affected

by hydrothermal processes.
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Fig. 4. Concordia diagrams showing U-Pb zircon SHRIMP ages of three samples of Serra dos Carajas Suite [a) of the
Serra dos Carajas pluton; b) and c) of the Cigano pluton]: (a) U-Pb concordia plot of biotite-hornblende syenogranite
(ECR-SC-01); (b) U-Pb concordia plot of biotite-hornblende monzogranite (ECR-SC-14A); (c) U-Pb concordia plot

of biotite monzogranite (CIG-1).
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The U—Pb isotope data of zircon for this Suite are listed in Supplementary Table
2 and graphically displayed in concordia diagrams (Fig. 5).

Velho Guilherme Granite

Nine grains of the albitized leucogranite (L-42) were analyzed in sets of six scans
during two analytical sessions. The uranium and Th contents are, respectively, between
93 to 387, and 55 to 283 ppm with resulting Th/U ratios of 0.52 to 0.76. Individual spot
ages range from 1867 + 16 Mato 1891 + 7 Ma. The upper concordia intercept age for this
sample is 1882 £ 6 Ma with MSWD of 2.1 (Fig. 5a) which is interpreted as the
crystallization age of the sample. All zircons are less than 10% discordant.

Antonio Vicente Granite

Ten grains of zircon of hornblende-biotite syenogranite (R-10) were analyzed in
sets of six scans during one analytical session. Zircon shows high uranium and Th content
varying, respectively, between 409 to 781 ppm, and 189 to 563 ppm, except for 3 zircon
grains (N1634A.6-2, N1634A.6-5, N1634A.2-2) that have low contents of those elements
(Supplementary Table 2). Th/U ratios are between 0.29 and 1.30. Most analyzed zircon
grains have less than 10% discordance but show two age groups: Two crystals define an
upper intercept age of 1900 £ 19 Ma and MSWD of 0.0024 (Fig. 5b); the other eight
crystals have a younger upper intercept age of 1878 £3 Ma and MSWD of 1.4 (Fig. 5c¢).
The latter age is similar to the zircon ages obtained for most anorogenic granites of the
Carajas Province (Table 1) and it is interpreted as the crystallization age of the Anténio
Vicente pluton. The age of 1900 + 19 Ma is comparatively older. Its meaning is not
evident and it will be discussed in the next session.

Zircons from R-5 leucogranite were analyzed in sets of six scans during two
analytical sessions. They have uranium contents between 133 and 598 (except the grains
N1635F.6-1 and N1635F.6-2, with 2210 and 1679 ppm, respectively). Th vary between
79 to 453 ppm and Th/U ratios are between 0.62 to 0.81, with low ratios for the grains
with highest U (Supplementary Table 2). Most zircons have less than 10% discordance,
except one spot (N1635F.4-1; Supplementary Table 2 of the Appendix) that was excluded
from the zircon age calculation because the grain presented a high grade of discordance.
The eight remainder spot analysis of zircons yielded two age populations: four grains
define a concordia age of 1724 + 14 Ma with MSWD of 1.8 (Fig. 5¢), and four other
crystals yield an upper intercept age of 1882 = 15 Ma with MSWD of 0.36 (Fig. 5c).
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The age of 1882 £ 15 Ma is similar and overlap to the zircon age obtained for the
other facies of this granite and it is the best estimate of the crystallization age of the rock.
The younger age of 1724 + 14 Ma was not reported so far in the Orosirian granites of the
Carajas Province and will be discussed in the next session. It is important to emphasize
that there is no detectable difference in age between cores and rims zones in the analyzed

zircons.

6.3 Jamon Suite

To constrain the age of the Jamon Suite, we dated zircon and titanite of the Jamon,
Musa, Redencéo, and Bannach Granites. As representative of the Jamon pluton we
selected a biotite-hornblende monzogranite (PROA-11); for the Musa Granite different
facies were analysed: hornblende-biotite monzogranite (KM-144B), biotite-hornblende
monzogranite (KM-77), and biotite monzogranite (CRE-MU-37A); Three facies of
Redencéo pluton were dated: coarse even-grained biotite monzogranite (DC-111), seriate
leucomonzogranite (DC-120), and a medium even-grained leucomonzogranite (DCR-
42). Two facies were selected in Bannach pluton: cumulate granite (ADR-1361), and a
fine-grained leucomonzogranite (ADR-35A).

The U-Pb isotope data of zircon for this suite are listed in Supplementary Table

Jamon Granite (PROA11)

Zircons from the biotite-hornblende monzogranite of the Jamon Pluton are
transparent to light brown, subhedral, and form long prisms with lengths of 100-300 pum,
strongly fractured, with common internal oscillatory zoning and no evidence of older
cores (Fig. 3h). Eight zircon grains of the selected sample were analyzed in sets of six
scans during one analytical session. The results show uranium and Th contents between
47 and 58 ppm and 23 and 52 ppm, respectively, and Th/U ratios between 0.62 and 0.98.
Individual spots range from 1842 + 23 Ma to 1864 + 24 Ma, except for one zircon that
yielded an age of 1915 + 32 Ma (Supplementary Table 3; N17-26E.5-1). The zircons
yielded an upper concordia intercept age of 1864 + 8 Ma with MSWD of 2.3 (Fig. 6).
Most zircons have less than 10% discordance. No age difference was detected between
core (N17-26E.8-1) and rim (N17-26E.3-2) analyses and the age of 1864 + 8 Ma is

accepted as crystallization age of the pluton.
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Musa Granite (KM-144B, CREMU-37A, KM-77)

Zircons from the different monzogranites of the Musa pluton are transparent to
light brown, subhedral, long prisms with lengths of 200-300 um, fractured, with common
internal oscillatory zoning and no evidence of older cores (Fig 7a, b, c). Titanite crystals
are anhedral to subhedral and brown with 100-200 pum in length. BSE images show dark-
gray and light-gray zones in titanite, and no overgrowths were observed (8a, b). Titanite
of biotite-hornblende monzogranite (KM-77) shows corroded rims and metamictic areas
(Fig 8c).

Seven zircon grains of the hornblende-biotite monzogranite (KM-144B) were
analyzed in sets of six scans during one analytical session. The results show uranium
contents between 154 and 588 ppm; Th 110 and 418 ppm and Th/U ratios between 0.46
and 1.13. Individual spots range from 1864 + 8 Ma to 1880 + 9 Ma. Zircons have less
than 10% discordance, except one spot (N1620B.7-1; Suplementary Table 3) that was
excluded from the zircon age calculation. Six zircon grains yielded an upper concordia
intercept age of 1871 + 4 Ma with MSWD of 2.2 (Fig. 9a). Analyses of eight titanites of
the same sample (KM-144B) were collected in sets of five scans during a single analytical
session. U—Pb age data from titanite are plotted in Fig. 9b. The results of titanite scatter
between 1842 + 33 Ma and 1892 + 30 Ma. The plotted spots analysis define a reversely
discordant intercept age of 1875 = 14 Ma with MSWD of 1.7 (Fig. 9b). Within errors,
this titanite age agrees with the date of the zircons (1871 + 4 Ma; Fig 9a) that is considered
as the crystallization age of this granite variety. No age difference was detected between
core and rim analyses.

Eight zircon grains of biotite monzogranite (CREMU-37A) were analyzed in sets
of six scans during a single analytical session. The results show U and Th contents
between 53 to 406, and 43 to 211 ppm, respectively, and Th/U ratios between 0.53 to
0.97. Individual spots range from 1861 + 10 Ma to 1898 + 13 Ma. Most zircons have less
than 10% discordance, except one spot (N1620E.7-2; Suplementary Table 3) that was
excluded from the zircon age calculation. Seven out of eight zircon analyses yielded an
upper concordia intercept age of 1876 + 13 Ma with MSWD of 0.35 (Fig 9c). Analyses
of six titanites crystals of the same sample (CREMU-37A) were obtained in sets of five
scans during a single analytical session. U-Pb age data from titanite are plotted in Fig.
9d. The titanite data produced two groups of ages: two crystals show an upper concordia
intercept age of 1926 + 17 Ma and MSWD of 0.48 (Fig. 9d); the other four crystals define
a younger upper concordia intercept age of 1871 + 22 Ma and MSWD of 0.093 (Fig. 9d).
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The latter is similar to the zircon age obtained for this granite and interpreted as its
crystallization age. No age difference was detected between core (spots N1620E.2-1) and
rim analyses (spots N1620E.3-1).

Eight zircons of biotite-hornblende monzogranite facies (KM-77) were analysed
in sets of six scans during a single analytical session. Zircons have variable contents of U
(197 — 863 ppm) and Th (156 -824 ppm). Th/U ratios are normal for magmatic zircon
(0.63 to 0.99). Four of the analyzed zircons have more than 10% discordance and were
excluded from the age calculation. Individual spots considered for age calculation range
from 1856 + 12 Ma to 1894 + 16 Ma. Four out of eight zircon analyses yielded an upper
concordia intercept age of 1882 + 4 Ma with MSWD of 1.2 (Fig 9e). Analyses of titanite
in this sample (KM-77) were obtained in sets of five scans during a single analytical
session. U-Pb age data from titanite are plotted in Fig. 9f. The results of titanite scatter
between 1840 + 33 Ma and 1883 + 54 Ma (within error). The plotted spot analyses define
a reversely discordant intercept age of 1878 + 9 Ma with MSWD of 1.3 (Fig. 9f). The
analytical data have some degree of discordance, however, the titanite age is in the same
error range of the zircon age (1882 + 4 Ma) which is considered as the best estimate for
the crystallization age. Likewise to other facies no age difference was detected between

core and rim analyses.
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Fig. 6. Concordia diagrams showing U-Pb zircon SHRIMP ages of Jamon pluton.

Redencdo Granite (DC-111, DC-120, DCR-42A)

Zircons from the analyzed facies of the Redencdo Granite are transparent to light
pink, subhedral to euhedral, long prisms with lengths of 100-350 um, fractured, with
common internal oscillatory zoning, no evidence of older cores and sometimes with
metamictic zones, especially in the core of the crystals (Fig 7d, e, f, g). Titanite is anhedral
to subhedral and brown with 100-200 um in length. BSE images show dark-gray and
light-gray zones in titanite, and no overgrowths or metamictic processes were observed
(Fig. 8d).

Zircons from the biotite monzogranite (DC-111) were analyzed in sets of six scans
during a single analytical session. They have high uranium and Th contents, between 449
to 560 and 234 to 551 ppm, respectively. Th/U ratios are between 0.47 and 1.02. Six spot
analyses of zircons yielded two age populations: four grains define an upper intercept age
of 1867 £ 5 Ma with MSWD of 0.34 (Fig. 10a); two other crystals yields an upper
intercept age of 1890 + 6 Ma with MSWD of 0.0097 (Fig. 10a). Most zircons have less
than 10% discordance. Analyses of six titanite crystals of the same sample (DC-111) were

obtained in sets of five scans during a single analytical session. U-Pb age data from
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titanite are plotted in Fig. 10b. Titanite also yielded two age groups: three grains show an
upper concordia intercept age of 1935 + 21 Ma and MSWD of 0.10 (Fig. 10b), and the
other two crystals have a younger upper concordia intercept age of 1881 + 52 Ma (Fig.
10b). The analytical error of the youngest age (1881 + 52; Fig. 10b) is very high, but the
obtained age is similar to those of the other dated Paleoproterozoic granites of Carajas
and will be considered. One spot (N1619G.2-2; Suplementary Table 3) was excluded
from the titanite age calculation because the grain presented a high grade of discordance.

Analyses of zircon from seriate leucomonzogranite (DC-120) were obtained in
sets of six scans during a single analytical session. They have high and variable uranium
and Th contents, respectively, between 160 and 638 ppm and 85 and 482 ppm, with Th/U
ratios between 0.48 and 0.91. Individual spots range from 1836 + 8 Ma to 1871 + 14 Ma.
One of the zircons have more than 10% discordance and was excluded from the age
calculation. Six out of seven zircon analyses yielded an upper concordia intercept age of
1865 + 6 Ma with MSWD of 2.0 (Fig. 10c), which is interpreted as the crystallization
age of the sample.

Zircons from the medium even-grained leucomonzogranite (DCR-42) were
analysed in sets of six scans during two analytical sessions. They have moderate uranium
contents between 60 and 329 ppm; Th between 44 and 294 ppm, and Th/U ratios between
0.76 and 1.09. Individual spots range from 1820 + 30 Ma to 1876 + 23 Ma. One of the
zircons is more than 10% discordant and was excluded from the age calculation. Four out
of five zircons analysis yielded an upper concordia intercept age of 1871 + 5 Ma with
MSWD of 0.98 (Fig. 10d). This age is within error superposed with the age of the
leucomonzogranite (1865 + 6 Ma; DC-120) and is interpreted as the crystallization age
of the rock. No age difference was detected between core and rim analyses in any of the

studied facies of the Redencdo Granite.

Bannach Granite (ADR-1361, ADR-35A)

Studied zircons from the two dated facies of the Bannach Granite (cumulate
granite -ADR-1361; fine-grained leucomonzogranite - ADR-35A) are transparent to light
pink, subhedral to euhedral, long prisms with lengths of 100-400 um in the cumulate
granite (ADR-1361) (Fig 7h, i) and lengths of 100-250 pum in the leucomonzogranite
ADR-35A (Fig. 11a, b), fractured, with common internal oscillatory zoning, no evidence

of older cores and sometimes with apatite inclusions.
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Fig. 7. BSE images showing the analytical pits on zircons of the Jamon Suite: Musa Granite - (a) KM-144B; (b)
CRE-MU-37A, (c) KM-77; Redencdo Granite - (d, €) DC-111, (f) DC-120, (g) DCR-42A; Bannach Granite - (h, i)
ADR-1361.
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Fig. 8. BSE images showing the analytical pits on titanite of the: Musa Granite - (a) KM-144B, (b) CREMU-37A, (c)
KM-77; Redencdo Granite: (d) DC-111.

Zircons from the cumulate granite (ADR-1361) were analyzed in sets of six scans
during two analytical sessions. They have moderate U and Th contents between 71 to 347
and 57 to 202 ppm, respectively, with Th/U ratios between 0.27 and 0.98. Individual spots
range from 1859 + 10 Mato 1911 + 10 Ma. Most zircons have less than 10% discordance
and eleven out of thirteen zircons analyses yielded two age populations: two crystals
yielded an upper intercept age of 1908 + 8 Ma with MSWD of 0.74 (Fig. 10e); nine grains
define an upper intercept age of 1874 + 6 Ma with MSWD of 2.5 (Fig. 10e).
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Fig. 9. Concordia diagrams showing U-Pb zircon and titanite SHRIMP ages of three samples of the Musa Granite: a),
¢), and e) U-Pb concordia plot of zircon of, respectively, KM-144B, CRE-MU-37A, and KM-77; b), d) and f) U-Pb
concordia plot of titanite of, respectively, KM-144B, CRE-MU-37A, and KM-77.

Zircons from the leucomonzogranite (ADR-35A) were analysed in sets of six
scans during two analytical sessions. They have low to moderate uranium and Th contents
between 24 and 297 and 36 to 397 ppm, respectively, with Th/U ratios between 0.24 and
2.02. Individual spots range from 1826 + 33 Ma to 1916 + 32 Ma. Most zircons are
concordant to subconcordant and ten out of eleven zircons analyses yielded two age

populations: Three grains yield an upper intercept age of 1897 + 13 Ma (MSWD = 0.94;
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Fig. 10f), and seven grains define an upper intercept age of 1857 + 5 Ma (MSWD = 0.38;

Fig. 10f).
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6.4 Seringa Granite

Zircons of four different facies of the Seringa Batholith were dated: heterogranular
leucosyenogranite (AC-45); coarse-grained biotite-hornblende monzogranite (AC-59);
coarse-grained  hornblende-biotite monzogranite (AC-85); and heterogranular
hornblende-biotite syenogranite (AC-42).

Most zircon grains are subhedral to euhedral, short to long prisms, with lengths of
100-250 um, fractured, with common internal oscillatory zoning and no evidence of older
cores. They are transparent, have apatite inclusions and sometimes metamictic cores are
observed (Fig 11c, d, e, f, g, h).

The U-Pb isotope data of zircon for the Seringa Granite are listed in
Supplementary Table 4 and graphically displayed in concordia diagrams (Fig. 12).

Eleven zircon grains of leucosyenogranite (AC-45) were analyzed in sets of six
scans during two analytical sessions. Zircon shows high and variable uranium and Th
contents between 40 and 1176 and 43 and 571 ppm, respectively. Th/U ratios are from
0.31 to 0.80. Zircon has two age groups: three grains define an upper intercept age of
1919 + 13 Ma and MSWD of 0.91 (Fig. 12a), and eight grains define an upper intercept
younger age of 1879 £ 5 Ma and MSWD of 2.6 (Fig. 12b). All zircons are less than 10%
discordant.

Zircons from biotite-hornblende monzogranite (AC-59) were analyzed in sets of
six scans during one analytical session. Nine spot analyses show high and variable
uranium (between 76 and 747 ppm) and Th (from 33 to 621 ppm) contents. Th/U ratios
are between 0.43 and 0.86. Similar to the leucosyenogranite sample (AC-45), the zircons
of this facies also show two groups of ages: three grains define an upper intercept age of
1898 + 8 Ma (MSWD of 0.21, Fig. 12b); seven grains have an upper intercept younger
age of 1870 + 3 Ma (MSWD of 1.7, Fig. 12b). All zircons are concordant to

subconcordant.
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Fig. 11 BSE images showing the analytical pits on zircons of the: Bannach Granite (Jamon Suite) - (a, b) ADR-35A;
Seringa Granite - (¢, d) AC-45, (e, f) AC-59, (g) AC-85, (h) AC-42.
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Fig. 12. Concordia diagrams showing U-Pb zircon SHRIMP ages of samples of four different varieties of Seringa
Granite: a) sample AC-45; b) sample AC-59; c) sample AC-85; d) sample AC-42.

Zircons from hornblende-biotite monzogranite (AC-85) were analyzed in sets of
six scans during one analytical session. Eight spot analysis show uranium and Th contents
between 34 and 589 and 16 to 610 ppm, respectively. Th/U ratios are between 0.47 and
1.07. Individual analysis range from 1868 + 21 Ma to 1898 + 46 Ma. The analyses yielded
a single upper concordia intercept of 1889 + 8 Ma with MSWD of 2.6 (Fig. 12c). All
zircons are concordant to subconcordant.

Zircons from heterogranular hornblende-biotite syenogranite (AC-42) were
analyzed in sets of six scans during one analytical session. The analyses show high
uranium contents between 453 and 1110 ppm. Th contents vary between 208 and 487
ppm, and Th/U ratios from 0.39 to 0.75. Six out of two zircons analyses yielded an upper
concordia intercept of 1879 £ 18 Ma with MSWD of 3.5 (Fig. 12d). Most results are
discordant and the elevated MSWD of 3.5 could indicate that the ages are not equivalent.

However, the obtained age is similar and overlap in the analytical error with those of the
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other facies of the Seringa Granite and is the best estimate for the crystallization of the
sample AC-42.

6.5 S0 Jodo Granite

Samples of zircon from four facies of S&o Jodo Granite were investigated:
hornblende-biotite syenogranite (PC-03B); biotite monzogranite (PC-21); biotite-
hornblende monzogranite (PCM-10); biotite-hornblende syenogranite (PCM-13).

Most zircon grains are subhedral to euhedral, short to long prisms, with lengths of
100-250 um, fractured, with common internal oscillatory zoning and no evidence of older
cores (Fig. 13a). They are light yellow, have apatite inclusions and sometimes metamictic
cores. Xenotime inclusions were detected in zircon of sample PC-21.

The zircon U-Pb isotope data of Sdo Jodo Granite are listed in Supplementary

Table 5 and graphically displayed in concordia diagrams (Fig. 14).

1907 + 24 Ma

100p

100p

Fig. 13. BSE images showing the analytical pits on zircons of the S&o Jodo Granite: (a, b) PC-03B; (c) PC-21; (d)
PCM-10; (e) PCM-13.
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Fig. 14. Concordia diagrams with U-Pb SHRIMP data of zircon of four different varieties of Sdo Jodo Granite: a)
sample PC-03B; b) sample PC-21; ¢) sample PCM-10; d) sample PCM-13.

Eight grains of the hornblende-biotite syenogranite (PC-03B) were analyzed in
sets of six scans during one analytical session. Zircons show high uranium and Th
contents, between 123 and 658 ppm and between 99 and 404 ppm, respectively. Th/U
ratios vary from 0.43 to 0.74. The zircons show two age groups: three crystals define an
upper intercept age of 1892 + 5 Ma and MSWD of 1.3 (Fig. 14a); the other five grains
have an upper intercept younger age of 1866 + 4 Ma (MSWD = 0.75; Fig. 14a).

Fourteen zircon grains of biotite-monzogranite (PC-21) were analyzed in sets of
six scans during two analytical sessions. They show uranium contents between 73 and
1962 ppm; Th between 42 and 1002 ppm and 0.29 to 0.7 Th/U ratios. The analysis (N16-
26C.6-2-1) is 34% discordant and was not included in the age calculation. Nine zircons
define an upper concordia intercept age of 1880 + 3 Ma with MSWD of 1.4 (Fig. 14b).
This age is interpreted as the crystallization age of the sample. Four grains yielded
significantly younger 2°Pb/?3U ages in the 623-532 Ma interval (Supplementary Table
5). All four ages are discordant (15% to 36 %) and are not grouping in a defined age.

These data would require further investigation but they give an indication of
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Neoproterozoic activity in the area possibly related to the Brasiliano (Pan-African) cycle
that was active in the Araguaia Belt to the east of the craton.

Zircon of biotite-hornblende monzogranite (PCM-10) was analyzed in sets of six
scans during one analytical session, and results are presented in Supplementary Table 5
and in the concordia plot of Fig. 14c. The analyzed zircon grains show uranium contents
between 80 and 818 ppm, Th between 39 and 605 ppm, and Th/U ratios from 0.47 to
0.93. All eight analyses are concordant and define an upper concordia intercept age of
1891 + 5 Ma (MSWD = 1.8; Fig. 14c). This age is older than that of the biotite
monzogranite (1880 £ 3 Ma) and is interpreted as the crystallization age of the biotite-
hornblende facies.

Zircon grains of the biotite-hornblende syenogranite (PCM-13) were analyzed in
sets of six scans during two analytical sessions. They show uranium contents between
237 and 1097 ppm; Th between 156 and 787 ppm, and Th/U ratios varying from 0.45 to
0.79. All eight analyses are concordant and define an upper concordia intercept age of
1878 £ 3 Ma (MSWD = 1.8; Fig. 14d). This age overlaps in the analytical errors with the
age of biotite monzogranite (1880 + 3 Ma) and is interpreted as the crystallization age of

the biotite-hornblende syenogranite facies.

7. Discussion
7.1  Meaning of zircon and titanite ages

7.1.1 Zircon ages
Single analyses by SIMS of zircon from magmatic rocks can reveal information

on when zircons grew, and precise zircon ages can define the crystallization ages of the
studied rocks and constrain the emplacement time of individual plutons or complex suites.
The analytical methods employed in our study allow high spatial resolution and accuracy,
besides the possibility of analysis of distinct stages of crystallization that are eventually
present in a single grain of zircon.

Backscattered electron imaging is often used to visualize textural aspects
including old cores and growth processes in zircons (Corfu et al., 2003). The zircon grains
in all the studied granites (Fig. 3, 7, 8, 11, 13) show clear magmatic features including
euhedral to subeuhedral prismatic form, oscillatory zoning, and high Th/U values. Some
of them display metamictic areas, fractures, and inclusions that were avoided for the

SHRIMP analysis. The spots used for age calculation are from rims and cores of zircon
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grains. Despite this, no clear dependence between the analyzed zircon zone or external
morphology and apparent 2°’Pb/2%U age could be recognized. The majority of zircon
grains yielded upper intercepts very close to the concordia. The analyzed samples showed
scatter of single zircon analyses along concordia and only a few percent are discordant.
Almost all of our U-Pb analyses are less than 10% discordant. No inheritance in the
analyzed zircon grains was observed, but the presence of Archean inherited zircons was
registered in previous works (Jamon Granite, Dall’Agnol et al., 1999a; Musa Granite,
Machado et al., 1991). Scatter in the data is usually attributed to some combination of Pb
loss and/or inheritance. However, there is no evidence of metamorphic imprint in the
studied granites (Dall’Agnol et al., 1999a, 2005; Teixeira et al., 2002; Machado et al.,
1991; Javier-Rios et al., 1995; Teruiya et al., 2008; Vasquez et al., 2008) and Pb loss in
unmetamorphosed rocks should be low. Besides, it is unlikely that the individual grains
analyzed by SIMS, which have variable size and U content, will exhibit identical
inheritance or Pb loss. Consequently, we interpret that most of the zircon ages of these
samples as representative of their crystallization ages. A possible exception are evolved
leucogranites strongly affected by hydrothermal processes like the tin-mineralized facies
of the Velho Guilherme Suite because these specialized granites can have their U-Pb
system in zircon disturbed (Costi et al., 2000, 2009).

The new geochronological data cover the majority of the A-type anorogenic
granites of the Carajas Province. All the results obtained here combined with those from
previous works are represented in an age diagram (Fig.15) in order to show the
distribution of the ages of each granite and allow a comparison between them.

Considering the whole available data, the anorogenic magmatism of the Carajas
Province, represented by the Serra dos Carajas, Velho Guilherme, and Jamon Suites, and
the Seringa, Séo Jodo, and Gogo-da-Ongca plutons, occurred mainly at the age of ~1880
Ma as shown in figure 15. These results are in agreement with the strong evidences that
at 1880 Ma the Amazon Craton underwent a major period of crustal extension
(Dall'Agnol et al., 2005; Lamarao et al., 2002, 2005; Oliveira et al., 2008, 2010) that
favored the emplacement of A-type anorogenic or post-tectonic plutons.

The dominant zircon ages acquired by U-Pb SHRIMP in zircon do not show great
contrasts with the ages obtained by other methods (Fig. 15). However, analyzing the U-
Pb data presented in this work and the data synthesis (Fig. 15), we can identify some
particular ages not reported before: (a) older zircon ages of 1900 Ma to 1920 Ma in the

granites of the Velho Guilherme and Jamon suites and in the Seringa Granite; (b) younger
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ages of 1857 Ma to 1865 Ma in the leucogranite facies of the Redencéo (DC-120, DCR-
42; Fig. 10c, d) and Bannach (ADR 35A; Fig. 10f) plutons, and in the biotite-hornblende
monzogranite of the Jamon Pluton (PROA11; Fig. 6); (c) an age of 1732 + 6 Ma (Fig. 5¢)
obtained in the leucogranite facies (R-05) of the Antonio Vicente pluton of the Velho

Guilherme Suite. All these particular ages will be discussed in the following sessions.
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Fig. 15. Age diagram of the previously available data and new data obtained in this work of the Paleoproterozoic
granites of the Carajas Province. Data source: (1) Machado et al. (1991); (2) Rodrigues et al. (1992); (3) Barbosa et al.
(1995); (4) Avelar (1996); (5) Dall’Agnol et al. (1999a); (6) Teixeira et al. (2002); (7) Dall'Agnol et al. (2005); (8)
Pinho et al. (2006); (9) Paiva Jr. (2009); (10) Lima (2011); (11) Lamardo et al. ( 2012); (12) Silva et al. (2016); (13)
Antonio et al. (2017); (14) Teixeira et al. (2017). U-Pb SHRIMP ages represented by red and yellow bars without
references are from this work.
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7.1.2 Titanite ages

Titanite is stable over a large range of P—T conditions and has a relatively high
closure temperature for the U-Pb system [~750 °C or higher; Pidgeon et al. (1996); Zhang
and Scharer (1996); Spencer et al. (2013); Stearns et al. (2015)]. It is admitted that in situ
microanalyses of titanite can provide new information about the timing and rates of
igneous processes (Aleinikoff et al., 2002). Several authors have employed titanite
isotopic studies to determine multiple age components of magmatic complexes and
constrain chronologic episodes of igneous crystallization and metamorphic growth
(Schaltegger et al., 2009; Aleinikoff et al., 2002; Corfu, 1996).

Titanite is considered a magmatic phase in the granites of the Jamon Suite and,
when present, also in the Serra dos Carajas Suite (Dall’Agnol et al., 1999a, b; 2005). A
phase diagram obtained in oxidizing conditions in experiments on the Jamon hornblende-
biotite monzogranite indicate that titanite initiated to crystallize at temperatures a little
higher than 750°C (Dall’ Agnol et al., 1999b, their Fig. 3a).

Investigation of titanite using BSE imaging reveals that most crystals are
homogenous, free of inclusions and no overgrowths were observed. Irregular zones with
contrasting BSE intensity (Fig. 8) were recognized. However, the isotopic compositions
of distinct zones are similar and do not indicate different ages. Th/U ratios of the titanites
from the Jamon Suite are generally much higher than the unit suggesting its magmatic
origin (Supplementary Table 3). Some titanite grains show reversely discordant
207pp/2%pPp ages. However, those titanite ages are similar to the zircon ages in the same
samples, suggesting that the discrepancy may be due to an unknown error in the
determination of the Pb/U ratios.

The titanite results for the Musa Granite (KM-144B, CRE-MU-37A, and KM-77
from this work; MU-4 from Machado et al., 1991), and the Redenc¢do Granite (DC-111)
are plotted in the integrated age diagram as well as the data of the titanite from the Gogo-
da-Oncga Granite previously obtained by Teixeira et al. 2017 (Fig.15). The U-Pb dates
from titanites of those granites are similar in ages with the zircons of the same samples
confirming that the studied titanites are of igneous origin. On the other hand, alike zircon,
titanite ages show also a bimodal distribution. Most ages are concentrated around 1880
Ma, the age of dominant granite crystallization. However, there is a significant number
of older titanite ages varying from 1900 to 1940 Ma that are similar within analytical error
with old zircon ages obtained in the Musa and Redencdo granites (Fig. 15). In the

anorogenic Gogo da Onca Granite (GGO), Teixeira et al. (2017) also obtained in titanite
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of different facies two different age populations (Fig. 15). A first population corresponds
to ages of 1879 + 15 Ma and 1872 + 13 which are similar to the zircon ages of the same
samples (1878 + 8 Ma and 1865 + 10 Ma), interpreted as the crystallization age of the
granitic body. A second population was defined by titanite ages of 1924 + 20 Ma and
1923 + 12 Ma and it was not registered in zircons. Teixeira et al. (2017) argue that these
older ages could represent the initial crystallization of the rocks of GOG or eventually
correspond to inheritance in the analyzed titanites since in felsic igneous rocks titanite

may preserve the initial imprint of an older crystallization event.

7.1.3 Interpretation of the older ages (1900 to 1920 Ma)

Apart from the dominant age population around 1880 Ma, the obtained data
revealed an older age population in zircon and titanite (1900 to 1920 Ma), that was
registered in the Velho Guilherme and Jamon suites and in the Seringa Granite. As
discussed before, the analyzed zircon and titanite crystals of this population are clearly of
igneous origin. Among the hypotheses able to explain these contrasting ages, it should be
considered: (a) inheritance in the analyzed zircon and titanite crystals; (b) prolonged
growth of autocrystic zircon and titanite crystals in the same magma batch; (c)
incorporation of older antecrystic zircon and titanite crystals from different magma
batches of the same magma system.

Inheritance in zircon crystals of magmatic rocks are very common and the grains
showing such features are usually distinguished by being appreciably older than most of
zircon crystals of the rock. Following this reasoning, the older zircon and titanite ages of
the studied granites could represent inheritance of older country rocks. However, even
though the presence of inherited zircon from immediately older magmatism is an
extremely common fact, it is important to emphasize that contrasts between core and rim
of zircons and titanites were not observed. Besides, this hypothesis is also weakened due
to the lack of 1900-1920 Ma older exposed rocks in the Carajas Province.

On the other hand, differences in crystallization age between zircons of a same
rock sample with dispersions of up to 50 m. y. may indicate prolonged growth of zircon
in the same magma batch (Schaltegger et al., 2009). However, the time of emplacement
and crystallization of the anorogenic granites of Carajas Province must have been almost
coincident, because those granites were emplaced at low crustal depth as indicated by
their discordant character with common presence of angular enclaves of the Archean
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country rocks in the borders of the plutons (Dall’Agnol et al., 2005), This imply high
temperature and viscosity contrasts with the country rocks and rapid cooling. Besides it,
if crystallization showed prolonged continuity, it should be expected a continuous range
of ages from 1920 Ma to 1860 Ma in the suites and this is not observed.

It is accepted that all zircon crystals in a particular rock do not need to have
crystallized from the same pulse or increment of melt and to share the same history despite
occurring within the same rock. Zircons present in a magmatic rock can be inherited either
from the country rocks (xenocrysts) or from earlier phases of magmatism or eventually
can be related to older phases of similar magmatism which could be sourced from the
magmatic plumbing system (antecrysts) (Siégel et al., 2018; Miller et al., 2007;
Schaltegger et al., 2009). The age differences between antecrysts and autocrysts in the
same rock can be as little as 10-100's years or up to several million years (Siégel et al.,
2018). Thus, the 1900 to 1920 m. y. old zircon and titanite crystals could hypothetically
represent antecrysts from an earlier pulse of magma that was incorporated in the later
pulse of 1880 Ma. The U-Pb dating of magmatic titanites from Musa (Fig. 9b, d, f) and
Redencdo granites (Fig. 10b) of the Jamon Suite and Gog6 da Onca Granite (Fig.15;
Teixeira et al., 2017) are compatible with this hypothesis once titanite can be preserved
at high temperatures. Howsoever, it is not possible to distinguish antecrysts from
autocrysts based only on U-Pb ages and the integration of different techniques is

necessary to confirm this hypothesis.

7.1.4 Leucogranites of 1857 Ma to 1865 Ma

As mentioned before and displayed in the U-Pb concordia age diagrams (Fig. 10c,
d, f) and in Figure 15, the leucomonzogranite facies of the Bannach and Redencao pluton
yield ages of 1857 Ma to 1865 Ma, interpreted as being the crystallization ages of the
corresponding samples. These ages are significantly younger in comparison with the ages
of the less evolved facies of the same granites (Fig. 15).

Several authors have performed studies on the different facies of the studied
granites to investigate the mechanisms involved in the generation of these
Paleoproterozoic suites and to understand the evolution of their magmas. In general, it is
admitted that the different magmas derived dominantly by crustal melting of Archean
sources and evolved mostly by fractional crystallization (Dall’Agnol et al., 1999a, b;

2005; Dall’Agnol and Oliveira, 2007; Teixeira et al., 2002; Oliveira, D.C. et al., 2009).
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However, geochemical and mineralogical characteristics indicated that the later
leucogranite facies of the Redengdo and Bannach granites are not derived by fractional
crystallization of the less evolved facies of the same plutons (Oliveira, D.C. et al., 2009;
Almeida et al., 2006; Mesquita et al., submitted). Oliveira, D.C. et al. (2008, 2009)
admitted that the Redencéo and Bannach plutons were formed by two magma pulses: the
first magma pulse ascended by dikes, formed sheeted-like bodies and was fractionated in
situ after emplacement. It generated the less evolved granite facies, including coarse,
even-grained monzogranite with variable modal proportions of biotite and hornblende
and biotite monzogranites; a second magma pulse, composed of a more evolved liquid,
was emplaced towards the center of the plutons and originate the leucogranites. That
hypothesis of evolution in two independent magma pulses was reinforced by recent
mineralogical study (Mesquita et al., submitted) showing that the less evolved dominant
facies of the Bannach pluton crystallized under moderately oxidizing conditions, while
its late leucomonzogranite facies shows high Fe/(Fe+Mg) ratio in whole rock and biotite
and should have crystallized under comparatively lower oxygen fugacity.

The U-Pb SHRIMP younger ages of 1857 Ma to 1865 Ma of zircons of the
leucomonzogranites of Redengdo (DC-120, DCR-42; Fig 10b, d) and Bannach plutons
(ADR 35A; Fig 10f) support the interpretation that the younger leucogranites of these
plutons were generated by independent magma pulses that were late in their magmatic
evolution and reinforce the hypothesis of a distinct origin for those leucogranites,
implying that they should not be related to the dominant less evolved facies of the
respective plutons by fractional crystallization.

In addition, the biotite monzogranite of the Redencdo pluton (DC-111; Fig. 10a),
and the biotite-amphibole monzogranite of Jamon Pluton (PROA-11) also presented
similar younger ages. However, the coarse even-grained biotite monzogranite (DC-111;
Fig. 10a) of Redencdo Pluton presents also an age of 1890 + 6 Ma in zircon and an age
of 1881 + 52 Ma in titanite that approach the dominant crystallization age admitted for
the studied granites. Hence, the meaning of the age of 1867 £ 5 Ma of DC-111 sample
needs to be better investigated. In the same way, the age obtained for the PROA-11
sample of the Jamon Granite is distinct of those of similar facies of the other plutons of
the Jamon Suite and complementary studies are also recommended for that granite.

The Pb-evaporation on zircon ages of the Antdnio Vicente, Rio Xingu and
Mocambo granites (Teixeira et al., 2002) are also situated around 1.86 to 1.87 Ga (Fig.
15). Although, the fact that the analyzed zircons of those granites are mostly metamictic
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and the obtained ages less precise, it is possible that the tin-specialized reduced
leucogranites of the Velho Guilherme Suite could also have a little younger age compared

to the remainder studied granites.

7.15 Ageof 1732 Ma
The leucogranite R-05 of the Antonio Vicente pluton of the Velho Guilherme

Suite displayed two very distinct zircon age populations. Four grains yielded an upper
intercept age of 1882 + 15 Ma, similar to those of the other two samples of the same suite
(Fig. 5¢) and Paleoproterozoic A-type granites of Carajas in general; other four crystals
defined a concordia age of 1732 £ 6 Ma (Fig. 5¢).

As shown in the BSE images (Fig. 3g), the zircons of R-5 leucogranite display
zones with sieve texture indicating that the crystals were affected by intense hydrothermal
processes. There is no register of any magmatic or hydrothermal event at 1720 Ma in the
Carajéas Province so far and the obtained age of 1732 + 8 Ma is difficult to explain. It is
known that zircons of tin-specialized A-type granites of the Amazon craton are affected
by F-rich late- to post-magmatic fluids and commonly they are altered and present porous
aspect and sieved textures (Costi et al., 2009; Nardi et al., 2012; Lamardo et al., 2014). A
similar aspect is presented by the zircon of R-05 leucogranite (Fig. 3g). The isotopic
system of some of these altered zircon grains is disturbed and they are not able to give
confident ages (e.qg, the Pitinga albite granite, Costi et al., 2000, 2009). We can wonder if
the younger age obtained in the R-05 sample is not a consequence of disequilibrium in
the isotopic system. However, the fact that the younger age is concordant (Fig. 5¢) do not
favor the mentioned hypothesis. Alternatively, we can suppose that such age represent a
not yet reported magmatic event in the Xingu Region or could correspond to an isolate

hydrothermal event that allowed the growth of zircons.

7.2 Relevance of the 1.88 Ga magmatic event in the Amazon Craton

The relevance of the 1.88 Ga granite magmatic event in the Carajas Province of
the Amazon Craton is clearly demonstrated by the data presented in this work. However,
magmatic events with that age are not restricted to that province. The 1.88 Ga Orosirian
magmatism is also widespread in other provinces of the Amazon Craton (Supplementary
Table 6; Fig. 16a), as put in evidence by Dall’Agnol et al. (1994, 1999c), Lamardo et al.
(2002, 2005), Santos et al. (2000, 2004), Vasquez et al. (2008), where it is mostly
represented by the Uatum@ volcano-plutonism that constitute a Silicic Large Igneous
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Province (SLIP; Klein et al., 2012; Fraga et al., 2017). This SLIP covers large areas of
the Central Amazonian (Iriri-Xingu and Erepecuru-Trombetas domains) and Tapajds-
Parima provinces and is also locally represented in the Ronddnia-Juruena province
(Dall’Agnol et al., 1994, 1999c¢; Santos et al., 2001, 2004; Bettencourt et al., 2016;
Antonio et al., 2017).

Controversial issues still exist about the meaning and tectonic setting of the
Uatuma volcano-plutonic magmatism (cf. Fraga et al., 2017; Santos et al., 2004; Lamarao
et al., 2005) and the definition of the Iriri Group (cf. Semblano et al., 2016). However, it
IS unquestionable that there is a large igneous province in the Amazon craton aged of ca.
1.88 Ga, and that this province is related to the Uatum& magmatism.

Geochronological data about the Uatuma vulcanism in the Iriri-Xingu Domain,
located in the southern part of the Central Amazonian Province, is presented in
Supplementary Table 6, and the petrographic, geological and metallogenetic aspects of
the volcanic associations were discussed by Juliani and Fernandes (2010), Fernandes et
al. (2011), Roverato et al. (2017), and Cruz et al. (2016). ~1.88 Ga old plutonic rocks with
A-type alkaline affinity, represented by the Rio Dourado Suite, were described in the
extreme south of the domain and in the Santana do Araguaia Domain (Barros et al., 2006,
2011).

In the northern Erepecuru-Trombetas domain of the Central Amazonian Province
and in the Tapajos-Parima Province, near its border with the Central Amazonian
Province, in the southern part of the Guyana Shield, Orosirian units are abundant and
mainly represented by the A-type Iricoumé-Mapuera volcano-plutonic rocks related to
the Uatuma Supergroup (~1.88 Ga; Ferron et al., 2010; Barreto et al., 2013, 2014). The
~1.88 Ga Sdo Gabriel AMCG association (Anaua-Uatuma Domain; Valerio et al., 2018),
and the ~1.90-1.89 Ga calc-alkaline rocks of the Agua Branca Suite, not related and a
little older than the Uatuma units also occur in those provinces (Suppl. Table 6). Finally,
in the Pitinga Tin Province, occur the Madeira Suite (~1.83-1.82 Ga; Costi et al., 2000,
2009; Lenharo et al., 2003; Bastos et al., 2014), that succeed the Uatuma volcano-
plutonism.

The Tapajés Domain corresponds to the southern part of the Tapajos-Parima
Province and it includes one of the main gold provinces of Brazil. The ~1.88-1.87 Ga
Orosirian magmatism in this domain is largely represented by the Iriri group, including
A-type ignimbrites and rhyolites of the Moraes Almeida Formation and similar units and

plutons of the Maloquinha Intrusive Suite (Suppl. Table 6). However, in that area, it
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occurs also a remarkable Orosirian magmatism with calc-alkaline affinity corresponding
to the granitic Parauari Suite (~1.89-1.88 Ga) and Tropas tonalite (~1.90-1.89 Ga). The
dominantly mafic rocks of the Ingarana Suite are also 1.88 Ga old (Santos et al., 2004).

The geochronological data of the ca. 1.88 Ga magmatic units of the Amazon
craton were listed (Supplementary Table 6) and presented in a probability density plot
(Fig. 16b, c, d). It can be seen, a clear concentration of ages and an age peak of all the
selected magmatic rocks at ~1880 Ma. This confirms the relevance and the large spatial
distribution of the 1880 Ma magmatic episode in the Amazon Craton. However, the
geochemical signature and the tectonic setting of the different provinces where these
magmatic rocks occur are quite distinct, as well the dominant ages of their crystalline
basement. The Carajas Province differ of the other provinces because it was stabilized
tectonically at the end of the Archean. The 1.88 Ga Orosirian granitic suites of that
province were formed 1000 to 700 m. y. after the final Archean events, are anorogenic
and the Uatuma volcanism is not significant in it. On the other hand, in the Central
Amazonian and Tapajés-Parima provinces, the 1.88 Ga units were formed short after a
complex Paleoproterozoic evolution and are mostly related to the Uatuma volcano-
plutonic units. The tectonic settings of these domains are still controversial (cf. Santos et
al., 2004; Lamaré&o et al., 2002, 2005; Juliani and Fernandes, 2010; Fraga et al., 2017),
however, we consider that the 1.88 Ga event in the Amazon craton is dominantly
distensional and marks a period of intracontinental magmatism related to the beginning
of the taphrogenesis that affected the Paleoproterozoic supercontinent and would continue
throughout the Mesoproterozoic (Brito Neves, 1999; Lamarao et al., 2005; Fraga et al.,
2017).

It is concluded that an Orosirian 1.88 Ga old magmatic event was remarkable in
the Amazon craton, particularly in the provinces located to the south of the Rhyacian
Transamazonas Province. In the Archean Carajés Province, the Orosirian magmatism is
composed of A-type granites, derived from the partial melting of Archean sources,
whereas in other comparatively younger provinces it has volcanic-plutonic character and
its geochemical signature is variable from calc-alkaline, I-type-like to A-type. According
to Dall’Agnol et al. (2005), there is no geological or geochronological evidence for the
Carajas Granites being related to remote subduction processes. This implies emplacement

of these granites in non-compressional anorogenic settings.
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Fig. 16. a) Geologic map showing the location of the Amazon Craton in South America and its different provinces
(Santos et al. 2004). Probability density plots of geochronologic data on the ~1.88 Ga Orosirian magmatism of the
craton: b) Carajas Province; c) Iriri-Xingu, Erepecuru-Trombetas and Anaua-Uatuma domains and Pitinga Tin Province
of the Central Amazonian and Tapajés-Parima provinces; d) Tapajés Domain of the Tapaj6s-Parima Province. TP=
Tapajés Domain; IX= Iriri-Xingu; ET=Erepecuru-Trombetas; Pit=Pitinga.

7.3 Global magmatism at 1900-1880 Ma

The Paleoproterozoic Era (2500 to 1600 Ma) corresponds to ~20 % of the Earth’s
History. During the period between 2300 Ma and 1500 Ma, it occurred an intense
granitoid activity and three major episodes of granitoid magmatism were identified in
different cratons around the World (Condie et al., 2009). The first, between about 2150
and 2000 Ma, the second between 1950 to 1850 Ma (with a peak at ~1900 Ma) and the
third from 1800 to 1550 Ma. The 1900 Ma episode was identified in primary magmatic
zircons and also in detrital zircons. It is one of the more significant events of granitic
magmatism and is represented in several continents, including South America, and in
different cratons (Condie et al., 2009).
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Dall’ Agnol et al. (2005), following Hoffman (1989) and Windley (1993) models,
proposed that the 1.88 Ga granite magmatic event in the Carajs Province was related to
the beginning of the breakup of a Paleoproterozoic supercontinent (~2.0 Ga). The
upwelling of a mantle superswell developed beneath the stationary supercontinent
induced the uplift of the Amazon craton and was followed by magmatic underplating that
was responsible for melting of the Archean crust and resulting A-type magmas. The
extensional setting is demonstrated by the occurrence of dike swarms contemporaneous
of the granitic magmatism (Dall’Agnol et al., 2005; Silva et al., 2016).

Evidences of mantle plumes active at 1.88 Ga have been found also in other
continents. The Circum-Superior Large Igneous Province of North America, that consists
predominantly of ultramafic-mafic lavas, dikes and sills with minor carbonatite
complexes and felsic components, was interpreted to have formed from a single mantle
plume and the upper mantle was the source of the magmas (Ciborowski et al., 2017). On
the other hand, NW trending tholeiitic dykes in the Bhanupratappur region in the NE
region of the Bastar Craton are 1.88 Ga and contemporaneous and compositionally
correlative with dykes in the southern Bastar Craton and the Dharwar Craton (Shellnutt
et al., in press). Dykes from the Yilgarn Craton (1888 + 9) of Western Australia are also
coeval and it was concluded that the Bastar, Dharwar and Yilgarn Cratons were linked
before 1.88 Ga Craton (Shellnutt et al., in press). Those authors argue that a mantle plume
model for the emplacement of the radiating mafic dyke swarms dykes throughout those
cratons is plausible and admit that the dikes where emplaced during continental break-up.

In their synthesis about the intraplate Proterozoic mafic magmatism in the
Amazon craton, Teixeira et al. (submitted) admitted an interaction between subduction
related processes and mantle plumes with synchronous lithosphere extension during the
formation of the Uatuma SLIP.

It is concluded that a major extensional event related to mantle plume activity was
active in a World scale at 1.88 Ga. This event generate distinct magmatic rocks in
different areas. In the Amazon Craton it was responsible for the origin of the A-type
Orosirian granites of the Carajas Province and for the intermediate to felsic vulcano-

plutonic rocks of the Uatuméa SLIP.

8. Conclusions
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o The Paleoproterozoic A-type granites of Carajas were emplaced between 1880 to
1860 Ma, with the main peak of this magmatism at 1880 Ma. At that time, the Amazon
Craton underwent a major period of crustal extension.

o A little older ages (1900 -1920 Ma) obtained in zircon and titanite crystals may
represent antecrysts from an earlier pulse of magma that were incorporated in the later
pulse of 1880 Ma.

o The leucogranite facies of Reden¢do and Bannach plutons of the Jamon Suite are
younger (1857 to 1865 Ma) than the less evolved facies of the same plutons(1880 Ma)
and represent independent magma pulses that were later in their magmatic evolution.

o The age of 1732 £+ 6 Ma of the leucogranite facies of the Antonio Vicente pluton
could represent a magmatic event in the Xingu Region not yet reported or an isolate
hydrothermal event that allowed the growth of zircons.

o The 1880 Ma magmatic event is remarkable also in other provinces of the Amazon
Craton where it is mostly represented by the Uatumé& SLIP.

o The 1880 Ma event corresponds to a peak in granitic magmatism in the World and
Is coincident in time with several plume related events found in other continents and

cratons.
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Supplementary Table 1.

U-Pb-Th SHRIMP data on zircon of the granites of the Serra dos Carajas Suite

isotopic ratios Ages (Ma)
U Th Th 2%pb 44206 207pb 207pb 206ph error 208pp 205pp 207pb Disc.

spot ppm ppm U ppm % 206pp B35y 28y correl. 232Th 28y 206pp %
ECR-SC-01. Serra dos Carajas Granite. zircon
N1619D.1-1 378 125 034 105 0.009 O0.11527 *£0.50 5.1627 1127 03248 *1.16 0918 0905 *1.49 1813 +18 1884 +9 +4.0
N1619D.1-2 189 77 042 53 019 011447 £0.73 5.1863 230 03286 +2.18 0948 (0928 +2.59 1832 +35 1871 +13 +2.0
N1619D.2-1 1315 395 031 111 0279 0.06883 +£0.99 0.9296 =160 (o980 *126 0784 00308 +£2.04 602 +7 893 + 21 +34.0
N1619D.6-2 242 110 047 68 0.012 0.11588 *£0.59 52479 1138 03285 +1.25 0904 (0947 £297 1831 +20 1893 +11 +4.0
N1619D.7-1 687 321 048 116 0.055 0.10202 +£0.54 27637 1122 0.1965 £1.09 0895 0.0584 +1.4 1156 +12 1873 = 10 +33.0
N1619D.7-2 285 101 036 g1 0000 0.11572 +091 52829 4155 03311 +1.26 0809 0956 +1.67 1844 +20 1874 =16 +3.0
N1619D.8-1 373 76 021 104 0.000 O0.11455 +£0.51 51001 1127 03229 £L.16 0915 o881 *+3.14 1804 +18 1869 +9 +4.0
N1619D.9-1 395 243 064 112 o0 0.11620 =093 52899 149 (33020 *1.16 0778 (0920 *2.59 1839 +19 1898 +17 3
ECR-CG-14A. Cigano granite. zircon
N1619E.3-1 799 81 0.11 202 0.036 0.11395 £0.42 46178 1114 02039 £1.06 0931 0917 *201 1661 +16 1863 +8 +12.0
N1619E.7-1 387 250 0.67 111 0.000 O0.11459 +£047 52840 1124 03344 *1.15 0925 0937 +1.32 1860 +19 1873 +9 +1.0
N1619E.7-2 518 387 077 145 0.111 0.11464 £047 51453 1120 03255 *L.I11 0920 o877 +1.49 1817 +18 1874 +9 +3.0
N1619E.8-1 596 181 031 175 0,014 O0.11580 +0.43 54658 1117 03423 *1.09 0930 (0964 +138 1898 +18 1892 +8 0.0
N1619E.9-1 757 500 0.68 204 0.000 0.11399 *£0.71 49302 4155 03137 +£137 0887 0.0883 +192 1759 4+ 21 1863 +13 +6.0
N1619E.11-1 242 157 067 69 0.100 0.11536 +0.73 52713 4 148 03314 *128 0.868 (919 *1.66 1845 + 21 1885 +13 +2.0
CIG-1 Cigano granite. zircon
N1620D.1-1 467 346 077 131 0.000 0.11494 =£1.08 5.1901 1.51 03275 +£1.05 0.697 0.0912 + 1.30 1826 +17 1879 +19 13-
N1620D.2-1-4 663 473 074 189 0.000 0.11550 =£0.51 52740 =+£2.02 03312 +£196 0967 0.0909 =+ 2.10 1844 +31 1888 =9 +2.7
N1620D.2-2 430 308 0.74 121 0.000 0.11491 =£0.58 5.1707 +1.22 0.3263 +1.07 0.880 0.0920 +£135 1821 +17 1879 £10 435
N1620D.3-1 1092 600 057 308 0.019 O0.11544 =£0.38 52265 +£1.00 03284 =092 0923 0.0921 =*£1.29 1830 =15 1887 7 +3.4
N1620D.7-1 750 490 0.67 215 0000 O0-11485 £043 52141 =£1.07 03293 +097 0913 0.0908 = 1.18 1835 +16 1878 +8 5¢




Supplementary Table 2. U-Pb-Th SHRIMP data on zircon of the granites of the Velho Guilherme Suite

isotopic ratios Ages (Ma)
U Th Th 200Pb  4f206 207pb 207pb 206ph error 208pp 206pp 207pp Disc.

spot ppm ppm U ppm % 206pp 25U 28y correl. 22Th 28U 206pp %
L-42 - Velho Guilherme Granite. zircon
N1635G.7-1 (core) 93 55 0.61 27 0.000 0.11517 +0.89 52977 =+1.67 0.3336 +142 0.848 0.0967 +1.89 1856 +£23 1883 16 1.6
N1635G.7-2 (rim) 294 202 0.71 80 0.032 0.11500 +0.49 5.0104 +1.43 03160 *1.35 0.940 0.0874 +1.68 1770 +£21 1880 +£9 6.7
N1635G.7-3 110 59 0.56 31 0.113 0.11419 +0.89 5.1621 +1.83 0.3279 +160 0.875 0.0903 +2.35 1828 +25 1867 16 24
N1635G.8-1 334 197 0.61 95 0.022 0.11486 +0.46 52328 +1.41 0.3304 £1.33 0.945 0.0921 +1.85 1840 +£21 1878 +£8 23
N1635G.2-1 199 126 0.65 55 0.034 0.11509 +0.58 5.0815 +1.98 0.3202 +1.89 0.956 0.0894 +2.07 1791 +£30 1881 +11 5.5
N1635G.2-2 193 135 0.73 53 0.201 0.11442 +0.73 5.0879 +1.66 0.3225 +£1.49 0.898 0.0923 +456 1802 +£23 1871 13 4.2
N1635G.5-1 387 283 0.76 108 0.023 0.11569 +0.42 52052 +£1.70 03263 +£165 0970 0.0900 +2.10 1820 +26 1891 +£7 43
N1635G.5-2 196 139 0.74 57 0.077 0.11559 +0.69 54135 +149 0.3397 +£1.32 0.884 0.0978 +2.34 1885 +£22 1889 13 0.2
N1635G.7-5 136 69 0.52 39 0.000 0.11574 +0.73 52981 +1.48 0.3320 +1.29 0.871 0.0970 +1.87 1848 +21 1891 +13 2.6
R-10 - Antonio Vicente Granite. zircon
N1634A.6-1 781 563 0.74 219 0.037 0.11483 +0.45 5.1775 +1.43 03270 £135 0.949 0.0924 +£150 1824 21 1877 +8 3.3
N1634A.6-2 64 80 1.30 18 0.000 0.11628 +1.49 52950 +2.89 0.3303 +248 0.857 0.0971 +3.25 1840 +£40 1900 +27 3.6
N1634A.6-3 665 189 0.29 184  0.041 0.11435 +0.50 5.0764 +£1.46 03220 =+1.37 0.939 0.0905 *+244 1799 +£21 1870 +£9 43
N1634A.6-4 409 232 0.59 111 0.161 0.11634 +1.53 5.0749 +258 0.3164 +£2.08 0.806 0.0932 +297 1772 +£32 1901 +27 7.7
N1634A.4-1 683 378 0.57 122 0.265 0.11395 +0.74 32641 +3.33 0.2077 £325 0.975 0.0825 *+4.24 1217 +£36 1863 13 38.0
N1634A.3-1 512 364 0.73 132 0.144 0.11519 +0.84 4.7682 +1.69 03002 +146 0.866 0.0945 +£2.16 1692 +£22 1883 +15 115
N1634A.8-1 684 516 0.78 198 0.000 0.11408 +0.53 52950 +1.84 0.3366 +1.76 0.958 0.0942 +1.90 1870 +£29 1865 +10 -0.3
N1634A.6-5 114 58 0.52 33 0.085 0.11472 +0.84 53866 +2.16 0.3405 +1.99 0.922 0.0971 +2.39 1889 +33 1875 +15 -0.8
N1634A.2-1 649 471 0.75 184  0.033 0.11475 +£0.33 5.2303 +£1.65 03306 =*1.62 0.980 0.0966 +1.68 1841 +26 1876 +6 2.1
N1634A.2-2 90 46 0.53 26 0.095 0.11420 +0.88 5.3697 +1.67 0.3410 +1.41 0.848 0.0943 +2.62 1892 +£23 1867 +16 -1.5
R-5 - Antbnio Vicente Granite. zircon
N1635F.1-1 376 261 0.72 72 0.101 0.11360 +0.56 3.5054 +4.92 0.2238 +4.89 0.993 0.066 +5.16 1302 +58 1858 +10 33.0
N1635F.2-1 5908 459 0.79 163 0.123 0.11436 +0.72 5.0010 +1.71 0.3172 +156 0.908 0.091 +1.82 1776 +24 1870 +13 5.7
N1635F.2-2 298 226 0.78 77 0.055 0.10541 +0.60 4.3463 +1.52 0.2990 +1.40 0.920 0.085 +1.68 1687 +21 1721 +11 23
N1635F.2-3 490 320 0.67 134 0.198 0.11520 +0.49 50452 +1.20 0.3176 +1.10 0.913 0.097 +1.29 1778 +17 1883 +9 6.4
N1635F.2-4 272 208 0.79 70 0.062 0.10558 +0.58 4.3492 +1.29 0.2988 +1.15 0.892 0.087 +1.35 1685 +17 1724 +11 26
N1635F.3-1 138 108 0.81 39 0.090 0.11501 +0.85 5.2758 +1.80 0.3327 +1.58 0.880 0.093 +210 1851 +25 1880 +15 1.7
N1635F.4-1 133 79 0.62 55 0.580 0.10833 +1.22 7.1583 +4.49 0.4792 +4.32 0.962 0.095 +6.16 2524 +90 1772 +22 -515
N1635F.6-1 2210 441 021 571 0.028 0.10589 +0.22 4.3929 +1.43 0.3009 +1.41 0.988 0.085 +1.57 1696 +21 1730 +=4 2.2
N1635F.6-2 1679 332 0.20 429 0.025 0.10609 +0.22 43542 +1.27 0.2977 +1.25 0.985 0.085 +1.35 1680 +18 1733 4 3.5




Supplementary Table 3. U-Pb-Th SHRIMP data on zircon and titanite of the granites of the Jamon Suite.

isotopic ratios Ages (Ma)
U Th Th 20pp 4206 207pPb 207pPb 206pb error 208pb 206pb 207Pb Disc.
spot ppm ppm U  ppm % 206ph 235y 238y correl. 232Th 238y 206ph %

PROA-11. Jamon granite zircon
N17-26E.1-1 55 52 0.98 16 0.053 0.11259 £ 127 5.3757 =+ 253 0.3463 +2.19 0.866  0.0979 =265 1917 =36 1842 *23 -4.7
N17-26E.3-1 49 30 0.63 14 0.060 0.11354 =+ 135 52286 + 2.62 0.3340 =+2.25 0.857 0.0916 +299 1858 *36 1857 *24 -0.1
N17-26E.4B-1 47 33 0.72 14 0.000 0.11364 =+ 130 5.2894 =+ 262 0.3376 +2.27 0.869 0.0963 =286 1875 *£37 1858 %23 -1.0
N17-26E.5-1 33 23 0.70 10 0.099 0.11727 =+ 179 56019 =+ 326 0.3465 =+2.72 0.835 0.1008 +3.66 1918 45 1915 *32 -0.2
N17-26E.6-1 58 38 0.68 17 0.058 0.11401 =+ 133 54836 <+ 257 0.3488 219 0.855 0.0987 =286 1929 36 1864 *24 -4.0
N17-26E.7-1 48 38 0.83 14 0.126 0.11301 =+ 148 53076 =+ 273 0.3406 +2.29 0.839 0.0946 +3.13 1890 *£37 1848 *27 -26
N17-26E.8-1 47 35 0.77 13 0.000 0.11377 =+ 134 52902 + 266 0.3372 230 0.864 0.0945 +3.07 1873 +£37 1860 *24 -0.8
N17-26E.3-2 335 202 0.62 94 0.761 0.11385 =+ 2.18 5.1474 + 325 0.3279 *241 0.742 0.0931 =*+4.74 1828 +38 1862 +39 2.1
KM-144. Musa granite. zircon
N1620B.1-1 329 229 0.72 100 0.070 0.11408 +0.48 56158 +1.48 0.3570 =+1.40 0945  0.0965 *£2.60 1956 +£24 1865 +9 -5.6
N1620B.1-2 256 281 1.13 75 0.019 0.11501 +0.51 54202 +£1.52 03418 +143 0941 0.0943 +155 1895 +24 18380 +9 -09
N1620B.2-1 154 110 0.74 45 0.121 0.11477 +0.72 53692 +£1.70 03393 +1.54 0905 0.0936 +1.82 1883 +25 1876 =13 -0.4
N1620B.2-2 417 224 056 118 0.000 0.11496 +0.78 52081 +£3.55 0.3286 +3.46 0975 0.0925 +£7.63 1831 +55 1879 +14 +29
N1620B.7-1 588 418 0.73 130 0.048 0.11187 0.44 39562 +139 02565 =£1.32 0949  0.0732 +£1.70 1472 +17 1830 +8 +21.9
N1620B.8-1 498 220 046 141 0.058 0.11397 +045 51778 +£1.62 0.3295 =+1.56 0961  0.0935 +1.83 1836 +25 1864 +8 +1.7
N1620B.11-1 410 370 093 115 0.069 0.11459 +0.45 5.1838 +1.44 0.3281 +1.37 0948  0.0924 +2.07 1829 +22 1873 +8 +2.7
KM-144. Musa granite. titanite
1620C.2-1 85 296 3.61 26 0.826 0.11260 +1.83 55122 +£224 03551 +130 0.580 0.1013 +2.16 1959 +22 1842 +33 -74
N1620C.3-2 79 459 596 24 1.077 0.11561 +2.03 55676 +£242 0.3493 +1.32 0.547  0.0995 +£1.72 1931 +22 1889 +36 -2.6
N1620C.4-1 71 269 391 21 1.007 0.11469 +1.98 55142 +£2.38 0.3487 +1.32 0.554  0.0994 +1.81 1928 +£22 1875 +36 -3.3
N1620C.4-2 78 394 524 23 0.772 0.11606 +1.69 5.6090 +£2.12 03505 +1.28 0.603  0.0977 +£1.67 1937 +£21 1896 +30 -2.5
N1620C.4-3 105 441 434 31 0.565 0.11470 +1.44 54183 +£1.89 0.3426 +1.23 0.650  0.0984 +1.60 1899 +£20 1875 +26 -1.5
CREMU-37A. Musa granite. zircon
NI1620E.1-1 53 43 0.84 16 0.099 0.11600 +1.27 5.7362 +£241 03586 +2.04 0.848  0.0978 +£2.61 1976 +35 1895 =13 -49
N1620E.1-2 121 64 0.55 36 0.019 0.11614 +0.73 5.5663 +£1.76 0.3476 +1.60 0909  0.0988 +£2.13 1923 +£27 1898 +13 -1.5
N1620E.2-1 72 68 097 22 0.106 0.11471 +1.09 5.5486 +£2.16 0.3508 +1.87 0.864  0.0941 +4.95 1939 +£31 1875 +£20 -39
N1620E.3-1 107 66 0.63 31 0.047 0.11438 +0.92 52843 +£190 0.3351 =+1.65 0.873  0.0916 +2.94 1863 +27 1870 +£17 0.5
N1620E.4-1 263 211 0.83 75 0.050 0.11390 +0.55 5.2378 £1.80 03335 +1.71 0952  0.0942 +2.23 1855 +28 1862 =10 04
N1620E.7-1 96 84 090 29 0.459 0.11572 +1.16 5.6659 +£2.07 03551 +1.72 0.830  0.1018 +£2.19 1959 +£29 1891 +21 42
N1620E.7-2 234 180 0.80 77 0.022 0.11235 +£0.79 59509 +1.83 0.3841 +1.65 0.901 0.1053 +£2.39 2096 +30 1838 +14 -164
N1620E.8-1 406 210 0.53 121 0.053 0.11546 +0.42 55032 +£143 03457 +£1.37 0955 0.0965 +£1.52 1914 +23 1887 +8 -1.7




Supplementary Table 3. (continued)

isotopic ratios Ages (Ma)
U Th  Th 206pfy 4£208 207pp 207pp 206pp error 208pp 206pp 207pp Disc.

spot ppm ppm U ppm % 206ppy 235 238 correl. 232Th 238 206pp %
CREMU-37A4. Musa granite. titanite
N1620F.5-1 192 453 244 56 0.268 0.11496 +0.85 54092 +£1.99 03413 =£1.80 0.905 0.096¢4 +£2.00 1893 +£30 1879 =+15 -0.8
N1620F.3-1 164 551 3.48 50 0.381 0.11572 £0.95 5.6671 +2.06 03552 £1.82 0.885 0.1003 +£2.00 1959 +31 1891 +17 -42
N1620F.4-1 199 716 3.72 58 0.542 0.11828  £1.11 5.5237  +£2.12 03387 +1.81 0.853 0.0961 +£1.97 1880 +£30 1930 +20 3.0
N1620F.2-1 232 706 3.14 68 0.609 0.11416  +1.04 53521 +2.07 03400 =£1.79 0.864 0.0968 +£1.97 1887 +£29 1867 +£19 -1.2
NI1620F.1-1 158 630 4.12 47 0.605 0.11461 +1.12 54315 +2.13 03437 =£1.82 0.851 0.0959 +£198 1905 +£30 1874 +20 -1.9
NI1620F.1-2 95 287 3.12 28 0.806 0.11750 +1.55 54704 +244 03377 +£1.89 0.772 0.1031 +£2.18 1875 +£31 1919 +£28 2.6
KM-77A. Musa granite. zircon
1620H.5-1 357 222 0.64 101 0.000 0.11349 +0.64 51499 +254 03291 +2.46 0.968 0.0889 +2.63 1834 +39 1856 +12 1.4
1620H.5-2 234 171 0.76 51 0.027 0.11739 +0.88 4.1362 +153 0.2556 +1.26 0.820 0.0535 +1.84 1467 16 1917 %16 26.2
1620H.5-3 230 180 0.81 67 0.067 0.11470 +0.84 53310 +148 0.3371 +122 0.824 0.0923 +1.65 1873 20 1875 15 0.2
1620H.5-4 352 246 0.72 92 0.306 0.11416 +1.40 48068 +1.78 0.3054 +1.10 0.620 0.0958 +1.95 1718 +17 1867 25 9.1
N1620H.3-1 461 320 0.72 62 0.000 0.11560 + 0.71 25055 +253 0.1572 +243 0.960 0.0463 +261 941 +21 1889 +13 538
N1620H.3-2 197 164 0.86 55 0.000 0.11589 +0.87 51744 +£154 0.3238 +1.28 0.827 0.0922 +169 1808 *+20 1894 +16 5.2
N1620H.3-3 255 156 0.63 73 0.041 0.11569 + 0.78 52932 +1.43 03318 +1.20 0.838 0.0911 +1.66 1847 +19 1891 +14 26
N1620H.2-1 863 824 0.99 95 0.174 0.08227 +1.98 1.4545 +2.89 01282 +£210 0.729 0.0366 +228 778 15 1252 +39 40.2
KM-77A. Musa granite. titanite
16201.3-1 49 279 5.92 15 1905 0.11248 +3.23 55350 +3.77 0359 194 0.516 0.0998 +2.38 1967 £33 1840 =59 -8.0
16201.3-2 57 265 4.82 18 1189 0.11518 £2.98 5.9941 +352 03774 +1.88 0.534 0.1057 +2.30 2064 +33 1883 =54 -11.3
16201.1-1 61 340 5.76 20 1336  0.11384 +247 59607 +3.10 03798 *1.86 0.602 0.1039 +294 2075 £33 1862 +45 -134
N16201.2-1 53 262 5.15 18 1261 0.11331 +255 6.2332 +3.19 03990 +1.91 0.598 0.1094 +2.34 2164 +35 1853 +46 -19.8
DC-111. Redengdo. zircon
N1619F.1-1 466 234 0.52 134 0.061 0.11447 +0.52 52863 +£1.27 0.3349 116 0.912 0.0919 +143 1862 =19 1872 9 0.6
N1619F.2-1 553 472 0.88 156 0.031 0.11409 +0.56 51711 +1.28 0.3287 +1.16 0.901 0.0915 +£135 1832 18 1866 +10 2.1
N1619F.5-1 481 234 050 135 0017 011561 +0.49 52254 +235 03278 +230 0978 00965 +242 1828 +37 1889 +9 37
N1619F.7-1 529 243 047 149 -0.015 0.11564 +0.46 52394 +123 03286 114 0.928 0.0922 +1.36 1832 18 1890 8 35
N1619F.8-1 449 244 0.56 130 0.116 0.11411 +0.57 53169 +£1.30 0.3379 +1.17 0.898 0.0947 +1.47 1877 19 1866 =+10 -0.7
N1619F.9-1 560 551 1.02 159 0.056 0.11417 +050 52156 +1.89 0.3313 +1.83 0.964 0.0905 +2.10 1845 +29 1867 *+9 1.4




Supplementary Table 3. (continued)

isotopic ratios Ages (Ma)
U Th Th 2%Pb 44206 207pb 207pb 205pp error 208pp 205pp 207pp Disc.
spot ppm ppm U  ppm % 206pp 235y 28y correl. 232Th B8y 206pp %
DC-111. Redenco. Titanite
N1619G.1-1 502 293 0.60 142 1127  0.11897 +2.25 54003 +3.04 0.3292 *204 0.671 0.8618 +2.49 1835 £33 1941 *40 6.3
N1619G.1-2 130 455 3.63 36 1359 0.11808 +2.38 52852 +3.37 0.3246 £2.39 0.708 0.0246 +3.89 1812 *£38 1927 =43 6.8
N1619G.1-3 105 532 523 32 1254 011349 +1.36 55308 +3.07 0.3534 +2.36 0.769 0.0122 +4.17 1951 *40 185 =35 -5.9
N1619G.1-4 391 293 0.77 116  0.737  0.11860 +1.77 5.6426 +2.69 0.3451 +2.02 0.752 05489 +244 1911 £33 1935 =32 14
N1619G.2-1 47 224 493 14 2281 0.11504 +3.86 53742 +4.90 0.3388 +3.02 0.616 0.0149 +6.43 18381 +49 1881 =70 0.0
N1619G.2-2 97 197 210 28 1.940 0.12500 +3.15 5.7790 +4.08 0.3353 +2.59 0.636 0.0746 +3.96 1864 +42 2029 56 9.3

DC-120. Redencdo. zircon
N1635E.3-1-3 504 394 0.81 146 0.000 0.11364 +0.41 52815 170 0.3371 =+1.65 0.970 0.0947 +£1.77 1873 +27 1858 +7 -0.9

N1635E.3-2 485 392 0.83 137 0.040 0.11367 +0.39 5.1664 +135 0.3296 =+1.29 0.957 0.0906 +1.38 1837 +£21 1859 +7 14
N1635E.4-1 638 482 0.78 180 -0.004 0.11429 +0.32 5.1660 +1.31 0.3278 =+1.27 0.969 0.0908 +139 1828 +20 1869 =+6 25
1635E.2-1-5 605 367 0.63 150 0.000 0.11224 +0.44 4.4677 +1.43 0.2887 +£1.36 0.952 0.0875 +1.92 1635 +£20 1836 +8 124
1635E.2-2 160 85 055 44 0.000  0.11443 +£0.77 5.0594 +1.75 0.3207 +1.57 0.899 0.0902 +265 1793 +25 1871 +14 48
1635E.1-1 295 260 091 73 0.022  0.11439 +0.56 45697 +151 0.2897 =+1.40 0.929 0.0889 +1.70 1640 +20 1870 +£10 13.9
1635E.1-2 570 262 0.48 157 0.005 0.11416 +0.38 5.0405 +1.69 0.3202 =+1.64 0.975 0.0918 +182 1791 +26 1867 +7 47
DCR-42 - Redengdo. zircon

N1634B.4-1 329 202 064 96 -0.034  0.11466 +051 53577 +1.27 03389 +1.17 0918 0.0968 +138 1881 +19 1875 +9 -04
N1634B.6-1 324 294 094 97 0.114491 +0.52 54889 +1.28 03477 +1.17 0.912 0.0977 +133 1924 +19 1872 +9 -32
N1634B.1-1 244 166 0.70 70 0.175 0.113861 +0.69 52411 +1.90 03338 +1.76 0.931 0.0966 +2.00 1857 +28 1862 +12 0.3
N1634B.2-1 60 44 0.76 15 0367 0.111273 +1.64 4.5617 +237 02973 +1.71 0.723 0.0985 +11.64 1678 +25 1820 +30 8.9

N1634B.5-1 115 122 1.09 28 0.563 0.114753 +1.30 4.4646 +236 0.2822 *1.97 0.835 0.0934 +2.83 1602 +28 1876 +23 16.5




Supplementary Table 3. (continued)

isotopic ratios Ages (Ma)
U Th Th 206pp 44206 207pp 207pp 206pp error 208pp 206pp 207pp Disc.
spot ppm ppm U ppm % 206pp 25y 28y correl. 232Th 238y 206pp %
ADR-136I - Bannach. zircon
1634E.1-1 232 151 0.67 66 0.073  0.11420 +0.62 52065 +1.57 03307 +1.44 0.919 0.0936 +1.81 1842 +23 1867 =11 1.6
N1634E.1-2 259 132 0.53 76 0.063  0.11369 +0.53 5.3454 +£1.64 03410 155 0.945 0.0972 +1.76 1892 +25 1859 +10 -2.0
N1634E.4-1 132 109 0.86 38 0.175 0.11506 +0.82 53822 +153 03393 +£1.30 0.845 0.0963 +2.12 1883 +21 1881 =15 -0.1
N1634E.4-2 71 67 0.98 19 0.096 0.11515 +1.04 49748 +1.81 0.3133 +1.49 0.819 0.0828 +297 1757 +23 1882 +19 7.6
N1634E.4-3 171 74 045 46 0.112  0.11502 +0.69 49748 +209 03137 +1.97 0.943 0.0806 +236 1759 =30 1880 +12 74
1634E.7-1.1 120 57 049 34 0.105 0.11552 +0.84 53067 =+£1.80 03332 +1.60 0.886 0.0931 +237 1854 +£26 1888 +15 2.1
1634E.7-1 120 57 049 34 0.000 0.11651 +0.75 53586 =+£1.76 03336 +1.60 0.905 0.0948 +224 1856 +£26 1903 +13 29
N1634E.8-1 301 194 0.67 88 0.022  0.11504 +0.46 53936 =+1.81 03400 =+1.75 0.967 0.0985 +2.24 1887 +29 1881 *£8 -0.4
1634E.9-1 347 90 0.27 98 0.054 0.11467 +045 51726 +1.44 03271 +1.37 0.950 0.0860 +1.98 1825 +22 1875 +£8 3.
1634E.10-1 231 202 0.90 65 0.044  0.11699 +0.57 52863 +232 03277 225 0.970 0.0916 +246 1827 +36 1911 +10 5.0
1634E.10-2 202 107 0.55 58 0.051  0.11511 +0.62 53506 +1.92 03371 +1.82 0.946 0.0938 +2.20 1873 +30 1882 +11 0.5
1634E.10-2-5 203 107 0.55 59 0.048 0.11488 +0.68 54019 =+1.68 03410 =*1.54 0.914 0.0942 +2.06 1892 =+£25 1878 +12 -0.8
1634E.10-3 257 141 0.57 73 0.061 0.11402 +0.62 52330 154 03329 +1.42 0.917 0.0920 +1.79 1852 +23 1864 =+11 0.8
ADR-354 - Bannach. zircon
1635A.1-1 24 46 2.02 7 0.000 0.11165 +1.81 5.1321 +459 03334 +4.22 0.919 0.0923 +4.72 1855 +68 1826 +33 -1.8
1635A.2-1 33 36 1.12 9 0.100  0.11737 +1.79 5.1942 +£298 03210 +2.39 0.800 0.0933 +354 1795 +£37 1916 +32 73
1635A.3-1 28 52 193 7 0.344  0.11539 +2.36 4.4249 +343 02781 250 0.727 0.0817 +3.29 1582 +35 1886 =+42 182
N1635A.4-2 129 139 1.12 38 0.098  0.11391 +0.91 54545 =£1.67 03473 +1.40 0.839 0.1004 +1.78 1922 +23 1863 =16 -3.7
N1635A.4-1 268 397 1.53 77 0.048  0.11336 +0.51 52501 +1.46 03359 +1.37 0.938 0.0934 +146 1867 +22 1854 £9 -0.8
1635A.5-1 297 68 0.24 83 0.010  0.11360 +0.52 5.0902 +151 0.3250 +1.4I1 0.938 0.0881 +2.11 1814 +22 1858 =9 2.7
1635A.5-2 136 223 1.69 37 -0.020 0.11592 +0.74 5.1271 +1.75 0.3208 +1.58 0.906 0.0878 +1.83 1793 +25 1894 +13 6.1
1635A.8-1 59 74 130 16 0.149  0.11329 +1.35 49772 +236 03186 +1.94 0.822 0.0889 +2.77 1783 +30 1853 +24 43
1635A.9-1 127 94 0.77 36 0.000 0.11399 +0.79 5.1749 =£1.79 03292 =+1.61 0.899 0.0896 +2.10 1835 +26 1864 =14 1.8
NI1635A.9-2 115 86 0.77 34 0.126  0.11367 +0.86 5.3987 +240 03445 +2.24 0.934 0.0972 +£2.50 1908 +37 1859 =16 -3.1
N1635A.11-1 107 83 0.80 31 0.190 0.11329 +097 52150 +1.71 03339 +141 0.824 0.0954 +£1.86 1857 +23 1853 +17 -0.3




Supplementary Table 4. U-Pb-Th SHRIMP data on zircon of the Seringa Granite

isotopic ratios Ages (Ma)
U Th  Th 206pfy 4206 207pp 207pp 206pp error 208ppy 206ppy 207pp Disc.
spot ppm ppm U ppm % 206pp 25y 28y correl. 232Th 28y 206pp %
AC-45. Seringa. zircon
N16-26A.1-1 700 349 0.52 210 0.000 0.11497 +0.37 55329 +131 0.3490 +1.25 0.959 0.09595 +153 1930 +21 1879 +7 -31
N16-26A.1-2 1é7 571 0.50 336 0.000 0.11495 +0.31 52696 +1.25 03325 +1.21 0.969 0.09321 +132 1850 +20 1879 +6 1.8
N16-26A.5-1 871 259 0.31 251 0.11471 +£035 52999 +129 0331 =125 0.962 0.09385 +146 1863 +20 1875 <6 0.8
N16-26A.5-2 58 30 054 17 0.388 0.11778 +1.97 55406 +2.87 0.3412 +2.09 0.728 0.09310 +5.32 1892 +34 1923 +35 18
N16-26A.5-3 40 20 051 11 0.000 0.11863 +1.62 54065 +3.21 0.3305 +2.77 0.863 0.09031 +3.74 1841 +44 1936 +29 56
N16-26A.6-1 700 401 0.59 200 0.000 0.11500 +0.40 5.2704 +1.33 0.3324 +1.26 0.954 0.09284 +140 1850 +20 1880 +7 1.8
N16-26A.6-2 144 96 0.69 42 0.000 0.11718 +0.88 54817 +1.80 0.3393 +1.57 0.873 0.09583 +2.10 1883 +26 1914 +16 1.8
N1626A.5-4 625 483 0.80 180 0.000 0.11556 +0.34 53420 +131 0.3353 +1.27 0.967 0.09398 +1.34 1864 +21 1889 +6 15
N1626A.8-1 (core) 225 132 0.60 65 0.081 0.11419 +0.61 52643 +153 0.3344 +1.40 0.916 0.09459 +1.71 1859 +23 1867 +11 0.5
N1626A.8-2 (rim) 88 43 0.51 26 0.094 0.11419 +1.02 54240 +1.98 0.3445 +1.71 0.859 0.09606 +2.38 1908 +28 1867 +18 -25
N1626A.10-1 261 194 0.77 78 0.000 0.11475 +£0.57 54754 +£151 0.3461 £1.40 0.925 0.09664 +160 1916 +23 1876 *+10 -24
AC-59. Seringa. zircon
N1626H.1-1 585 242 043 160 0.187 0.11453 +£051 5.0210 =151 03180 +1.42 0.941 0.0913 +1.71 1780 +22 1872 9 5.7
N1626H.2-1 385 293 0.79 112 0.041 0.11587 £0.92 54187 =*+1.72 03392 +1.46 0.846 0.0948 +1.63 1883 24 1893 +16 0.7
N1626H.2-2 556 304 0.57 157 0.073  0.11435 +048 51887 +£1.48 0.3291 £1.40 0.946 0.0887 +159 1834 +22 1870 9 2.2
N1626H.3-1 452 376 0.86 130 -0.036 0.11471 +051 52806 +152 0.3339 +1.43 0.942 0.0929 +157 1857 +23 1875 +9 11
N1626H.4-1 747 621 0.86 207 0.016 0.11626 +0.69 5.1694 +£153 0.3225 £1.37 0.894 0.0893 +1.62 1802 +22 1900 =12 59
N1626H.5-1 386 240 0.64 103 0.212 0.11625 £0.70 49967 =*=1.63 0.3117 +1.47 0.902 0.0891 +£190 1749 +22 1899 +13 9.0
N1626H.6-1 128 98 0.79 37 0.065 0.11430 +£0.83 53854 =*+1.76 0.3417 =156 0.884 0.0972 +£1.88 1895 26 1869 15 -16
N1626H.8-1 460 218 0.49 134 0.077 0.11374 +£0.44 53175 +£137 03391 £1.30 0.947 0.0941 +1.49 1882 21 1860 +8 -14
N1626H.8-2 687 480 0.72 198 0.000 0.11467 +0.33 53084 +1.31 0.3358 +1.26 0.968 0.0937 +1.38 1866 +20 1875 +6 05
N1626H.8-3 76 33 045 22 0.203 0.11444 +£116 53297 +211 03378 +1.76 0.834 0.0907 +353 1876 +29 1871 +21 -0.3




Supplementary Table 4. (continued)

isotopic ratios Ages (Ma)
U Th Th 206pp 44206 207pp 207pp 206pp error 208pp 206pp 207pp Disc.
spot ppm ppm U ppm % 206pp B35y 238y correl. 232Th 238y 206pp %
AC-85. Seringa. zircon
1626B5-1 34 16 048 10 -0.082  0.11614 +256 53491 +352 0.3340 *242 0.687 0.0942 +421 1858 +£39 1898 *46 24
1626B5-2 57 33 0.59 16 0.000 0.11425 +1.16 51757 +£235 0.3286 +2.05 0.870 0.0914 +3.01 1831 +33 1868 +21 22
1626B.4-1 37 17 047 10 0.153  0.11456 +1.67 50388 +£292 03190 =*2.39 0.819 0.0840 +438 1785 +£37 1873 +£30 54
1626B3-1 360 338 0.97 101 0.129 0.11473 +053 51461 +148 03253 +1.39 0.935 0.0890 +1.65 1816 +22 1876 =+9 3.7
1626B3-2 48 26 0.56 14 0.057 0.11586 +132 53093 +250 0.3324 212 0.849 0.0906 +3.39 1850 +34 1893 +24 2.6
1626B8-1 541 343 0.66 150 0.025 0.11566 +0.60 5.1562 +147 03233 =134 0.912 0.0894 +1.55 1806 +21 1890 +11 5.1
1626B11-1 589 610 1.07 161 0.161 0.11585 +0.42 50831 +140 03182 +1.34 0.954 0.0880 +1.46 1781 +21 1893 +8 6.8
1626B4-2 420 319 0.78 116 0.018 0.11613 +051 51615 +147 0.3224 +1.38 0.939 0.0916 +1.62 1801 +22 1897 +9 538
AC-42. Seringa. zircon
N1620G.2-1 992 375 0.39 162 0.000 0.10505 +1.13 27481 +157 01897 +1.08 0.692 0.0546 +1.78 1120 +11 1715 +21 378
N1620G.2-2 1110 487 0.45 263 0.000 0.11133 +0.32 42407 +110 0.2763 +1.05 0.955 0.0803 +1.19 1573 +15 1821 +6 154
N1620G.3-1 819 318 0.40 208 0.000 0.11201 +0.39 45733 +£1.17 0.2961 =*1.11 0.945 0.0833 +1.28 1672 16 1832 7 9.9
N1620G.6-1 638 359 0.58 176 0.255 0.11384 +051 50332 =+213 0.3207 +2.07 0.971 0.1073 +236 1793 +£32 1862 +9 4.2
N1620G.6-2 453 328 0.75 112 0.264 0.11288 +0.64 44894 +131 0.2884 +1.14 0.870 0.0684 +152 1634 +16 1846 +12 13.0
N1620G.6-3 527 208 0.41 127 0.157 0.11328 +0.57 43912 +159 0.2811 +1.48 0.933 0.0490 +254 1597 +£21 1853 10 156
N1620G.6-4 843 334 041 162 0.007 0.10735 +2.32 33077 +£884 0.2235 +853 0.965 0.0637 +9.92 1300 100 1755 +42 28.6

N1620G.6-5 741 351 0.49 203 0.151 0.11463 +0.50 50303 +1.20 0.3183 +£1.09 0.909 0.0925 +137 1781 +17 1874 +9 57




Supplementary Table 5. U-Pb-Th SHRIMP data on zircon of the Sdo Jodo Granite

isotopic ratios Ages (Ma)
U Th Th  2%pb 44206 207pp 207pp 206pp error 208pp 206pp 207pp Disc.

spot ppm ppm U ppm % 206pp B35y 28y correl. 232Th 28y 206pp %
PC-03B. Sdo Jodo granite. zircon
NI1626F.6-1 398 274 0.71 114 0.020 0.116734 =132 53870 £237 03347 =+£1.97 0.831 0.0964 +£2.11 1861 +£32 1907 +£24 238
NI1626F.5-1 413 173 043 116 0.039  0.114342 +0.44 5.1575 =147 03271 =+1.40 0.954 0.0905 +£2.23 1824 +22 1870 +8 238
N1626F.5-2 123 88 0.74 35 0.045 0.113683 +£0.82 52737 +£1.83 03364 <£1.64 0.895 0.0921 +2.16 1870 +27 1859 =+£15 -0.6
N1626F.3-1 352 166 0.49 99 0.023  0.113869 +0.48 5.1531 +£149 03282 =141 0.948 0.0927 +1.78 1830 +22 1862 +9 2.0
N1626F .4-1 418 220 0.54 106 03890 0.114247 +£0.65 46361 +1.54 0.2943 =£1.39 0.907 0.0746 +2.58 1663 +20 1868 +12 124
N1626F.4-2 367 255 0.72 104 0.048 0.11428 +046 52017 =+1.78 03301 =+1.72 0.967 0.0902 +1.92 1839 +27 1869 +8 1.8
N1626F.9-1 188 99 0.54 52 0.143  0.116087 +0.75 5.1392 +1.74 0.3211 =*+1.56 0.900 0.0892 +£2.16 1795 +£24 1897 +14 6.1
N1626F1-1 658 404 0.63 187  -0.009 0.115638 *0.35 52746 141 03308 +136 0969 0.0922 *151 1842 +22 1890 +6 2.9
PC-21. Sao Jodo granite. zircon
N16-26C.1-1 305 221 0.75 87 0.000 0.11533  +£0.67 53055 + 1.58 0.3337 =+1.44 0.907 0.0916 +£1.70 1856 +£23 1885 =+£12 1.8
N16-26C.1-2 867 334 0.40 249 0.000 0.11460 +0.42 52800 +1.34 03342 =+1.27 0.948 0.0943 +£1.49 1859 +20 1874 +8 0.9
N16-26C.2-1 78 42 055 23 0.000 0.11410 +£1.19 52916 +2.64 03364 +236 0.894 0.0915 +3.81 1869 +38 1866 =+21 -0.2
N16-26C.2-2 303 215 0.73 85 0.034 0.11556  +£0.61 52242 157 03279 =£1.45 0.922 0.0950 +£2.00 1828 +£23 1889 =+£11 3.7
N16-26C.2-3 395 110 0.29 109 0.064 0.11546  +£0.54 5.0921 +£1.43 03199 =£1.33 0.927 0.1130 +2.11 1789 +21 1887 +£10 6.0
N16-26C.2-4 1531 709 0.48 124 0.009 0.06328 +0.61 0.8213 +143 0.0941 =+1.29 0.903 0.0350 +2.45 580 +7 718 +£13 200
N16-26C.2-4b 1842 784 0.44 136 0.172 0.06054  +£0.94 0.7177 +£1.90 0.0860 =+1.65 0.868 0.0301 +£2.62 532 +8 623 +20 153
N16-26C.2-5 1669 842 0.52 135 0.080 0.06362  +£0.65 0.8249 +£1.39 0.0940 =122 0.882 0.0304 +159 579 +£7 729 £14 214
N16-26C.6-1 1962 1002 0.53 174 0.137 0.07105  +2.35 1.0095 +£2.67 0.1030 =*£1.27 0.476 0.0429 +£3.02 632 +8 959 +£48 358
N16-26C.6-2-1 794 350 0.46 136 0.353 0.10380 +£0.75 2.8497 +£2.15 0.1991 +£2.01 0.936 0.0700 +£292 1171 +£22 1693 +14 33.7
N1626C.5-1 201 143 0.74 58 0.000 0.11484 +£0.62 53679 +1.56 03390 =+1.44 0.919 0.0942 +1.74 1882 +23 1877 <11 -03
N1626C.5-2 82 42 0.53 24 0.033 0.11527  +£0.97 54009 +£196 0.3398 =+1.70 0.869 0.0967 +2.27 1886 +28 1884 <17 -0.1
N1626C.7-1 73 49 0.70 21 0.103 0.11466  +1.10 5.3929 +2.08 0.3411 =*1.77 0.849 0.0982 +6.16 1892 +29 1875 +20 -1.1
N1626C.8-1 544 318 0.60 154 0.056 0.11487 +£0.40 52170 +£1.34 03294 =+1.28 0.955 0.0923 +1.41 1835 +20 1878 +7 2.6




Supplementary Table. 5 (continued)

isotopic ratios Ages (Ma)
U Th Th 206pp 44206 207pp 207pp 206pp error 208pp 206pp 207pp Disc.
spot ppm ppm U ppm % 206pp 25y 28y correl. 232Th 28y 206pp %
PCM-10. Sdo Jodo granite. zircon
N16-26E.3-1 605 347 059 167  0.040 0.11675 + 1.12 51616 +1.78 03206 =137 0773  0.0923 +£2.52 1793 +£22 1907 =20 6.9
N16-26E.3-2 571 467 084 169  0.067 0.11608 125 55223 +275 03450 245 0890  0.0952 +267 1911 +41 1897 +23 -0.9
N16-26E.3-3 455 209 047 130 0.000 0.11601 +0.54 53204 +150 03326 +140 0934  0.0915 +1.65 1851 +22 1896 +10 2.7
N16-26E.4-1 439 397 093 125  0.011 0.11382 +£122 52174 +185 03324 +140  0.753  0.0923 +1.80 1850 +22 1861 +22 0.7
N16-26E.7-1 818 605 076 237  0.043 0.11550 +0.72 53704 +1.52 03372 +134 0881  0.0929 =168 1873 +£22 1888 =13 09
N16-26E.4-2 183 161 091 53 0.081 0.11605 +0.93 54040 +1.86 03377 =161 0865  0.0943 +198 1876 +26 1896 =17 12
N16-26E.4-3 80 39 0.50 23 0.046 0.11605 +1.18 53029 +207 03314 +171  0.822  0.0928 +2.55 1845 +27 1896 =21 3.1
N16-26E.6-1 506 283 058 148 0013 0.11548 + 043 54287 +135 03410 +128 0948  0.0925 +144 1891 +21 1887 +8 -0.2
PCM-13. Sdo Jodo granite. zircon
N1620A.1-1 485 295 0.63 141 0.112 0.11553  +992 53873 +1.47 03382 +1.14 0779 (00936 +1.61 1878 +19 1888 +17 +0.6
N1620A.1-2 645 282 045 189  0.000 0.11499 1040 54128 +1.18 03414 <111 0940 00963 +1.28 1893 +18 1880 +7 -0.8
N1620A.1-3 875 672 0.79 252 0019 011518 +033 53284 +1.12 03355 +£1.07 0955 00923 +1.48 1865 +17 1883 +6 +1.1
N1620A.3-1 928 458 051 268  0.027 O0.11433  £0.65 53066 +125 03366 +£106 0852 (00938 +£1.19 1870 17 1869 =12 -0.1
N1620A.5-1 391 264 0.70 112 0.011 0.11436  £0.55 52737 +£132 03345 £120 0908 (00923 +1.41 1860 +19 1870 +10 +0.6
N1620A.11-1 1097 656 0.62 324 0000 O0.11503  +£032 54480 +1.10 03435 =£106 0956 00966 +1.15 1903 +17 1880 =6 -1.4
N1620A.11-2 1088 787 0.75 319  0.019 0.11458 033 53890 111 03411 £1.06 0955 00960 =+1.16 1892 +17 1873 6 -I.1
N1620A.12-1 237 156 0.68 69 0.131 0.11454  +0.81 53896 ;157 03413 £134 0857 (0955 +176 1893 +22 1873 +15 -1.2

Notes: Isotopic ratios errors in %

All Pb in ratios are radiogenic component. all corrected for 204Pb.

disc. = discordance. as 100 - 100 {t[206Pb/238U]/t[207Pb/206Pb]}

4206 = (common 2°°Pb) / (total measured 2°°Pb) based on measured 2*Pb.

Uncertainties are 1s.



Supplementary Table 6. Geochronological data of the ~1.88 Ga old vulcano-plutonism of the Central Amazonia Province (Iriri-Xingu and Erepecuru-Trombetas domains)
and Tapajos-Parima Province (Tapajos Domain and Granites of Pitinga Tin Province)

Geologic unit

Rock type

Age (Ma)

Method

References

Rio Dourado Suite
Rio Dourado Suite
Undefined
Santa Rosa Formation
Santa Rosa Formation
Santa Rosa Formation
Santa Rosa Formation

Sobreiro Formation

Iriri-Xingu Domain (Central Amazonian Province)

Syenogranite
Granite
quartz syenite
Ash tuff
Rhyolite

Rhyolite lava flow

Felsic microgranite dike
Dacite

A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism

calc-alkaline magmatism

1884 +4
1876 + 39
1889 + 2
1884 +2
1879 +2
1877.4+4.3
1895+ 11
1880+ 6

U-Pb zircon age*
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age***
U-Pb zircon age***

Pb evaporation zircon age

Barros et al. (2006)
Barros et al. (2011)
Semblano et al. (2016)
Fernandes et al. (2011)
Fernandes et al. (2011)
Antonio et al. (2017)
Antonio et al. (2017)
Pinho et al.( 2006)

Erepecuru-Trombetas Domain (Central Amazonian Province) and Anau&-Uatuma Do

main including the Pitinga Tin Province (Tapaj6s-Par

ima Province)

Iricoumé Group
Iricoumé Group
Iricoumé Group
Iricoumé Group
Iricoumé Group
Iricoumé Group
Iricoumé Group
Divisor Formation
Divisor Formation
Ouro Preto Formation
Ouro Preto Formation
Ouro Preto Formation
Ouro Preto Formation
Ouro Preto Formation
Paraiso Formation
Séo Gabriel AMCG Association
Séo Gabriel AMCG Association
Séo Gabriel AMCG Association
Séo Gabriel AMCG Association

Rhyolite
Dacite porphyry
Rhyolite
Rhyodacite
Dacitic ignimbrite
Dacitic ignimbrite
Ignimbrite
porphyritic andesite
porphyritic andesite
porphyritic rhyolite
porphyritic rhyodacite
microgranophyric rhyolite
porphyritic rhyolite
porphyritic rhyolite
rhyolitic ignimbrite
Biotite monzogranite
biotite-amphibole syenogranite
Rhyolite

hornblenda monzogranite

A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism

A-type magmatism
calk-alkaline magmatism

calk-alkaline magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism

A-type magmatism

1888 +3
1893 £ 2
1882+ 11
1896 £ 7
1888 +25
1889 £ 2
1876 £ 10
1897 £ 2
1883+ 2
1882 £ 2
1885+ 8
1881 +2
1886 +6
1882 £ 2
1890 +2
1889+ 3
1889 + 2
1883 +4

1888 + 11

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age
U-Pb zircon age **

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age

Pb evaporation zircon age

Pb evaporation zircon age

Pb evaporation zircon age
U-Pb zircon age***

Costi et al. (2000)
Macambira et al. (2002)
Marques et al. (2014)
Santos (2003)
Barreto et al. (2013)
Barreto et al. (2013)
Valério et al. (2018)
Ferron et al. (2010)
Ferron et al. (2010)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Valério et al. (2006)
Valério et al. (2009)
Valério et al. (2009)

Valério et al. (2018)




Supplementary Table 6. (continued)

Erepecuru-Trombetas Domain (Central Amazonian Province) and Anaud-Uatuma Domain including the Pitinga Tin Province (Tapajos-Parima Province)

Geologic unit

Rock type

Age (Ma)

Method

References

Mapuera Suite/Abonari Gr.
Mapuera S./Simé&o Granite
Mapuera S./Simé&o Granite
Mapuera S./Simé&o Granite
Mapuera S./Alalad Granite
Mapuera S./Alalad Granite
Mapuera S./Alalad Granite
Mapuera S./Rastro Granite

Mapuera S./Bom Futuro Gr.
Mapuera S./Alto Pitinga Gr.
Mapuera S./Alto Pitinga Gr.

Agua Branca Suite
Agua Branca Suite

Agua Branca Suite?
Agua Branca Suite

Biotite granite
Biotite granite

Biotite granite
Syenogranite
Biotite monzogranite
Biotite monzogranite

biotite—amphibole monzogranite
biotite monzogranite

Tonalite
porphyritic biotite monzogranite

A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
calk-alkaline magmatism
calk-alkaline magmatism

calk-alkaline magmatism?
calk-alkaline magmatism

1871 +6
1875+ 4
1885+ 4
1882+ 4
1876 + 4
1879+3
1880+ 3
1882 +2
1882 +3
1885+ 3
1888 +3

1898 +3
1890+ 2

18917
1895+ 3

Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon and titanite age **
U-Pb zircon and titanite age **
U-Pb zircon and titanite age **
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age
Pb evaporation zircon age

Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age

Santos et al. (2001)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Santos et al. (2002)
Santos et al. (2002)
Santos et al. (2002)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Ferron et al. (2006)
Valério et al. (2009)
Valério et al. (2009)

Santos (2003)
Valerio et al. (2009)

Pitinga Tin Province (Madeira Suite and related ganites)

Madeira Suite
Madeira Granite
Madeira Suite
Madeira Granite
Madeira Granite
Madeira Granite
Agua Boa Granite
Agua Boa Granite
Agua Boa Granite
Agua Boa Granite
Europa Granite
Europa Granite
Europa Granite

Moderna Granite

Rapakivi granite
Albite-enriched granite facies
Biotite granite facies
Hypersolvus granite facies
Hypersolvus granite facies
Hypersolvus granite facies
Rapakivi granite facies
Biotite granite facies
Topaz granite facies
Topaz granite facies
Alkali-feldspar granite
Alkali-feldspar granite
Alkali-feldspar granite

Monzogranite

A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism

A-type magmatism

1824 + 2
1834 +6
1822 +2
1818 + 2
1794 +19
1822 + 22
1798 + 10
1824 + 24
1815+ 10
1816 + 20
1829+ 1
1839 +6.2

1831+11
1814 + 27

Pb evaporation zircon age
U-Pb zircon age*

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age **
U-Pb zircon age***
U-Pb zircon age **
U-Pb zircon age***
U-Pb zircon age **
U-Pb zircon age***
Pb evaporation zircon age
U-Pb zircon age***

U-Pb zircon age***

Pb evaporation zircon age

Costi et al. (2000)
Fuck et al. (1993)
Costi et al. (2000)
Costi et al. (2000)
Lenharo (1998)
Bastos et al. (2014)
Lenharo (1998)
Bastos et al. (2014)
Lenharo (1998)
Bastos et al. (2014)
Costi et al. (2000)
Bastos et al. (2014)
Bastos et al. (2014)
Santos et al. (1997)




Supplementary Table 6. (continued)

Geologic unit

Rock type

Age (Ma)

Method

References

Tapajos Domain of the Tapajo6s-Parima Province

Iriri Group
Iriri Group
Iriri Group
Iriri Group
Iriri Gr./Salustiano Fm.
Iriri Gr./Moraes Almeida Fm.
Iriri Gr./Moraes Almeida Fm.
Iriri Gr./Moraes Almeida Fm.
Maloquinha Suite
Maloquinha Suite
Maloquinha Suite
Maloquinha Suite
Maloquinha Suite
Maloquinha Suite
Jardim do Ouro granite
Parauari Suite
Parauari Suite
Parauari Suite
Parauari Suite
Parauari Suite/Central Granite
Parauari S./Younger S8o Jorge Gr.
Rosa de Maio Granite
Carogal Granite
Penedo Granite
Cumaru Granite
Tropas Suite/Ouro Roxo Ton.
Tropas Suite
Tropas Suite/Abacaxis Granite
Tropas Suite

Tropas Suite
Tropas Suite/Urua Vulc.

Tropas Suite
Ingarana Suite
Ingarana Suite

Ingarana Suite

Hedembergite-fayalite rhyolite
Rhyodacite
Rhyolite

Rhyolite
Trachyte
Ignimbrite
Monzogranite
Biotite-amphibole granite
Monzogranite
Monzogranite
Alaskite
Leucogranite
Hornblende-biotite monzogranite
Syenogranite
Monzogranite
Granite
Monzogranite
Monzogranite
Hornblende-biotite monzogranite
Monzogranite

Monzogranite
Tonalite
Dacite

Monzogranite
Tonalite

Basalt
Tuff

Granodiorite
Gabbro
Gabbro

Gabbro

A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
A-type magmatism
subalkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism
calk-alkaline magmatism

calk-alkaline magmatism
calk-alkaline magmatism

calk-alkaline magmatism
mafic magmatism
mafic magmatism

mafic magmatism

1888 + 2
1888 + 2
1888 £ 7
1870+ 8
1893 £2
1890 £ 6
1881+ 4
1875+ 4
1877 £12
1882+ 4
1874 £ 7
1872+ 4
1899 £ 25
1880+ 9
1880 + 3
1883 + 4
1883 +8
1883 + 2
1879+ 11
1884 + 3
1891+ 3
1879+ 11
1870+ 3
1883 +4

1883 +8
1893 +3

1893 +3
1892 + 6

1897 + 2
1897 +2

1896 + 5
1898 + 2
1881 + 11
1880 + 2

1881 +3

Pb evaporation zircon age

Pb evaporation zircon age

Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age

Pb evaporation zircon age

Pb evaporation zircon age

Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age
U-Pb zircon age **
U-Pb zircon age **
U-Pb zircon age **

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age **

Pb evaporation zircon age
Pb evaporation zircon age
U-Pb zircon age*
U-Pb zircon age **
U-Pb zircon age **

Pb evaporation zircon age
U-Pb zircon and titanite age **
Pb evaporation zircon age
U-Pb zircon age*
U-Pb zircon and titanite age **

U-Pb zircon age*
U-Pb zircon and titanite age **

U-Pb zircon age*
U-Pb zircon age **
U-Pb zircon age **

U-Pb zircon age **

Dall’ Agnol et al. (1999d)
Klein and Vasquez (2000)
Moura et al. (1999)
Santos et al. (2001)
Vasquez et al. (1999)
Lamardo et al. (2002)
Lamardo et al. (2002)
Lamardo et al. (2002)
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Abstract

We present Lu—Hf and Oxygen isotopic analyses and complementary whole-rock Nd
isotopic data for the three A-type Paleoproterozoic Suites (1880 Ma to 1857 Ma; Serra
dos Carajas, Velho Guilherme and Jamon) and related granites of the Carajas Province.
Zircons from all the granites have remarkably restricted initial "®Hf/*""Hf and strongly
negative gHf(t) values ranging from —9 to -18, and &0 fairly homogeneous varying
from 5.50%0 to 7.00%.. Small differences were observed internally in the plutons or
between them. These differences can result for contrasts in the crustal domains of the
Carajas Province that were the source of the granites or of local contamination
processes. Crustal model ages indicate a Paleoarchean source (3.3 Ga to 3.6 Ga) with a
minor contribution from Mesoarchean (3.0 Ga to 3.2 Ga) melts for these granites. This
model ages are older than the exposed Archean country rocks of the Orosirian granites
of the Carajas Province and more investigation is needed to verify the real existence of
that older Archean crust. The studied samples have Hf-O isotopic compositions that
overlap within error, and evidence of contamination (crustal assimilation or mixing) of a
mantle-derived magma cannot be seen. These plutons crystallized from magmas
generated by melting of pre-existing igneous rocks with possibly in the Velho
Guilherme Suite a minor contribution from a supracrustal (metasedimentary)
component. The Nd, Hf, and O isotope compositions of the Paleoproterozoic granites of
Carajas Province clearly attest to an igneous ancient crustal source in the origin of their
magmas. This anorogenic granites represent a large volume of granitic magmatism
generated in the late Palaeoproterozoic in the eastern of the Amazon Craton an this
work shows the importance of the Archean source in the generation of the A-type
Paleoproterozoic granites from Carajas province.

Keywords: A-type magmatism, Paleoproterozoic, Orosirian, Zircon Hf-O isotope,
Carajas Province, Amazon Craton.
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1. Introduction
A-type granite magmatism has become an important tool for modeling

Precambrian intraplate crustal processes and global-scale lithospheric evolution
(Dall’Agnol et al., 2012; Rdmoé and Haapala, 1995, 2005; Andersen et al., 2004;
Johansson et al., 2016; Fraga et al., 2009; Heinonen et al., 2012). They are derived from
various source rocks by a variety of processes, witch implies in some mineralogical and
geochemical contrasts, thus requiring multiple petrogenetic processes. Their origin is
attributed to alkaline or tholeiitic mafic magmas derived from a wide range of depleted
to variably enriched mantle sources that intrude and interact with the crust (Bonin,
2007; Frost and Frost, 1997; Frost et al., 2010) or to anatexis of crustal sources affected
by underplating of mafic magmas (Anderson and Bender, 1989; Ramé and Haapala,
1995; Dall’Agnol et al., 1999b, 2005) in post-collisional to post-orogenic or anorogenic
settings.

This A-type magmatism is widespread in several cratons worldwide since the
Neoarchaean (~2.7 Ga) until recent (Dall'Agnol et al., 2012, 2017; Cunha et al., 2016;
Emslie et al., 1991; Heinonen et al., 2010; Vander Auwera et al., 2015), but they are
more abundant in the late Paleoproterozoic and Mesoproterozoic (Ramo and Haapala,
1995; Dall'Agnol et al., 2012).

A larger number of Paleoproterozoic (1880-1857 Ma; Teixeira et al., submitted,
Dall’Agnol et al., 2005; Teixeira et al., 2002) A-type anorogenic plutons are intruded in
the Archean basement of Carajs Province, eastern Amazon Craton. These granites are
grouped into three main suites according to mineralogy, geochemistry, and state of
oxidation of their magmas — Jamon, Velho Guilherme, and Serra dos Carajas — and
include also the Gogo da Onca, Seringa, Sdo Jodo, Gradaus, and Rio Branco plutons.

Contrasts in oxygen fugacity and in some geochemical features besides the
mineralization associated to these suites indicate that the granite magmas were formed
from different sources and degrees of melt (Dall’Agnol et al., 2005). Isotopic systems
(Sr, Nd, Pb, Hf) can retain the memory of the composition and age of the source of
granitic magmas in the deep crust or upper mantle and stablish constraints for their
petrogenesis. Studies of isotopes and trace element indicate that most of the granites
could represent mixtures of material from different sources or have been formed entirely
by anatexis of older crust (Kemp and Hawkesworth, 2007). In addition, the oxygen

isotope ratios of igneous rocks can reflect the 5'0 of their magmatic sources or be
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modified by the incorporation into the melts of supracrustal materials, with distinct 580
values than the primitive magmas (Valley et al., 2005).

The Nd isotopic data on the A-type granites of the Carajas Province indicate
their origin from an Archean crustal source (Tom model ages of 3.35 Ga to 2.60 Ga, and
end values of -12 to -8 at 1880 Ma; R4mo et al., 2002; Teixeira et al., 2002; Dall’ Agnol
et al 2005; Teixeira et al., 2017) for different plutons of the Jamon, Serra dos Carajas,
and Velho Guilherme suites and Gogd da Onca pluton. The A-type granites of Carajas
Province show contrasts in oxygen fugacity and in some geochemical features that
indicate origin of the magmas from different sources and degrees of melt (Dall’Agnol et
al., 2005). Partial melting processes were related to the underplating of mafic magmas.

In this paper, we provide a spatially coupled in situ isotope zircon Hf and
oxygen (8*80) analyses from the anorogenic granites of Carajas Province. Precise and
systematic SHRIMP U-Pb ages of the same rocks were presented by Teixeira et al.
(Submitted). The isotope data presented here will allow us to evaluate previous genetic
models and should assure advances on the petrogenesis of Paleoproterozoic Carajas
granitic magmatism, in the understanding of the contrasts between the suites, as well as
in the possible role of magma mixing and other magmatic processes in the origin of A-
type granites. The aim of this paper is to contribute to the understanding of A-type

granite petrogenesis and of the role of Archean sources in the origin of this magmatism.

2. Geological setting

The Carajas Province of the Amazon Craton (AC; Fig. 1a, b) contains large
mineral deposits of iron, manganese, copper-gold, nickel, tin, and gold-PGE (Tallarico
et al., 2005; Bettencourt et al., 2016; Moreto et al., 2015). It is an Archean nuclei
surrounded by Proterozoic belts (Santos et al., 2000; Tassinari and Macambira, 2004).
According to Santos et al. (2000; 2004; Fig. 1a) the Carajas Province is an Archean
independent province, whereas Tassinari and Macambira (2004; Fig. 1b) insert the
Carajas Province in the Central Amazonian Province. However, there is a consensus
that the Carajas Province corresponds to an older Archean segment of the Amazon
craton which was not affected by the Trans-Amazonian cycle.

The Amazon Craton would be part of the Supercontinent Columbia assembled
ca. 1800 Ma ago (Cordani et al., 2009; Rogers and Santosh, 2002, 2009; Teixeira et al.,
in press) and linked by Paleo-to Mesoproterozoic mobile belts with Laurentia, North
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China, and Baltica. During the Paleoproterozoic (Orosirian), mainly at the age of 1880
Ma, the Amazon craton evolution was marked by an widespread anorogenic and post-
tectonic magmatism that formed hundreds of granitic batholiths and stocks concentrated
in the Carajas, Central Amazonian, Tapajos-Parima, and Ronddnia-Juruena provinces
(Teixeira MFB et al., submitted; Dall’Agnol et al., 1999, 2005; Bettencourt et al., 2016).

The Carajas Province (3.02-2.54 Ga; Fig. 1c) comprises different domains
composed mostly of diversified granitoids and greenstone sequences, and is covered, in
its northern part, by a ca. 2.76 Ga volcano-sedimentary basin hosting the most important
mineral deposits (Fe, Cu, Au, Mn etc.) of the craton. It was divided initially into the
Carajas and Rio Maria domains (Santos, 2003) and more recently into the Mesoarchean
Rio Maria Domain (2.98-2.86 Ga) and Mesoarchean to Neoarchean Sapucaia (2.95 —
2.73 Ga) and Canaa dos Carajas (3.0-2.70 Ga) domains, and the Carajas Basin (Fig. 1d;
Dall’Agnol et al., 2013). These tectonic domains were stabilized at the end of the
Archean and remained stable until ca. 1880 Ma when occurred the generation and
emplacement of A-type granites (Dall’Agnol et al., 1994, 1999b, 2005).

2.1 The studied intrusions

The anorogenic granites of the Carajas Province (CP) were emplaced during the
Orosirian (1880 to 1860 Ma; Teixeira et al., submitted) in an extensional tectonic
setting. They are widespread in all three domains of CP and also in the Carajas basin
(Fig. 1c). U-Pb SHRIMP ages in zircon and titanite crystals were recently obtained
(Teixeira et al., submitted; Teixeira et al., 2017), and a summary of these new results are
in Table 1. For a review of all geochronological data of the Paleoproterozoic granites of
Carajas, see Teixeira et al. (submitted).

The oxidized A-type granites occur in the Rio Maria Domain and were grouped
in the Jamon Suite (Dall’ Agnol et al. 1999a), that is composed, among others, of Jamon,
Musa, Redencdo, and Bannach plutons, which intruded Archaean rocks (Fig. 1c). These
plutons are composed of monzogranite and subordinate syenogranite with biotite or, in
the less evolved facies, biotite-amphibole + clinopyroxene. The accessory minerals are
zircon, apatite, magnetite, ilmenite, allanite, and titanite (Dall’Agnol et al., 1999a, b;
Oliveira, D. C. et al., 2009). Rapakivi textures are more common in Redeng¢do and
Bannach plutons (Oliveira, D.C. et al., 2009; Almeida et al., 2006).

The moderately reduced A-type granites were clustered in the Serra dos Carajas

Suite constituted by Serra dos Carajés, Cigano, and Pojuca plutons (Dall’Agnol et al.,
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1999a, 2005; Teixeira et al., 2002). These plutons are located in the Carajas Basin, north
part of the Carajads Province. Chalcopyrite, molybdenite, and Sn mineralization are
spatially associated with hydrothermally altered zones within Serra dos Carajas granite
cupola (Javier-Rios et al., 1995; Bettencourt et al., 2016).
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Fig. 1. Geochronological provinces of the Amazonian Craton: (a) model of Santos et al. (2004) and the study area; (b)
model of Tassinari and Macambira (1999, 2004) and the study area. (c) Simplified geologic map of the Carajas
Province highlighting the A-type Paleoproterozoic Granites of the Province (Dall’Agnol et al., 2005; Vasquez et al.,
2008; Almeida et al., 2011; Oliveira et al., 2010; Feio et al., 2013; Silva et al., 2014; Teixeira et al., 2013; Santos et
al., 2013; Gabriel and Oliveira, 2014; Rodrigues et al., 2014, modified), and the approximate limits of the tectonic
Archean domains of Carajas Province (dashed yellow lines; Dall'Agnol et al., 2013). (d) Simplified map of the
tectonic Archean domains of Carajas Province (Dall’Agnol et al., 2013).

The Velho Guilherme Suite outcrops in the Xingu region, and cut
undifferentiated Archean rocks, intermediate to felsic volcanic rocks of the Uatuma
group and the Orosirian Parauari granite. It is composed of the Velho Guilherme,
Antbnio Vicente, Mocambo, Rio Xingu, Benedita, and Bom Jardim granites (Teixeira
1999; Teixeira et al., 2002; Lamardo et al.,, 2012), that are formed of reduced
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syenogranite, monzogranite, and subordinated alkali-feldspar granite. The more evolved
leucogranitic facies are intensely affected by late to postmagmatic hydrothermal
alteration. Primary concentrations of cassiterite are associated with greisen zones and
albitized granites (Dall’Agnol et al., 1993; Teixeira, 1999).

Other studied granite plutons, including the Gogd da Onca (Teixeira et al.,
2017), Seringa (Paiva Jr. et al., 2011), S&o Jodo (Lima et al., 2014), Rio Branco (Santos
et al., 2013), and Gradaus (Carvalho, 2017), are similar to the Serra dos Carajas or
Velho Guilherme suites.

The Gogé da Onca Granite (GOG; Teixeira et al., 2017) is exposed in the border
between the Sapucaia and Canad dos Carajas domains (Fig. 1c) and it is composed of
moderately reduced granodiorite, monzogranite, and syenogranite. Amphibole is the
mean mafic mineral followed by biotite. Accessory minerals are zircon, titanite, allanite,
apatite, magnetite, and ilmenite. Titanite is absent in the syenogranite facies. Teixeira et
al. (2017) suggested that the three different facies of the GOG are related by fractional
crystallization.

The Seringa and S&o Jodo plutons outcrops in the northern part of the Rio Maria
Domain (Fig. 1c). The Seringa is one of the largest batholiths of CP, with ~2250 km?.
Both plutons are essentially composed of moderately reduced monzogranite to reduced
syenogranite, with biotite and amphibole as mean mafic minerals and zircon, apatite,
magnetite, ilmenite, and allanite as the accessories phases. Primary titanite is rare or
absent. The different facies of the Sdo Jodo pluton are probably related by fractional
crystallization (Lima et al., 2014). The magmatic differentiation of the Seringa Granite
is more complex and could not be explained only by fractional crystallization from a
same parental magma (Paiva Jr. et al., 2011).

The Rio Branco pluton is situated in the Canad dos Carajas Domain nearby the
Sossego copper Mine and crosscuts Mesoarchean calc-alkaline granites (Santos et al.,
2013; Fig 1c). It is constituted by syenogranites containing commonly chloritized biotite
and fluorite, allanite, and zircon as accessory minerals. Albitization and subordinate
greisenization are the main alteration processes that affected locally the granite. Albite,
fluorite, topaz, chlorite, muscovite, siderophyllite, and iron oxides are the secondary
phases.

3. Geochemistry
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A synthesis of the whole-rock geochemical characteristics of the anorogenic
granites of the Carajas Province selected for this study is presented below. The main
data sources are: Jamon Suite - Gastal (1987), Dall’Agnol et al. (1999a, 2005), Oliveira,
D.C. et al. (2009), Almeida et al. (2006); Velho Guilherme Suite - Dall’Agnol et al.
(1993, 1994), Teixeira et al., (2002, 2005); Serra dos Carajas Suite: Barros et al. (1995),
Javier-Rios et al. (1995); Gog6 da Onca pluton (Teixeira et al., 2017); Seringa pluton -
Paiva Jr. et al. (2011); S&o Jodo pluton - Lima et al. (2014).

Major and trace element compositions of the granites of the Carajas Province
are plotted in Figures 2 and 3. In Harker diagrams, the samples of all granites show
SiO2 negative correlation with Al20s3, FeOt, MgO, CaO, and Na2O (Fig. 2) and positive
correlation with KO (Fig. 2c). For the trace elements, Ba, Sr, and Zr tend to decrease
with the increase of SiO> (Figures 3a, b, d) behaving as compatible elements during the
crystallization history of these rocks, while Rb is incompatible and shows a positive
correlation with SiO> (Fig. 3c).

These granites show geochemical affinities with within-plate granites (Fig. 4a).
In the FeOd/(FeO+MgO) vs SiO> diagram (fields of Frost et al., 2001), all these granites
are classified as ferroan A-type granites (Fig. 4b). In the FeOy/(FeO+MgO) vs. Al.O3
diagram (fields from Dall’Agnol and Oliveira, 2007), the Jamon Suite granites plot in
the oxidized A-type field whereas the other granites plot mostly in the reduced A-type
field (Fig. 42c). According to the discrimination diagrams of Eby (1992), these granites
have geochemical affinity with the A2-subtype granites (Fig. 4d).
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Table 1- U-Pb (SHRIMP) geochronology data of the Paleoproterozoic (Orosirian) A-type granites from Carajas Province

U-Pb SHRIMP
Suite Sample Rock Pluton Age (Ma)
zircon titanite
ECR-SC-01 | biotite-hornblende syenogranite Serra dos Carajéas | 1882 +10 (1)
S 3008 CEEl ECR-CG-14A | biotite-hornblende monzogranite Cigano 1884 £4 (1)
CIG-1 biotite monzogranite Cigano 1883 +4 (1)
. L-42 albitized leucogranite Velho Guilherme 1882 £ 6 (1)
Velho Guilherme
R-10 hornblende-biotite syenogranite Antbnio Vicente 1873 +3 (1)
R-5 leucogranite Antbnio Vicente | 1882 £15 (1)
PROA-11 biotite-hornblende monzogranite Jamon 1864 £ 8 (1)
KM-144B biotite-hornblende monzogranite Musa 1871 +£4 (1) | 1875 =14 (1)
CREMU-37A | biotite monzogranite Musa 1876 £13 (1) | 1871 £22 (1)
] KM-77A hornblende-biotite monzogranite Musa 1882 £ 4 (1) 1878 +9 (1)
amon DC-111 even-grained biotite monzogranite Redencgéo 1867 +5(1) | 1888 +52 (1)
DC-120 seriate leucomonzogranite Redencgéo 1865+ 6 (1)
DCR-42A medium even-grained leucomonzogranite Redencgéo 1871 +5 (1)
ADR-136l cumulate granite Bannach 1874 6 (1)
ADR-35A fine-grained leucomonzogranite Bannach 1857 +5 (1)
AC-45 heterogranular leucosyenogranite Seringa 1879 £5 (1)
AC-59 coarse-grained biotite-hornblende monzogranite Seringa 1870 £3 (1)
AC-85 coarse-grained hornblende-biotite monzogranite Seringa 1889 £ 8 (1)
AC-42 heterogranular hornblende-biotite syenogranite Seringa 1879 £ 18 (1)
PC-03B hornblende-biotite syenogranite Séo Joao 1866 + 4 (1)
Other granites | pc-21 biotite monzogranite S0 Jodo 1880 + 3 (1)
PCM-10 biotite-hornblende monzogranite Séo Jodo 1891 +5 (1)
PCM-13 biotite-hornblende syenogranite Séo Jodo 1877 £ 3(1)
PFR-18B biotite-hornblende granodiorite Gogo da Onca 1877.9+9 (2) | 1879 £15 (2)
PFR-22 biotite-hornblende monzogranite Gog6daOnga |1865.8+10(2)| 1872+ 13(2)
PFR-19B hornblende-biotite syenogranite Gogo da Onca 1869 + 3 (2)

Data sources: (1) Teixeira et al. (submitted); (2) Teixeira et al. (2017).
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Fig. 2. Major elements Harker diagrams (oxides in wt.%) of the Orosirian granites of Carajas Province. Data sources:
Jamon Suite [Dall’Agnol et al. (1999c¢), Dall’ Agnol and Oliveira (2007); Almeida et al. (2006)]; Velho Guilherme
Suite [Dall’Agnol et al. (1993); Teixeira (1999); Teixeira et al. (2005)]; Serra dos Carajas Suite [Barros et al. (1995),
Javier Rios et al. (1995)]; Gogd da Onga Granite (Teixeira et al., 2017); Seringa Granite (Paiva Junior et al., 2011);
S&o Jodo Granite (Lima et al., 2014).

4. Analytical techniques

4.1 Sample preparation for in situ analyses

The rock samples were crushed and milled at Federal University of Para (UFPA)
and University of Western Australia. Zircon was extracted from 1-4 kg of whole-rock
of selected samples using standard crushing, sieving (60 mesh), heavy liquid (LST), and
magnetic separation (Frantz) techniques. The mineral selection was made by hand
picking using a binocular microscope. The selected grains were mounted on double-
sided sticky tape, cast in epoxy resin together with fragments of standards, and polished
to expose surfaces suitable for in situ isotopic analysis.

Back-scattered electrons (BSE) images of the grains were obtained in Tescan
Vega3 at the Centre for Microscopy, Characterization, and Analysis (CMCA) of the
University of Western Australia.
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Fig. 3. Trace elements Harker diagrams (oxides in wt.%) of the Orosirian granites of Carajas Province. Data sources:
Jamon Suite [Dall’Agnol et al. (1999c), Dall’Agnol and Oliveira (2007); Almeida et al. (2006)]; Velho Guilherme
Suite [Dall’Agnol et al. (1993); Teixeira (1999); Teixeira et al. (2005)]; Serra dos Carajas Suite [Barros et al. (1995),
Javier Rios et al. (1995)]; Gogd da Onga Granite (Teixeira et al., 2017); Seringa Granite (Paiva Junior et al., 2011);

S&o Jodo Granite (Lima et al., 2014).
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Fig.4. Geochemical classification diagrams for Paleoproterozoic granites of Carajas Province. (a) Nb-Y
discrimination diagram (fields of Pearce et al., 1984); (b) (FeO/FeOr+MgO) vs SiO2 diagram (Frost et al., 2001); (c)
FeOi/(FeOr+MgO) vs. Al20s diagram (fields of calc-alkaline, reduced, and oxidized A-type granites of Dall'Agnol
and Oliveira, 2007); (d) Y-Nb-Zr/4 plot (Al and A2 fields of Eby, 1992). Data sources: Jamon Suite [Dall’Agnol et
al. (1999c¢), Dall’Agnol and Oliveira (2007); Almeida et al. (2006)]; Velho Guilherme Suite [Dall’Agnol et al.
(1993); Teixeira (1999); Teixeira et al. (2005)]; Serra dos Carajas Suite [Barros et al. (1995), Javier Rios et al.

(1995)]; Gog6 da Onga Granite (Teixeira et al., 2017); Seringa Granite (Paiva Junior et al., 2011); Sdo Jodo Granite
(Lima et al., 2014).

4.2 Zircon Oxygen isotopic analyses
Oxygen isotope ratios of zircon grains were measured using a Cameca IMS 1280
multi-collector ion microprobe at the Centre for Microscopy, Characterisation, and
Analysis (CMCA), University of Western Australia (UWA). lon-microprobe $'80 was
performed on 25 samples, of the A-type granites of the Carajas Province, in the same
samples previously analyzed by SHRIMP for U-Pb ages (Teixeira et al., submitted,;
Teixeira et al., 2017; Table 1), in very closed proximity of the dated spot. The analytical

results are presented in Supplementary Tables 1 to 6.
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The sample mounts were cleaned with detergent, distilled water and ethanol in
an ultrasonic bath and coated with gold (30 nm in thickness) prior to SIMS analyses.
Analytical conditions were similar to those outlined in detail by Kita et al. (2009).
Oxygen analyses were performed using a 3nA Gaussian Cs+ beam with an impact
energy of 20 keV and was focused to a 20 mm spot. Secondary ions were sputtered
using a 10 pm-raster and were introduced into the double focusing mass spectrometer
within a 110 pum entrance slit and focused in the center of a 4000 um field aperture (x
130 magnification). Secondary ions were energy filtered using a 40 eV band pass with a
5 eV gap toward the high-energy side. %0 and 0 were collected simultaneously in
Faraday cup detectors. A normal incidence electron gun was used for charge
compensation. Each analysis spot was pre-sputtered for 10 s, and analyses consisted of
20 s x 4 cycles, which gave an average internal precision of better than + 00.2%o (2
standard deviations or SD). Instrumental mass fractionation (IMS) was corrected using
Temora 2 following the procedure described in Kita el al. (2009). Secondary standards
OCG1, BR266, and Penglai were used for drift correction. Corrected 20/*®0 ratios are
reported in 8*80 notation, in per mil variations relative to Vienna standard mean ocean
water (VSMOW).

Uncertainty on each & 80 spot has been calculated by propagating the errors on
instrumental mass fractionation determination, including the error on the reference
value of the standard and standard deviation of the mean oxygen isotope ratio measured
on the primary standard during the session, and internal error on each sample data point.

4.3 Zircon Lu-Hf isotopic analyses

The Lu-Hf isotope compositions of zircon grains of the Carajas Province were
acquired in two sessions. In the first, were analysed zircon grains of the Serra dos
Carajas, Velho Guilherme and Jamon Suite and the Gogd da Onca Granite in the School
of Earth Sciences at the University of Western Australia using a Thermo Neptune PLUS
multi-collector ICP-MS coupled to a Cetac Analyte G2 laser ablation sampling system.
Laser ablation was carried out for 60 seconds, following a 30 second on-peak baseline,
at repetition rates of 4 Hz and a laser fluence of ~5 J/cm2. Spot sizes of 25 um, 30 um
or 40 um diameter were employed, depending on the available polished area of the zone
of interest in the crystal. Ablation was conducted in a two-volume Helex sample cell,
with the He carrier gas exiting the cell being combined with Ar prior to transport into
the ICP-MS via nylon tubing. A small (~0.008 I/min) N2 flow was introduced into the

Ar carrier gas to enhance sensitivity (Hawkesworth and Kemp, 2006; lizuka and Hirata,
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2005). The isobaric interference of Lu and Yb on ®Hf was corrected by monitoring the
interference-free 1"1Yb and 1”°Lu intensities during the analysis and then deriving 1"®Yb
and *"®Lu using "®Yb/*"tYb = 0.897145 (Segal et al., 2003) and "®Lu/*"*Lu = 0.02655
(Vervoort et al., 2004). Yb isotope ratios were normalized to 173Yb/171Yb = 1.130172
(Segal et al., 2003) and Hf isotope ratios to °Hf/*"’"Hf = 0.7325 (Patchett and
Tatsumoto, 1981) using an exponential law. The instrumental mass fractionation of Lu
was assumed to follow that of Yb. Data were processed offline using a Microsoft Excel
spreadsheet. Hf isotope data quality was monitored for each analytical session by
analysis of reference zircons Temora 2 and Penglai. These yielded mean "®Hf/*""Hf
values of 0.282694 + 17 (2 SD, n = 13) and 0.282929 * 21 (2 SD, n = 4), identical to
those determined by solution analysis (Li et al., 2010; Woodhead and Hergt, 2005). All
zircon Hf isotope data are normalized to the solution Y8Hf/*"’Hf value of Mud Tank
zircon (0.282507 + 6, Woodhead and Hergt, 2005, reported relative to JMC 475
18Hf/ATTHE = 0.282160, Vervoort et al., 1999) using the laser ablation data generated
from this zircon in the same analytical session (0.282499 + 11,2 SD, n = 15).

In the second session, Hf isotopes in zircon of the Seringa and S&o Jodo plutons
were measured at the GeoHistory facility in the John de Laeter Centre of the Curtin
University. Previously dated zircon crystals were ablated using a Resonetics resolution
M-50A excimer laser, coupled to a Nu Plasma Il multi-collector inductively coupled
plasma mass spectrometer (LA-MC-ICPMS). Following two cleaning pulses and a 40s
period of background analysis, samples were spot ablated for 30 s at a 10Hz repetition
rate using a 50 or 33 um beam and laser energy at the sample surface of 2.2 J cm. An
additional 15s of baseline was collected after ablation. The sample cell was flushed with
ultrahigh purity He (320 mL min™) and N2 (1.2 mL min*) and high purity Ar was
employed as the plasma carrier gas. All isotopes (*°Hf, 1°Hf, "8Hf, 17"Hf, 178Hf, 15Lu,
1741f, 18YD, 172YDb, and "1Yb) were counted on the Faraday collector array. Time
resolved data was baseline subtracted and reduced using lolite (DRS after Woodhead et
al., 2004), where %Yb and "®Lu were removed from the 176 mass signal using
176yh/3YDh = 0.7962 (Chu et al., 2002) and *"®Lu/*"°Lu = 0.02655 (Chu et al., 2002)
with an exponential law mass bias correction assuming "2Yb/*"®Yb = 1.35274 (Chu et
al., 2002). The interference corrected ®Hf/*’’Hf was normalized to °Hf/AT"Hf =
0.7325 (Patchett and Tatsumoto, 1980) for mass bias correction. Zircons from the Mud

Tank carbonatite locality were analysed together with the samples in each session to
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monitor the accuracy of the results. All Analytical ratios of *¢Yb/*""Hf, ¥"®Lu/*"’Hf, and
L8Hf/L"Hf are reported with 2o error.

For all analyzed grains were used the decay constant of 1.867x 10~ 1! year ! for
176y (Séderlund et al., 2004). The chondritic ratios of ®Hf/*’’Hf (0.282785) and
176 u/*""Hf (0.0336) of Bouvier et al. (2008), and the present day depleted mantle of
16 y/f""Hf (0.0388) and the 7®Hf/A""Hf (0.28325) of Andersen et al. (2009) were
adopted in calculations. We also calculated two distinct crustal model ages tom®
(Supplementary Tables 1 to 6), assuming that the parental magma of the zircons was
produced from an average continental crustal source with "®Lu/*"’"Hf = 0.015 (Goodge
and Vervoort, 2006) or 1"®Lu/*""Hf = 0.0125 (Chauvel et al., 2014).

4.4 Sm-Nd

Nd isotopic compositions were determined in eight samples of the Seringa and
Sado Jodo Granite at the Laboratory of Isotope Geology (Para-1so) of the Federal
University of Pard (UFPA), following the procedure described by Gioia and Pimentel
(2000). Whole-rock samples weighing up about 100 mg, were spiked by a mixture of
199Sm and %°Nd for isotope dilution measurements. The Sm and Nd extraction of
whole-rock samples followed conventional cation exchange techniques, using Teflon
columns containing Ln Eichron® resin. The isotopic measurements of Sm and Nd were
performed for part of the samples on a Thermo Neptune Multicollector mass
spectrometer, and other part using an LA-ICP-MS (Laser Ablation - Inductively
Coupled Plasma - Massa Spectrometer). The uncertainties calculation for the Sm/Nd
and *Nd/**Nd ratios is based on repeated analyses of BCR-1 and La Jolla reference
materials, respectively (Oliveira et al., 2008). The accuracy and reproducibility of
results were controlled according to the BCR-1 and La Jolla reference material (Oliveira
et al., 2008). The **Nd/***Nd ratio was normalized using ***Nd/***Nd = 0.7219, and the
decay constant used was the value revised by Lugmair and Marti (1978) of 6.54 x10-12
year—1. The Nd model ages were calculated according to the DePaolo (1981) model for

a depleted mantle evolution (Towm). The obtained data are shown in Table 3.

5. Results
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5.1 Zircon oxygen isotopes

The results of ion-microprobe 580 analyses of the studied samples from the
Carajas Province are presented in Supplementary Tables 1 to 6 along with Lu-Hf
isotope analyses for the same grains used for U-Pb age determination. Between eight to
sixteen analyses were performed in each selected representative sample of the studied
granites. Most of but not all the samples and/or grains analyzed by oxygen had been
also analyzed by Lu-Hf and U-Pb SHRIMP age. It is worth noting that all these granites
are preserved igneous rocks without metamorphism overprint, and their 1880 Ma to
1860 Ma zircon ages were defined in upper intercepts very close to the concordia. Only
a few samples show the occurrence of older, antecryst zircon grains of 1900 Ma to 1920
Ma (Teixeira et al., submitted) that do not show difference in terms of 580 values with
those aged of ~1880 Ma (Supplementary Table 1 to 6). Care was taken to avoid
previous U-Pb analytical spots to prevent possible effects of the oxygen primary beam
used in SIMS dating. All Oxygen isotopic data are presented as the §'®0 notation,
expressed as deviations from Vienna standard mean ocean water (VSMOW, 80/%°0 =
0.0020052; Baertschi, 1976) in parts per thousand.

The data of the oxygen isotopic analyses of the A-type Paleoproterozoic granites
from Carajas are presented in the relative probability plots histograms of the measured
5180, SIMS values together with the §'®0 range for mantle zircons (5.3 + 0.3%o,

Valley et al., 1998; Figs. 5, 6 and 7). The results are summarized below.

5.1.1 Serra dos Carajas Suite

The zircons from the Serra dos Carajas Suite have 50 values mostly ranging
between 5.70%. and 6.80%., with few zircon grains ranging between 3.38%o and 3.81%o
in the biotite-hornblende syenogranite and biotite monzogranite (Supplementary Table
1; Fig. 5a). They have a weighted mean &0 value of 6.30 = 0.5%0 (2SD) for the
biotite-hornblende syenogranite of the Serra dos Carajas Granite (ECR-SC-01; Fig. 5a);
6.20 £ 0.5%0 (2SD) for the biotite-hornblende monzogranite and a marginally higher
6.30 + 0.5%0 (2SD) for the biotite monzogranite both of the Cigano pluton (ECR-CG-
14A and CIG-1; Fig.5b, c).

5.1.2 Velho Guilherme Suite
The 80 values of zircons from the Velho Guilherme Suite are concentrated in

the range between 5.0%0 and 7.5%o, with the highest values in the albitized leucogranite
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(weighted mean of 6.78 + 0.4%o (2SD); Fig. 5d) and leucogranite facies (discarding the
two lower anomalous values, weighted mean of 6.48 + 0.4%o, 2SD; Fig. 5f). Zircons
from the leucogranite facies of the Anténio Vicente pluton have two age populations of
1725 Ma and 1880Ma (Teixeira et al., submitted), but no 580 difference between the
zircons with these two ages has been observed, except for the zircon grain (N1635F.1-1;
Supplementary Table 2) that allowed a low &80 value of 2.58 + 0.48%o (2SD). In the
hornblende-biotite syenogranite facies the 80 values vary from 6.12%o down to mantle
values (5.11%o) with a weighted mean of 5.64 + 0.6%o (2SD) (Fig. 5e).

5.1.3 Jamon Suite

The zircons from the Musa pluton have 520 values quite similar mostly ranging
between 5.53%. and 7.25%., with two zircon grains of the biotite-hornblende
monzogranite showing anomalous values of 3.10%. and 3.35%.. Discarding these
anomalous values, zircons from the biotite monzogranite, hornblende-biotite
monzogranite and biotite-hornblende monzogranite, have, respectively, a weighted
mean (2SD) of 6.26 + 0.5%o (Fig. 6a), 6.25 = 0.5%o (Fig. 6b) and 6.34 + 0.5%o. (Fig. 6c¢).

In the Redencéo pluton, each facies shows a variable distribution of the §'%0
values but dominant values are concentrated between 5.0%o and 6.50%o. Zircons from
the even-grained biotite monzogranite range from 6.22%. down to mantle values
(~5.38%0) with a weighted mean of 5.55 + 0.5%0 (2SD; Fig. 6d). Zircons from the
seriate leucomonzogranite have the highest values with a weighted mean of 6.33 +
0.4%o0 (2SD; Fig. 6¢€) and a maximum value of 7.03%o. Zircons from the medium even-
grained leucomonzogranite have the most variable values of 880 (4.21%o to 6.22%o;
Supplementary Table 3) with a weighted mean of 5.63 £ 0.6%o (2SD; Fig. 6g).

Zircons from the two studied facies of the Bannach pluton have values of 80
comparatively more uniform compared to the Redengdo Granite ranging between
6.11%o0 and 7.09%o (Supplementary Table 3), with a weighted mean of 6.8 + 0.5%o for
the cumulate granite (2SD; Fig. 6g) and of 6.65 + 0.4%o (2SD) for the fine-grained
leucomonzogranite (Fig. 6h). The sample of the cumulate facies (Fig. 6g) show two
distinct zircon compositional populations 1874 Ma and 1908Ma (Teixeira et al.,
submitted), but no 580 difference between the zircons with these two ages has been
observed, (N1634E.7-1; N1634E.10-1; Supplementary Table 3).
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5.1.4 Seringa Granite

The zircon grains of four different facies of the Seringa Batholith have similar
5180 values mostly ranging between 6.00%o and 7.00%o (Supplementary Table 4) with a
weighted mean of 6.27 + 0.5%0 (2SD) for the heterogranular leucosyenogranite (Fig.
7a), 6.23 = 0.5%0 (2SD) for the coarse-grained biotite-hornblende monzogranite (Fig.
7b), 6.27 + 0.5%0 (2SD) for the coarse-grained hornblende-biotite monzogranite (Fig.
7¢), and of 6.35 £ 0.5%o (2SD) for the heterogranular hornblende-biotite syenogranite,
discarding the two anomalous values that are lower than mantle average (Fig. 7d).

5.1.5 S&o Jodo Granite

For the Sao Jodo pluton, we have also analyzed zircon grains of four different
facies. The obtained 580 values are quite homogeneous ranging between ~5.50%o and
6.86%o (Supplementary Table 5) except for two zircon grains of the biotite
monzogranite facies (PC-21) that presented the maximum and minimum values of 50
(respectively, 14.33 + 0.55%o, N16-26C.2-1; and 4,17 + 0.55%0, N16-26C.2-4b; 2SD,
Supplementary Table 5). Zircons from the hornblende-biotite syenogranite have a
weighted mean of 6.20 £ 0.5%0 (2SD; Fig. 7e), 6.33 + 0.5%0 (2SD) for the biotite
monzogranite (Fig. 7f), 6.09 = 0.5%0 (2SD) for the biotite-hornblende monzogranite
(Fig. 7g), and 6.14 + 0.5%0 (2SD) for the biotite-hornblende syenogranite, discarding
the two anomalous values (Fig. 7h).

5.1.6 Gogo da Onca Granite

Zircon grains of three different facies of the Gogé da Onga Granite have 520
values mostly ranging between 5.64%. and 6.99%o (Supplementary Table 6), with a
weighted mean of 6.01 + 0.5%0 (2SD; Fig. 7i) in the biotite-hornblende monzogranite,
6.08 + 0.5%0 (2SD; Fig. 7j) in the biotite-hornblende granodiorite, discarding an
anomalous value lower than mantle average, and 6.57 £ 0.3%0 (2SD; Fig. 7k) in the

hornblende-biotite syenogranite.
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5.2 Zircon Lu-Hf isotopes
Hafnium isotope data of the studied zircons are given in Supplementary Tables 1

to 6. A total of one hundred and forty-eight zircon grains spot analyses were obtained in
twenty-one samples of ten plutons of the Orosirian granites of the Carajas Province. The
U-Pb SHRIMP ages used for recalculation of Lu-Hf data were obtained by Teixeira et
al. (submitted), and are displayed in Table 1 and in Supplementary Tables 1 to 6 along
with Oxygen data. From each pluton, we used the sample age or, in samples that
presented two different ages populations (see Teixeira et al., submitted), we used the
age of the grain (Supplementary Table 1 to 6).

Most of the zircons analyzed in this study have "®Lu/*""Hf< 0.005 and present
day "®Lu/t""Hf ratios of 0.281156 to 0.281384 (fig. 8). All analyzed granites have
strongly negative Enxr values that are illustrated in relative probability plots histograms
(Figs. 9 and 10). Depleted mantle model ages (Towm) according to Andersen et al. (2009)
are presented in Supplementary data 1 to 6, along with crustal model ages (Hf-tom©).

All of the studied plutons have Mesoarchean to Paleoarchean crustal model ages,
that were calculated following two different models: tom©s, assuming that the source
rocks of the magma had 1"®Lu/*""Hf ratio of average crust of 0.015 (Fig. 11a,b; Goodge
and Vervoort, 2006; and Supplementary Tables 1 to 6); and tom, assuming 8Lu/*""Hf
ratio of 0.0125 ( Fi. 11 c, d; Chauvel et al., 2014; Supplementary Tables1 to 6) and will

be discussed later. The main results are summarized below.

5.2.1 Serra dos Carajas Suite

Zircons from the Serra dos Carajas Granite (biotite-hornblende syenogranite;
ECR-SC-01) and Cigano pluton (biotite-hornblende monzogranite - ECR-CG-14A;
biotite monzogranite - CIG-1) show a slightly larger range of Lu/*""Hf than zircons
from the Velho Guilherme and Jamon suites (Fig. 8a, b, c¢). The hafnium isotope
composition of these plutons record initial "®Hf/*""Hf ratios very homogeneous from
0.281191 to 0.281150 (Supplementary Table 1), corresponding to € Hf values with a
variation of only 3 epsilon Hf units between -13 to -16 (Fig. 9a), and tom®, of 3.37 Ga to
3.46 Ga (Fig. 11 a), and tom® of 3.23 Ga to 3.31 Ga (Fig. 11 b).

5.2.2 Velho Guilherme Suite
The hafnium isotope composition of the Velho Guilherme (albitized

leucogranite; L-42) and Antbnio Vicente (hornblende-biotite syenogranite (R-10); and
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leucogranite (R-5)) plutons show 78Lu/*""Hf ratios of 0.000355 to 0.001921 (Fig. 8b).
The initial "*Hf/*""Hf ratios are from 0.281162 to 0.281216 (Supplementary Table 2),
corresponding to € wr values between -13.0 to -14.9 (Fig. 9a) and tpm®, of 3.32 Ga to
3.43 Ga (Fig. 11a), and tpmp of 3.18 Ga to 3.29 Ga (Supplementary Table 2). This
range excludes zircons with U-Pb age of 1724 Ma of the leucogranite sample (R-5) with
initial ®Hf/A""Hf ratios from 0.281300 to 0.281345 (Supplementary Table 2),
corresponding to € wr values between -12,1 to -13.7 (Fig. 9b) and tpm®, of 3.14 Ga to
3.23 Ga (Fig. 11a), and tom® of 3.00 Ga to 3.09 Ga (Fig. 11 b).
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Bannach pluton); (d) comparison between the three suites. Mean denotes the un-weighted average of n number of in
situ analysis and is given with 2SD.

5.2.3 Jamon Suite

The Hf isotopic analyses for zircon grains from the seven samples of three
plutons (Musa, Redencdo, and Bannach) of the Jamon Suite show homogeneous Hf
isotopic compositions for the Musa and Redencdo plutons and for the cumulate facies
(ADR-1361) of the Bannach Granite. These plutons have initial "®Hf/*’’Hf ratios of
0.281151-0.281230 (Supplementary Table 3), corresponding to Enr values between -
12.0 to -15.7 (Fig. 9¢) and tpms of 3.27 Ga to 3.47 Ga (Fig. 11a), and tom®s of 3.14 Ga
to 3.32 Ga (Fig. 11 b).

Zircon crystals from the fine-grained leucomonzogranite facies (ADR-35A; U-
Pb age of 1857 Ma; Supplementary Table 3) of the Bannach Granite, yield initial
Y8 £/2""Hf ratios of 0.281289-0.281327 (Supplementary Table 3), more radiogenic than
the other plutons of this suite. Exf values vary between -11 to -9.3 (Fig. 9c; graphically
represented with light pink color), tom® between 3.09 Ga to 3.17 Ga (Fig. 11a), and
tom®s between 2.97 Ga to 3.05 Ga (Fig. 11b), except for one zircon grain (N1635A.11-

1; See Supplementary Table 3). In general, the Jamon Suite shows also a short range of
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Enr values, except for the zircons of the ADR-35A (Fig. 9c, d), a fine-grained

leucomonzogranite of the Bannach pluton. We will return to this point in the following.

5.2.4 Seringa Granite

Zircons from four studied facies (heterogranular leucosyenogranite, AC-45;
coarse-grained biotite-hornblende monzogranite, AC-59; coarse-grained hornblende-
biotite monzogranite, AC-85; and heterogranular hornblende-biotite syenogranite, AC-
42) of the Seringa Granite have "®Lu/*""Hf ratio mostly ranging between 0.0003 to
0.0018 (Fig. 8b). They record initial "®Hf/*"’"Hf ratios mostly from 0.281119 to
0.281199 (Supplementary Table 1), corresponding to € nfvalues with 6 epsilon Hf units
between -12.8 to -17.3 (Fig. 10a), and tom®, of 3.29 Ga to 3.58 Ga (Fig. 11b), and tom®s
of 3.16 Ga to 3.43 Ga (Fig.11d). The coarse-grained hornblende-biotite monzogranite
(1890 Ma; Teixeira et al., submitted) has the more strongly negative € nr values (Fig.
10d) and show the oldest crustal model ages (Fig. 11b,d; Supplementary Table 4)

compared to the other facies.
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5.2.5 S&o Jodo Granite

Except for one zircon grain (N1626F.3-1) of the hornblende-biotite syenogranite
(PC-03B; 1866 Ma; Supplementary Table 5; Fig. 10b), the hafnium isotope composition
of three studied facies of the S&o Jodo Granite is quite homogeneous. The hornblende-
biotite syenogranite (PC-03B; 1866 Ma) has initial "®Hf/*’"Hf ratios from 0.280913 to
0.281275, with Enrvalues of -15.4 to —18.3, and tom®, of 3.45 Ga to 3.63 Ga (Fig. 11b),
and tpm® of 3.30 Ga to 3.46 Ga (Fig. 11d); the zircon grain N1626F.3-1 show Eps of -
24.2 and tpm©a of 3.99 Ga and tom® of 3.79 Ga (Fig. 11d). The biotite-monzogranite
(PC-21; 1880 Ma) has initial Y®Hf/*’’Hf ratios from 0.281172 to 0.281222, with Eus
values of -12.9 to —14.7, and tpm®, of 3.31 Ga to 3.42 Ga (Fig. 11b), and tom®, of 3.17
Gato 3.27 Ga (Fig. 11d). The biotite-hornblende monzogranite (PCM-10; 1891 Ma) has
hafnium isotope composition very homogeneous with initial ®Hf/*”"Hf ratios from
0.281132 to 0.281179, with Enf values of -14.1 to —14.9 (except for one zircon grain
with € of -15.8; N16-26E.6-1), and tom®a of 3.39 Ga to 3.50 Ga (Fig. 11b), and tom
of 3.25 Ga to 3.35 Ga (Fig. 11d). The Lu/Hf ratio of this granite is slightly higher than
the Seringa pluton, ranging from 0.0007 to 0.004 (Fig. 8e).

5.2.6 Gogo da Onca Granite

The hafnium isotope composition of the Gogd da Onca hornblende-biotite
syenogranite (PFR-19B) and biotite-hornblende granodiorite (PFR-18B) exhibit Lu/Hf
ratio slightly lower than the Seringa and Séo Jodo plutons, ranging from 0.0006 to
0.0014 (Fig. 8e), and different of the Seringa and Sdo Jodo plutons that show some
variations between their facies, record very homogeneous initial "*Hf/*’’Hf ratios from
0.281140 to 0.281187 (Supplementary Table 6), corresponding to € wr values between -
14.4 to -16.5 (Fig. 10b), and tpm®, of 3.28 Ga to 3.52 Ga (Fig. 11b), and tpm®, of 3.25
Gato 3.37 Ga (Fig. 11d).

5.3 Hf Crustal model ages

The Hf crustal modal ages calculated for the two models presented before are
shown in the Fig. 11. Note that for the "®Lu/*""Hf average crust of 0.015 the studied
granites show tom® oldest (3.09 to 3.63 Ga; Fig 11a, b) than using the SLu/*""Hf
average crust of 0.0125 that are younger ranging between 3.0 Ga to 3.46 Ga (fig. 11c.d)
but within the interval of tom®. Independent of the 7SLu/*""Hf ratio used all these

plutons show considerable oldest ages than previously obtained by Nd isotopes data. In
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addition, the plutons of the Seringa, S&o Jodo and Gogd da Onca Granite have oldest
crustal model ages than the Serra dos Carajas, Velho Guilherme and Jamon Suite (Fig.
11), this could indicate that a major late Archean crustal source was involved in the

origin of this plutons.
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Fig. 11. Age vs € nrdiagram of the studied Orosirian Granites of the Carajas Province: (a , b) using the average crust
of 0.015 ((a) Serra dos Carajas, Velho Guilherme and Jamon suites; (b) Seringa, S&o0 Jodo and Gogd da Onga
Granites); (c, d) using the average crust of 0.0125 ((c) Serra dos Carajas, Velho Guilherme and Jamon suites; (d)
Seringa, S8o Jodo and Gogo da Onca Granites).

5.4 Sm-Nd isotopes

The whole-rock Nd isotope compositions from the main facies of the Seringa
and S&o Jodo granites are given in Table 3 and illustrated on an age vs. eNd diagram in
Fig. 12. The full data of the Nd composition of the A-type Paleoproterozoic magmatism
of the Carajas Province are in Supplementary Table 7.

The Seringa batholith has Nd concentrations varying between 55.28 and 83.89
ppm, and Sm contents of 9.61 to 12.99 ppm, show little variation in *4’Sm/**Nd from
0.093583 to 0.105110, with Tom model ages varying from 2.86 to 2.91 Ga, and negative
end (at 1880 Ma) values of -10.9 to -9.9.

In the S&o Jo&o pluton, the Nd concentrations are of 55.28 to 83.89 ppm, and Sm
contents of 9.61 to 12.99 ppm. Variation in *#’Sm/***Nd from 0.099110 to 0.107698 is
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also limited. The Tom model ages are slightly older, between 2.89 to 2.98 Ga and eng (at
1880 Ma) values show a larger range (-11.3 to -9.4) compared to Seringa granite.

Table 3 — Whole-rock Sm-Nd isotopic composition of the Seringa (SG) and Séo Joédo
(SJ) granites

U-Pb  Sm(ppm) Nd(ppm) “Sm/M4Nd 26 4SNd/M4Nd 20 f(Sm/Nd) T(DM) eNd(t)

AC-42 1.87 11.18 69.03 0.09790 | 0.0004 | 0.510864 | 0.000007 | -0.502 290 | -10.9

AC-59 1.87 10.25 60.09 0.10311 | 0.0015 | 0.510951 | 0.000019 | -0.476 291 | -10.2

SG AC-66 1.88 12.99 83.89 0.09358 | 0.0041 | 0.510813 | 0.000018 | -0.524 2.86 | -10.7
AC-85 1.88 9.61 55.28 0.10510 | 0.0002 | 0.510998 | 0.000006 | -0.466 2.90 -9.9
PCM-10 191 8.96 50.27 0.10770 | 0.0044 | 0.511056 | 0.000044 | -0.452 2.89 -9.4

s PC-21 1.88 8.91 52.36 0.10291 | 0.0023 | 0.510899 | 0.000038 | -0.477 298 | -11.3
PC-03B 1.86 9.58 58.47 0.09910 | 0.0002 | 0.510914 | 0.000002 | -0.496 2.86 | -10.0
PCM-13 1.77 14.58 88.13 0.10002 | 0.0003 | 0.510894 | 0.000003 | -0.491 291 | -10.8

6. Discussion
6.1 Hf-O isotope composition

Magmatic processes as assimilation or mixing might be difficult to distinguish in
bulk rock isotopic analysis but can be traced by detailed isotopic analysis of zircon
(Kemp et al., 2007; Andersen et al., 2004, 2009). Oxygen isotope data in zircon can
provide a robust indicator of the isotopic composition of the magma from which the
zircon crystallized and contaminants. According to Valley et al. (1994), §*80z can be
interpreted as the 380 in the host melt (8'®Omerr). Zircon that crystallizes from mantle
derived magmas has compositions around 5.3 = 0.3%0 (1 SD, Valley et al., 1998).
Thereby, the combined Lu-Hf and Oxygen isotope in zircon allow to determine the
nature of the source of the magmas, to evaluate incorporation of juvenile or evolved
material, and the influence of supracrustal rocks (Hawkesworth and Kemp, 2006; Kemp
etal., 2009; Wang et al., 2011).

The A-type anorogenic granites analyzed in the present study represent a large
volume of granitic magmatism generated in the late Palaeoproterozoic in the eastern of
the Amazon Craton. They show significant contrasts in fO, and occur along a
considerable geographical area being distributed in the northern, western and southern
parts of the Carajas Province. Most of the zircons from the intrusions analyzed in this
work have a remarkably restricted initial "®Hf/*"’"Hf. The analyzed granites show
within-suite maximum ranges of ca. 6 units (Enf), and about 3 units (Enr) for most
plutons or single samples, and 580 variation is also limited (< 3%o; 2SD). They
typically have negative €nr values demonstrating a significant influence of older

(Archaean) crustal sources in the origin of their magmas.
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Fig. 12. Age vs. ¢éNd diagram for the Seringa and Sao Jodo plutons of the Carajas Province.

The initial Hf isotope compositions are very homogeneous (< 3 eHf units of
variation) for the different plutons of the Serra dos Carajas, Velho Guilherme, and
Jamon suites. Except for one zircon analysis, the fine-grained leucomonzogranite of
Bannach pluton also show limited internal variation of e¢Hf, however, it shows strong
contrast in the initial Hf composition of their samples compared to the other Jamon
Suite granites (Fig. 9c, d; Supplementary Table 3). Zircons that crystallized from
mantle-derived magmas contaminated by crustal rocks or formed by mixing of melts
from sources in the depleted mantle and the deep continental crust, usually exhibit
larger within-sample Hf isotope variations compared to the Orisirian Carajas granites
(Griffin et al. 2000; Hawkesworth and Kemp 2006; Andersen et al., 2009). This
homogeneity may indicate that zircons in each granite sample of these three suites
probably crystallized from a magma with homogeneous Hf isotope composition and that
the processes and sources involved in the origin of different suites are broadly similar.

It is accepted that the different facies of the plutons that constitute the Orisirian
granite suites evolved mostly by fractional crystallization (Dall’Agnol et al., 1999a,
2005; Dall’Agnol and Oliveira, 2007; Teixeira et al., 2002; Oliveira, et al., 2009), and
this is particularly true for the Jamon Suite (Dall’Agnol et al., 1999a, b; Oliveira, D.C.



147

et al., 2009). However, the fine-grained leucogranite facies of the Bannach pluton show
mineralogical, geochemical, and geochronological evidence that it was formed from an
independent magma pulse, distinct genetically and younger than the less evolved facies
of the same pluton (Oliveira, D.C. et al., 2009; Almeida et al., 2006; Mesquita et al., in
press; Teixeira et al., submitted). The present-day 1"®Hf/*’’"Hf composition of the two
samples of Bannach Granite (Figure 13) and the gHf histogram demonstrate that the
leucogranite facies (ADR-35A) of the Bannach pluton has a different isotopic
composition and is more radiogenic compared to the cumulate granite (ADR-1361).
These isotopic data summed with all independent evidences allow to conclude that a
distinct and more reduced source was involved in the generation of the leucogranite
facies of Bannach pluton (Fig. 13; Mesquita et al., in press).

Most facies of the Seringa, Sdo Jodo, and Gogd-da-Onga plutons also presented
in individual samples a limited variation of inicial eHf and similar ranges to those
observed in the three suites (-12.8 to -15.8; Supplementary Tables 4, 5, 6). However, the
coarse-grained hornblende-biotite monzogranite of the Seringa pluton and the
hornblende-biotite syenogranite of the S&o Jodo pluton presented more accentuate
negative € ur values (respectively of -15.5 to -17.3 and -16.5 to -18.3; with one grain of
-24.2; Fig. 15; Supplementary Table 5) compared to the other facies, which indicate
significant isotopic contrasts between the different facies of each pluton. The Seringa
Granite forms a large batholith (Fig. 1c) that was not studied in all its extension. On the
other hand, there are geochemical contrasts between the monzogranites and
syenogranites facies of the Seringa and S8o Jodo granites and there is a compositional
gap between those varieties (Fig. 2 and 3). This indicates that these plutons are less
homogeneous than those of the three suites and deserve more detailed studies in the
future. In the The Gog6é da Onca Granite, the initial Hf composition is very
homogeneous in the biotite-hornblende granodiorite (-14.4 to -15.2) and shows large
variation and attain more negative values in the hornblende-biotite syenogranite (-12.5
to -16.5). Except for the maximum value of -12.5, eHf values are superposed to those of

Seringa and S&o Jodo granites (Fig. 10d).
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Fig. 13. a) Present-day 1"6Hf/*’"Hf composition for the Bannach Granite of the Jamon Suite; b) Histograms of the
initial zircon Hf isotope compositions of the Bannach Granite. The anomalous zircon grain of the leucogranite
(N1635A.11-1; See Supplementary Table 3) is indicated.

All these granites have oxygen isotopic composition generally varying from
5.50%0 to 7.00%0 but several analyzed samples display comparatively lower values
between 2.50%0 and 4.87%0 with an isolated extremely higher value in a biotite
monzogranite of the Sdo Jodo pluton (Fig. 15; Suppl. Table 5). Discarding these
anomalous values, the total range in zircon &80 is of 1.1%o in the plutons of the Serra
dos Carajas Suite; 2.35%o in the Velho Guilherme Suite; 2.20%o in the Jamon Suite;
1.28%o in the Seringa Granite; 1.25%o in the Sdo Jodo; and 1.53%o in the GGO. The
average oxygen compositions in independent plutons vary between 5.62%o and 6.80%o.
The lower average values are found in the hornblende-biotite syenogranite (5.64%o) of
the Antonio Vicente pluton and in the even-grained biotite monzogranite (5.62%o) and
leucomonzogranite (5.86%o) of the Redencgdo pluton. The highest average values were
registered in the albitized leucogranite of the Velho Guilherme pluton (6.78%o0) and in
the cumulate facies (6.80%o) of the Bannach pluton. The few zircon crystals that showed
markedly lower &80 values do not represent the main zircon population of their

respective samples and probably result of alteration processes.
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It is widely accepted that magmatic zircons can preserve the igneous values of
5180 even if submitted to subsequent high grade metamorphism and possibly also to
magmatic assimilation or anatexis (Valley et al., 2003). On the other hand, intra-grain
oxygen isotopic heterogeneities in zircon are common in granitic rocks (Kemp et al.,
2007; Gagrevin et al., 2011), but we took care to not analyze areas close to
microinclusions or fractures. We investigated some crystal zircons in more detail and
almost all of them do not show significant §'80 isotopic heterogeneities (Fig. 14 a, b, c),
unless one zircon grain of the S&o Jodo Granite (Fig. 14d) that presented very discordant
ages and need more investigation (Teixeira et al., submitted). The &80 in the studied
zircons exhibit a narrow range that looks consistent values retained from the magmatic
stage. In addition, Dall’Agnol et al. (2005) obtained 5'80 values mostly ranging
between 6.5 %o to 8.5 %o in whole-rock and quartz for the Serra dos Carajés, Velho
Guilherme, and Jamon suites. Their results indicate higher values in whole rock than
our 580z data, but, according to Valley et al. (2005), 50 values in whole rock tend to
increase because other mineral in the rock have commonly higher 30 compared to
zircon. Thus, we consider that the obtained 580 values truly reflect the composition of
the magma source of these granites and are geologically meaningful.

Fractionation of O isotopes can occur during low temperature processes and, as a
result, oxygen isotope data in magmatic rocks are highly sensitive to incorporation of
supracrustal material and fluid alteration (Valley et al., 2005; Payne et al., 2016). In this
context, the low &80 values (<5.00%o) in the Orosirian granites of Carajas may result of
exchange between protoliths or magmas with contaminants or hydrothermal waters at
high temperature. With regard to the leucogranite (R-05) of the Velho Guilheme Suite,
zircons of that sample show zones with sieve texture indicating that the crystals were
affected by intense hydrothermal processes which probably opened not only the oxygen
isotopic system but also the U-Pb system (See Teixeira et al., submitted).

In the Redencdo Granite of the Jamon Suite, the 80 values are lower in the
even-grained biotite monzogranite and leucomonzogranite (average of, respectively,
5.62%0 and 5.86%o, and minimum values of 5.38%. and 5.05%.) compared to the
seriated leucomonzogranite facies (DC-120, average of 6.33%0 and range of 6.06%o to
7.03%o). Oliveira et al. (2009) proposed that the leucogranites of the Redencdo pluton
should correspond to an independent intrusion of evolved magma and our oxygen

results may corroborate with contrasts in the origin of different facies.
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The variation in the couple Hf-O is illustrated in Figure 15, where are plotted the
zircons in which both isotopes were analysed (Hf and Oxygen). It is evident that almost
all studied zircon grains of the Paleoproterozoic granites have a very restrict € nf, mostly
between ca. -13.00 to -16.00, and §*80 between ca. 5.50%o and 7.00%.. The leucogranite
facies (ADR-35A) of the Bannach pluton is an exception, as discussed before (Fig. 14).
However, it is possible to observe subtle differences between these plutons. The plutons
of the Velho Guilherme Suite are less negative in Hf and tend to have higher &80
compared to the other granites. The Seringa, Sdo Jodo, and Gog6 da Onga granites
present more variable values of Hf and lesser variation in &0 (Fig. 15). The
leucogranite of the Jamon Suite (ADR-35A) has less negative Ens and define a field
distinct of all other granites.

The presence of older zircons (ca. 1900 to 1920 Ma) in the Velho Guilherme and
Jamon suites, and in the Seringa pluton, was registered by Teixeira et al. (submitted).
They interpreted these zircon grains as antecrysts from an earlier pulse of magma that
were incorporated in the later 1880 Ma pulse. The Hf and oxygen isotopic compositions
of these older zircons were analyzed but they do not show compositional contrasts with
dominant 1880 Ma old zircons (Suppl. Tables 2, 3 and 4).
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Fig. 14. Backscattered electron (BSE) images of representative zircons from the A-type Paleoproterozoic granites of
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the location of ion microprobe spots for oxygen analysis, and the red ellipse represents the location of the U-Pb
SHRIMP analyses.

6.2 Model ages

The limitations of Hf model ages are discussed by several authors (Vervoort and
Kemp et al., 2016; Payne et al., 2016; Nebel et al., 2007), that emphasize the fact that
the *"8Lu/*""Hf ratio of continental crust is poorly constrained. Once the Lu/Hf ratio of
zircon is not the same as the ratio in the crust from which the host melt was derived, it
was proposed a two-stage Depleted Mantle (Crustal) model age Towm®, where in the first
stage are used the measured *"®Hf/*""Hf (present-day), 1"6Lu/*""Hf, and U-Pb age of the
zircon to calculate the "®Hf/*"’Hf ratio at the time of zircon crystallization. After
defined the initial Hf isotope composition, in a second stage, it is needed to assume a
Y8Lu/r""HE value of the crustal source rock from which the zircon was derived to
calculate the isotope evolution of the host rock to the point of intersection with the

terrestrial reference. The main problem with this model ages is the uncertainty regarding



152

the appropriate value for the ®Lu/*"’Hf crustal composition (Payne et al., 2016;
Roberts and Spencer, 2015; Chauvel et al., 2014; Dhuime et al., 2012). The calculated
Tom® depends heavily on the choice of the Y8Lu/*""Hf ratio of the crust which can result

in an uncertainty of a few hundred million years.
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Fig. 15. Enr vs 8180 of the A-type Paleoproterozoic granites of the Carajas Province.

In this work, the Hf-depleted mantle model age (Hf-tom) for the magmatic host
rock was calculated using the measured *"®Lu/*""Hf referred to a model depleted mantle
with a present-day "®Hf/*""Hf = 0.28325 (Griffin et al., 2000) and "6Lu/*""Hf = 0.0388
(Andersen et al., 2009). This model gives a minimum age for the source rock of the host
magma (Kemp et al., 2007). However, Dall’Agnol et al. (1999a, b, 2005) presented
evidence that the A-type anorogenic granite magmas of Carajas Province were derived
from crustal sources. Hence, we have tried to adjust our initial model and more realistic
“crustal” model ages (Hf-tom®) were calculated.

Several 1"®Lu/*""Hf ratios for the continental crust have been suggested: Goodge
and Vervoort (2006) suggested a value of 0.0150 for a Proterozoic crust; Hawkesworth
et al. (2010) obtained a value of 0.0159 on the basis of over 7000 measurements of
granitoids; Condie et al. (2011) proposed a value of 0.020; Dhuime et al. (2011)
suggested a model of a new crust (Hf-tnc) based on the weighted average of modern
island arcs worldwide; and, more recently, Chauvel et al. (2014) obtained a "®Lu/*""Hf
ratio of 0.0125 from loess deposits of several continents, assuming that Hf model ages

cannot be younger than Nd model ages.
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Fig. 16. Histograms of the tom® of the samples of the Orisirian Granites of the Carajas Province.

Our approach in the attempt to constrain the age of the sources of the Orosirian
granites of the Carajas Province was to use two different 1®Lu/*""Hf ratios (0.0150 of
Goodge and Vervoort, 2006, and of 0.0125 of Chauvel et al., 2014) to estimate the age
of the sources of the Paleoproterozoic magmatism of Carajas, and to evaluate possible
differences between them.

The Hf-isotope crustal model ages adopted here are consistent with the
derivation of these granites predominantly from the pre-existing crust. Independent of
the values of the 7Lu/*""Hf ratio, all of the studied plutons have tom® that are similar
and older and entirely distinct of their formation age. Adopting the *"®Lu/*""Hf ratio of
0.015 (Figure 16; Suppl. Tables 1 to 6), the analyzed granites have Paleoarchean
sources with the mean peak between 3.4 Ga and 3.5 Ga, while, using the "®Lu/*""Hf
ratio of 0.0125, the crustal model ages are ca. 200 m.y younger mostly ranging between
3.2 Ga to 3.3 Ga. Independent of the adopted model, these ages are considerable older

than those previously obtained by Nd isotopic data (3.0 Ga to 2.7 Ga).
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Sm-—Nd isotope data from whole rocks is used to calculated Tom Nd ages. This is
done in much the same way of Zircon Hf, but with one important difference: the Tpm
Nd ages are calculated using a single-stage model. To illustrate this, in the
Supplementary Tables 1 to 6 are given the Hf-tom ages obtained in a single-stage model
for all the granites studied here, and the results are very similar to the Nd isotopic data.
The eNd vs. age diagram is presented in Figure 17 and the Nd data in Supplementary
Table 7.

The new data of Hf-tDMC suggests older ages than those of the Archean country
rocks of these granites that vary between 2.7 Ga to 3.0 Ga. Martins et al. (2017)
obtained Hf-tDMC from 3224 to 3345 Ma for the Neoarchean basalts (2745 Ma) of the
Gréo-Para Group (Parauapebas Formation) of the Carajas Basin, north of the Carajas
Province (Fig. 1). Those authors suggest that the basaltic rocks were derived from the
subcontinental lithospheric mantle affected by upper continental crustal components.
They used ratios 1®Lu/*""Hf = 0.015 and obtained for those basalts crustal model ages

that are Mesoarchean and similar to the data presented here for the sources of the
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Paleoproterozoic A-type magmatism of Carajas (Fig. 18). This points to the existence of
a possible older crust not exposed in the surface of the Carajas Province.

The Paleoproterozoic Era is marked by the presence of A-type rapakivi
magmatism in numerous Archean cratons worldwide. Besides the Carajas Province, it is
also found in the Tapajés-Parima Province of the Amazon Craton (Fig. 1a, b). In the
southern part of the Guyana shield, it was described the Paleoproterozoic Sdo Gabriel
AMCG Association (1.88 Ga; Valério et al., 2018). Unlike the Carajas granites, Hf and
Nd model ages indicate that the S&o Gabriel rocks were formed by mixing of crustal
Archean (Mesoarchean to Neoarchean) and Paleoproterozoic components and small
contribution of Rhyacian mantelic magmas (Valério et al., 2018).

1.7 Ga to 1.8 Ga A-type rapakivi granites derived from partial melting of
crustal Archean sources (2.6-2.9 Ga) in post-orogenic extensional tectonic settings were
also described in the North China Craton (NCC) (Fig. 18; Zhang et al., 2007; Zhao and
Zhou 2009; Jiang et al., 2011). In the SE Tarim block, the 1.77 Ga Dunhuang A-type
granites were described. They are similar to those of the NCC, occur in a similar
tectonic setting, and are also derived of late Archean crustal source (Fig. 18; Sheng et
al., 2014). Besides the fact that these granites were formed exclusively from Archean
sources, they were formed under oxidizing conditions (Zhao and Zhou 2009) and in this
aspect are similar to the plutons of the Jamon Suite (Dall’ Agnol et al., 1999a, 2005).

6.3 Petrogenesis of the A-type anorogenic magmatism of the Carajas Province

A-type granites were first proposed by Loiselle and Wones (1979) to define a
series of granitic rocks intruded in extensional tectonic environments such as
anorogenic rift zones. Frost et al. (2001) classified the A-type granites as ferroan calc-
alkaline to alkali-calcic or alkaline granitoids. However, a large number of magmatic
processes including fractional crystallization of mantle-derived basaltic magmas,
assimilation and fractional crystallization (AFC) processes, partial melting of mantle or
crust and magma mixing between basaltic and crustal melts were proposed to explain
the origin of these granites (Collins et al., 1982; Clemens et al., 1986; Whalen et al.,
1987; Creaser et al., 1991; Frost and Frost, 1997; Bonin, 2007; Anderson and Bender,
1989; Dall’ Agnol and Oliveira, 2007; Dall’ Agnol et al., 2012).

Our data shows that all studied zircons have strongly negative epsilon Hf values
(ca. -9 to -18), in agreement with strongly negative epsilon Nd values (Figure 19). Hf

isotopes are generally more sensitive and produce more varying Hf isotope
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compositions than Nd isotopes, though both methods demonstrate that these granites

were generated from crustal sources.
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Fig. 18. eHf versus age diagram showing the evolution path of the Orosirian granites of the Carajas Province in
comparison with the evolution path for the Parauapebas Formation basalts of the Carajas Basin (Martins et al., 2017),

and with the Paleoproterozoic A-type granites of the North China Craton (Liu et al., 2007; Zhao and Zhou 2009;
Jiang et al., 2011), and the Dunhuang A-type granite of the SE Tarim Craton (Sheng et al., 2014).

When combined, Hf and O isotope compositions indicate that the A-type
Paleoproterozoic magmatism of the Carajas Province granites is derived from an ancient
igneous crustal source (Fig. 20). The studied samples have Hf-O isotopic compositions
that overlap within error, and evidence of contamination (crustal assimilation or mixing)
of a mantle-derived magma cannot be seen.

Some samples of the Velho Guilherme and Jamon suites display oxygen isotope
compositions that fall within the accepted range of mantle-like compositions (5.3 £
0.3%o; Valley et al., 1998). However, this can be justified by the Archean source for
these granites, because Archean zircons can have 580 values of 5.00%o to 7.5%o
(Valley et al., 2005).
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the Carajas Province.

The relatively homogenous and the restricted compositional range of the
analyzed zircon suggests that magmatic mixing were not important in the generation of
the plutons of the Orosirian granites. The Velho Guilherme Suite was derived from
reduced magmas and is associated with greisen-type tin mineralization (Dall’ Agnol et
al., 2005; Teixeira et al., 2002). The leucogranite facies of the Antdnio Vicente pluton
and the albitized leucogranite of the VVelho Guilherme Granite both have slightly more
variable and high 580 values (up to 7.00%0) compared to the less evolved facies of the
Antonio Vicente (R-10) and those of the others suites. This could imply supracrustal
assimilation or influence of metasedimentary sources in the origin of that suite
(Dall’Agnol et al., 2005). In the Jamon Suite, Hf composition is more variable,
especially in the evolved leucogranites of Bannach and Redencéo plutons, and sources
with contrast in the degree of oxidation could be evolved in the generation of the
mentioned leucogranites of that suite.

In spite of the general geochemical similarities between the Orosirian granites,
contrasts in the oxygen fugacity and in the associated mineralization are indicative of

small differences between the three anorogenic suites (Dall’Agnol et al., 2005). Some
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differences are also indicated by the Hf and Oxygen data and they may result of partial
melting of differing Archean crustal domains within the Carajas Province.

The Hf and O larger variation (Suppl. Table 4 and 5) shown by the biotite
monzogranite of the S&o Jodo pluton and the hornblende-biotite syenogranite facies of
the Seringa pluton also indicates that slightly different Archean protoliths could be the
sources of their magmas or that locally some supracrustal contamination has occurred.
Teixeira et al. (2017) suggested that the different the facies of the Gogd da Onca Granite
are possibly related by fractional crystallization. The isotope data obtained for two
facies of this granite reveal a more homogenous Hf and O composition than observed in
the Seringa and S&o Jodo pluton and do not denote significantly heterogeneity in the
source of the pluton.

Heinonen et al. (2012) proposed that small differences in Hf and Oxygen
compositions observed in the Mucajai anorthosite—-monzonite—granite (AMG) complex
(ca 1525 Ma) in Roraima (Brazil) northern of the Amazon Craton, may result either
from a isotopically heterogeneous lower crustal source or, more likely, from
contamination of the granitic magma derived from a lower crustal source during
prolonged residence at upper crustal levels. This kind of contamination could also had
occurred with the magmas of the Orosirian granites of Carajas because their evolution
and emplacement processes are similar to those admitted for the AMCG associations,
generating low pressure sheeted-like intrusions (Oliveira et al., 2008).

The Nd, Hf, and Oxygen isotope compositions of the rocks of Carajas Province
clearly attest to the essential role of Archean crustal sources in the petrogenesis of the
A-type magmatism of Carajas. Moreover, the new isotope data are compatible with the
hypothesis that the A-type granites are derived from Archean quartz—feldspathic crustal
sources with compositional variation. The Jamon Suite was considered to be derived
from a sanukitoid igneous source under oxidizing conditions, whereas the reduced A-
type granites of the Serra dos Carajas and Velho Guilherme suites could be derived
from a quartz-feldspathic igneous source with a more reduced condition, or, possibly,
with a contribution from metasedimentary rock (Dall’ Agnol et al., 2005).

As discussed before, the Hf crustal model ages of the Orosirian granites are
mostly Paleoarchean and suggest older sources than their Neoarchean to Mesoarchean
country rocks (~2.7 Ga to 3.0 Ga). If the Hf model ages are assumed as true, this would
imply that the A-type granites are derived of sources in the deep crust that are much

older than the rocks exposed in surface. However, so far, there is no register of
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Paleoarchean rocks in the Carajas Province and a deeper discussion and comparison
about the sources evolved in the generation of these granites is limited at this point by
the absence of Hf isotope composition of the A-type Paleoproterozoic granites country
rocks. Nevertheless, the Hf crustal model ages of the Parauapebas Formation basalts in
the Carajas Basin also attest for an older crust in the Carajas Province (Martins et al.,
2017) and an inherited zircon with an age of of 3.2 Ga was identified in the Musa pluton
(Machado et al., 1991).

Thus, the present data support conclusions based in previous geochemical and
conventional isotope data, which suggest that the A-type Paleoproterozoic granites of
Carajas Province were derived mostly from an Archaean quartz-feldspathic igneous
source. The oxygen values are consistent with the interpretation that the zircons
crystallized from a magma generated by melting of pre-existing igneous rocks possibly

with a minor contribution from a supracrustal (metasedimentary) component.
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Fig. 20. Single zircons Hf(t) with 580 data from the A-type anorogenic granites of the Carajas Province.

6.4 Comparison with the Mesoproterozoic rapakivi A-type granites of
Fennoscandia, Laurentia and Roraima State of Brazil

The Hf and oxygen values are consistent with the interpretation that the A-type
granites of the Carajas Province were crystallized from a magma generated by melting
of pre-existing igneous rocks with a minor contribution from a supracrustal

(metasedimentary) component. Different from our studied granites, the Mesoproterozoic
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anorthosite—mangerite—charnockite-rapakivi granite series (1650 to 1540 Ma) of
Finland have initial Hf isotope compositions that vary from crustal values to depleted
mantle and their origin is attributed to two distinct magma sources composed of a
homogeneous Paleoproterozoic crustal component and a depleted mantle component
(Heinonen et al., 2010).

In Laurentia, the Mesoproterozoic A-type granites of Central-Southwestern USA
(~1.4 Ga) were emplaced within Proterozoic crust and three distinct groups of granites
have been distinguished: ilmenite-series granite, magnetite-series granite, and two-mica
granite (Anderson and Bender, 1989; Anderson and Morrison, 2005). The Hf isotope
compositions of these granites indicate a dominantly crustal origin, although a mantle
contribution is not discarded (Goodge and Vervoort, 2006). Goodge and Vervoort
(2006) argue that the general similarity of their Hf isotope data suggest a high degree of
uniformity in the Laurentian A-type magmas. In Carajas Province, we also observed a
fair uniformity in the Hf data of the anorogenic granites which could imply a high
degree of homogeneity of the Archean sources of their magmas.

The Mesoproterozoic AMG Mucajai association of Roraima state of Brazil was
derived from a Paleoproterozoic crustal source and show a more complex evolution
(Fraga et al., 2009; Heinonen et al., 2012) than the Orosirian granites of Carajas
Province. The AMG association is formed by anorthosite, mangerite, and different
granite varieties and has a more diversified nature than the Carajas granites that have
essentially granite composition. However, the behavior of Hf and O isotopes is also

fairly uniform in Mucajai (Heinonen et al., 2012).
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7. Conclusions
All the A-type anorogenic granites of the Carajas Province have initial Hf and

Oxygen isotope compositions fairly homogeneous, although small differences were
observed internally in the plutons or between them. These differences can result for
contrasts in the crustal domains of the Carajas Province that were the source of the
granites or of local contamination processes.

The Hf and oxygen data are consistent with the interpretation that these plutons
crystallized from magmas generated by melting of pre-existing igneous rocks with
possibly in the Velho Guilherme Suite a minor contribution from a supracrustal
(metasedimentary) component. The Hf crustal model ages indicate a Paleoarchean
source with a minor contribution from Mesoarchean melts. The Hf model ages are older
than the exposed Archean country rocks of the Orosirian granites of the Carajas
Province and more investigation is needed to verify the real existence of that older
Archean crust. Nevertheless, the Nd, Hf, and O isotope compositions of the
Paleoproterozoic granites of Carajas Province clearly attest to an igneous ancient crustal

source in the origin of their magmas.
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Supplementary Table 1. Hf and isotope analyses on zircon of the granites of the Serra dos Carajas Suite

U/Pb Sample Initial Ratios Model Ages (Ga)
Sample Age (Ma) "°Yb/'Hf +2¢  Lu/MTHS +26  PHEFHE() 26 YOHfMTHE() M) 26 TDM  toySs  tows 00  £206
ECR-SC-01. Serra dos Carajas - biotite-hornblende syenogranite _
N1619D.8-1 1882 0.035174 0.001273 0.001067 0.000040 0.281198 0.000018 0.281160 -15.0 0.6 2.84 3.44 3.29 6.21 0.52
N1619D.7-2 1882 0.018242 0.000085 0.000600 0.000004 0.281199 0.000020 0.281177 -14.4 0.1 2.80 3.40 3.26 3.81 0.48
N1619D.6-2 1882 0.019479 0.000255 0.000642 0.000005 0.281197 0.000016 0.281174 -14.5 0.1 2.81 341 3.27 3.38 0.54
N1619D.2-1 1882 0.016864 0.000363 0.000544 0.000007 0.281196 0.000018 0.281176 -14.5 0.2 2.80 3.40 3.26 6.32 0.51
N1619D.1-2 1882 0.014668 0.000147 0.000498 0.000003 0.281198 0.000017 0.281180 -14.3 0.1 2.79 3.40 3.25 6.06 0.49
N1619D.1-1 1882 0.020618 0.000816 0.000656 0.000024 0.281188 0.000019 0.281165 -14.9 0.5 2.82 343 3.28 6.68 0.54
N1619D.7-1 1882 na na na na na na na na na na na na 6.38 0.52
N1619D.3-1 na na na na na na na na na na na na na 6.10 0.50
ECR-CG-14A. Cigano granite - biotite-hornblende monzogranite
N1619E.11-1 1884 0.024766 0.000995 0.000778 0.000023 0.281191 0.000019 0.281163 -14.9 0.4 2.82 343 3.29 6.46 0.54
N1619E.9-1 1884 0.036388 0.002439 0.001128 0.000062 0.281212 0.000019 0.281171 -14.6 0.8 2.82 341 3.27 5.73 0.52
N1619E.8-1 1884 0.018616 0.000271 0.000598 0.000003 0.281211 0.000018 0.281189 -13.9 0.1 2.79 3.37 3.23 5.74 0.48
N1619E.7-3 na 0.015101 0.000062 0.000496 0.000002 0.281206 0.000018 0.281188 -14.0 0.1 2.78 3.38 3.24 6.44 0.52
N1619E.7-2 1884 0.041756 0.001063 0.001312 0.000038 0.281238 0.000020 0.281191 -13.9 0.4 2.80 3.37 3.23 5.95 0.52
N1619E.7-1 1884 0.019806 0.001577 0.000632 0.000041 0.281207 0.000018 0.281184 -14.1 0.9 2.79 3.39 3.25 6.80 0.52
N1619E.3-1 1884 0.011459 0.000869 0.000394 0.000025 0.281201 0.000016 0.281187 -14.0 0.9 2.78 3.38 3.24 3.44 0.50
N1619E.5-1 na na na na na na na na na na na na na 0.93 0.4
N1619E.5-2 na na na na na na na na na na na na na 5.98 0.53
N1619E.5-3 na na na na na na na na na na na na na 6.79 0.48
CIG-1 Cigano granite - biotite monzogranite
N1620D.3-1 1883 0.076903 0.002900 0.002404 0.000070 0.281236 0.000022 0.281150 -15.38 0.45 2.89 3.46 3.31 6.25 0.55
N1620D.2-2 1883 0.075874 0.002361 0.002372 0.000077 0.281253 0.000026 0.281168 -14.74 0.48 2.86 3.42 3.28 6.23 0.53
N1620D.2-1-4 1883 0.090668 0.004072 0.002703 0.000143 0.281272 0.000026 0.281175 -14.47 0.77 2.86 3.41 3.26 6.35 0.53
N1620D.1-1 1883 0.086661 0.003278 0.002702 0.000112 0.281261 0.000027 0.281165 -14.85 0.62 2.87 3.43 3.28 6.41 0.52
N1620D.7-1 1883 na na na na na na na na na na na na 6.10 0.54
N1620D.1-2 na na na na na na na na na na na na na 6.80 0.57
N1620D.2-3 na na na na na na na na na na na na na 6.53 0.57
N1620D.4-1 na na na na na na na na na na na na na 5.70 0.56
N1620D.4-2 na na na na na na na na na na na na na 6.32 0.56




Supplementary Table 2. Hf and Oxygen isotope analyses on zircon of the granites of the Velho Ghilherme Suite

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) —YDIUHE Lo CPLUPMTTHE oo CPHEFTHE(M) 126 TCHEETHE(M)  Hf) 20 TDM toua  tows 00 426
L-42 - Velho Guilherme - albitized leucogranite

N1635G.2-1 1882 0.030037  0.001413 0.000915 0.000033  0.281237 0.000021 0.281205 -13.5 0.5 2.77 3.34 3.21 6.58 0.45
N1635G.2-2 1882 0.026623  0.000474  0.000845 0.000013  0.281236 0.000020 0.281206 -13.4 0.2 2.77 3.34 3.20 6.58 0.47
N1635G.5-1 1882 0.024942  0.000621 0.000784 0.000017  0.281229 0.000018 0.281201 -13.6 0.3 2.77 3.35 3.21 6.86 0.49
N1635G.5-2 1882 0.023533  0.001022 0.000733 0.000035  0.281225 0.000019 0.281198 -13.7 0.7 2.78 3.36 3.22 6.50 0.45
N1635G.7-1 (core) 1882 na na na na na na na na na na na na 7.05 0.48
N1635G.7-2 (rim) 1882 0.021586  0.000466 0.000695 0.000012  0.281221 0.000030 0.281196 -13.8 0.2 2.78 3.36 3.22 7.03 0.49
N1635G.7-3 1882 0.019457 0.000225 0.000611 0.000003  0.281232 0.000019 0.281211 -13.2 0.1 2.76 3.33 3.19 6.68 0.47
N1635G.7-4 na 0.033915 0.001266 0.001053 0.000037  0.281246 0.000021 0.281208 -13.3 0.5 2.77 3.33 3.20 7.14 0.48
N1635G.7-5 1882 0.026420 0.000483 0.000812 0.000017  0.281245 0.000021 0.281216 -13.0 0.3 2.75 3.32 3.18 7.13 0.47
N1635G.8-1 1882 0.026618 0.001873 0.000812 0.000047  0.281214 0.000022 0.281185 -14.2 0.8 2.80 3.39 3.24 6.77 0.48
N1635G.1-2 na na na na na na na na na na na na na 6.26 0.53
N1635G.4-1 na na na na na na na na na na na na na 6.86 0.48
N1635G.4-2 na na na na na na na na na na na na na 6.53 0.48
N1635G.5-3 na na na na na na na na na na na na na 6.76 0.49
N1635G.5-4 na na na na na na na na na na na na na 6.87 0.47
N1635G.6-1 na na na na na na na na na na na na na 6.93 0.48
R-5 - Antdnio Vicente - leucogranite

N1635F.6-1 1724 0.036013 0.002513 0.001195 0.000099 0.281384 0.000041 0.281345 -12.1 1.0 2.59 3.14 3.00 6.17 0.49
N1635F.4-2 na 0.026010 0.001931 0.000786  0.000068 0.281204 0.000027 0.281176 -14.5 1.2 2.81 3.40 3.26 6.32 0.49
N1635F.4-1 1724 0.025642 0.001295 0.000784  0.000020 0.281368 0.000026 0.281342 -12.2 0.3 2.59 3.14 3.01 3.14 0.48
N1635F.3-1 1882 0.019471  0.000308 0.000598  0.000003 0.281197 0.000018 0.281176 -14.5 0.1 2.80 341 3.26 6.95 0.48
N1635F.2-4 1724 0.037358  0.000270 0.001087  0.000009 0.281336 0.000019 0.281300 -13.7 0.1 2.65 3.23 3.09 7.35 0.48
N1635F.2-3 1882 0.063467 0.003505 0.001816  0.000104 0.281235 0.000026 0.281170 -14.7 0.8 2.84 3.42 3.27 6.24 0.48
N1635F.1-1 1882 0.023330 0.001532 0.000673  0.000037 0.281187 0.000018 0.281162 -14.9 0.8 2.82 3.43 3.29 2.58 0.48
N1635F.2-2 1724 na na na na na na na na na na na na 7.28 0.47
N1635F.4-4 na na na na na na na na na na na na na 5.77 0.47
N1635F.6-2 1724 na na na na na na na na na na na na 5.00 0.50
N1635F.4-3 na na na na na na na na na na na na na 7.20 0.47




Supplementary Table 2. (continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) "°YbIMHF 126 YLWMTHE 1206 YOHETHE®) +206 YOHEMTHE(®R)  HEW)  £26 TDM  tpuS tomo 80 1206
R-10 - Antbnio Vicente - hornblende-biotite syenogranite

N1634A.8-1 1873 0.029285  0.003038 0.000859 0.000077  0.281201 0.000021 0.281170 -14.9 1.3 2.82 3.42 3.28 5.57 0.66
N1634A.6-5 1873 0.013982  0.000102 0.000439 0.000004  0.281214 0.000020 0.281198 -13.9 0.1 2.77 3.36 3.22 5.89 0.62
N1634A.6-4 1900 0.027640  0.000824 0.000826 0.000022 0.281201 0.000021 0.281171 -14.2 0.4 2.81 3.40 3.26 6.15 0.61
N1634A.6-3 1873 0.066170  0.002651 0.001921 0.000080  0.281237 0.000020 0.281169 -14.9 0.6 2.85 3.43 3.28 5.96 0.63
N1634A.6-2 1900 0.024127  0.001797 0.000700 0.000052  0.281208 0.000018 0.281183 -13.8 1.0 2.80 3.38 3.24 5.57 0.62
N1634A.6-1 1873 0.051649  0.000904 0.001510 0.000033  0.281266 0.000024 0.281212 -13.4 0.3 2.78 3.33 3.19 5.54 0.71
N1634A.4-1 1873 0.033296  0.000880 0.000974 0.000022 0.281228 0.000020 0.281193 -14.1 0.3 2.79 3.37 3.23 5.11 0.69
n16_34a_3.1 1873 0.028707  0.000503 0.000872 0.000015 0.281207 0.000020 0.281176 -14.7 0.3 2.81 341 3.27 na na
N1634A.2-2 1873 0.011083  0.000119 0.000355 0.000004 0.281188 0.000019 0.281176 -14.7 0.2 2.80 341 3.27 na na
N1634A.2-1 1873 0.028040  0.000378 0.000917 0.000037  0.281230 0.000016 0.281197 -13.9 0.6 2.78 3.36 3.22 na na
N1634A.5-1 na na na na na na na na na na na na na 5.74 0.67
N1634A.5-2 na na na na na na na na na na na na na 5.83 0.66
N1634A.5-3 na na na na na na na na na na na na na 5.52 0.65
N1634A.6-6 na na na na na na na na na na na na na 5.49 0.66
N1634A.8-2 na na na na na na na na na na na na na 5.34 0.66
N1634A.8-3 na na na na na na na na na na na na na 5.54 0.71
N1634A.9-1 na na na na na na na na na na na na na 5.72 0.64
N1634A.9-2 na na na na na na na na na na na na na 5.55 0.62




Supplementary Table 3. Hf and Oxygen isotope analyses on zircon of the granites of the Jamon Suite

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) “"°Yb/MTHE +20  LU/TTHE 26 YOHFTHE()  £20  TPHEATHEQ®)  HE®)  £26 TDM touSe  towSs 00 £26
CREMU-37A. Musa granite - biotite monzogranite

N1620E.7-1 1876 0.015905 0.003162 0.000535 0.000086  0.281217 0.000021 0.281198 -13.8 2.2 2.77 3.36 3.22 5.71 0.59
N1620E.4-1 1876 0.013331 0.000553 0.000502 0.000017  0.281171 0.000018 0.281153 -15.4 0.5 2.83 3.46 3.31 5.64 0.57
N1620E.3-1 1876 0.027283 0.001301 0.000895 0.000032  0.281187 0.000019 0.281156 -15.3 0.6 2.84 3.45 3.31 6.24 0.53
N1620E.2-1 1876 0.022099 0.001243 0.000748 0.000033  0.281207 0.000017 0.281181 -14.4 0.6 2.80 3.40 3.26 6.16 0.54
N1620E.1-2 1876 0.029967 0.002291 0.000998 0.000073  0.281222 0.000018 0.281186 -14.3 1.0 2.80 3.39 3.25 6.37 0.56
N1620E.1-1 1876 na na na na na na na na na na na na 6.42 0.59
N1620E.7-2 na na na na na na na na na na na na na 6.42 0.60
N1620E.1-3 na na na na na na na na na na na na na 6.57 0.55
N1620E.4-1 na na na na na na na na na na na na na 5.64 0.57
N1620E.7-1 na na na na na na na na na na na na na 5.71 0.59
N1620E.8-1 na na na na na na na na na na na na na 6.81 0.52
KM-77A. Musa granite - hornblende-biotite monzogranite

N1620H.7-1 na 0.090804 0.002396 0.002850 0.000068  0.281252 0.000022 0.281151 -15.4 0.4 2.90 3.46 3.31 6.16 0.58
1620H.5-4 1882 0.025992 0.000366 0.000914 0.000016  0.281187 0.000018 0.281155 -15.2 0.3 2.84 3.45 3.30 6.44 0.56
1620H.5-3 1882 0.022254 0.000837 0.000779 0.000022  0.281194 0.000019 0.281166 -14.8 0.4 2.82 3.43 3.28 6.67 0.54
1620H.5-1 1882 0.025676 0.000175 0.000920 0.000002  0.281193 0.000017 0.281160 -15.0 0.0 2.83 3.44 3.29 6.90 0.57
N1620H.3-3 1882 0.021243 0.000218 0.000737 0.000007  0.281198 0.000015 0.281172 -14.6 0.1 2.81 341 3.27 5.67 0.60
N1620H.3-2 1882 0.021984 0.000581 0.000790 0.000013  0.281183 0.000019 0.281155 -15.2 0.3 2.84 3.45 3.30 6.57 0.56
N1620H.3-1 1882 na na na na na na na na na na na na 5.88 0.63
1620H.5-2 1882 na na na na na na na na na na na na 6.31 0.52
N1620H.2-1 1882 na na na na na na na na na na na na 5.67 0.53
N1620H.1-1 na na na na na na na na na na na na na 6.26 0.52
KM-144. Musa granite - biotite-hornblende monzogranite

N1620B.1-1 1871 na na na na na na na na na na na na 6.50 0.57
N1620B.1-2 1871 na na na na na na na na na na na na 5.78 0.53
N1620B.2-1 1871 na na na na na na na na na na na na 6.88 0.58
N1620B.2-2 1871 na na na na na na na na na na na na 3.10 0.57
N1620B.7-1 1871 na na na na na na na na na na na na 5.53 0.55
N1620B.8-1 1871 na na na na na na na na na na na na 6.13 0.55
N1620B.11-1 1871 na na na na na na na na na na na na 7.25 0.54
N1620B.5-1 na na na na na na na na na na na na na 6.46 0.63
N1620B.5-2 na na na na na na na na na na na na na 6.29 0.55
N1620B.7-2 na na na na na na na na na na na na na 6.07 0.56
N1620B.9-1 na na na na na na na na na na na na na 3.35 0.56
N1620B.10-1 na na na na na na na na na na na na na 6.49 0.63




Supplementary Table 3. (continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age(Ma) YBFTHE 1o CCLUMTHE 1o TPHEFTHE®M) 1o PHEFTHE()  Hf) +2SE TDM towa tows 0O 426
DC-111. Redencdo - even-grained biotite monzogranite

N1619F.8-1 1867 0.024390 0.000180 0.000824  0.000002 0.281214 0.000018 0.281184 -145 0.0 2.80 3.40 3.25 5.38 0.52
N1619F.7-1 (core) 1890 0.023212 0.000294 0.000785  0.000005 0.281225 0.000017 0.281197 -136 0.1 2.78 3.35 3.22 5.61 0.52
N1619F.7-2 (rim) 1890 5.48 0.54
N1619F.6-1 na 0.030322 0.002575 0.000979  0.000073 0.281217 0.000018 0.281182 -146 1.1 2.80 3.40 3.26 5.57 0.51
N1619F.5-1 1890 0.023004 0.000335 0.000771  0.000006 0.281208 0.000017 0.281180 -141 0.1 2.80 3.39 3.25 4.87 0.60
N1619F.2-1 1867 0.041286 0.003438 0.001335  0.000098 0.281235 0.000017 0.281188 -144 11 2.81 3.39 3.25 5.46 0.52
N1619F.1-1 1867 0.026665 0.000241 0.000882  0.000010 0.281219 0.000017 0.281188 -144 0.2 2.79 3.39 3.25 5.41 0.49
N1619F.9-1 1867 na na na na na na na na na na na na 5.80 0.52
N1619F.1-2 na na na na na na na na na na na na na 5.48 0.54
N1619F.5-2 na na na na na na na na na na na na na 5.45 0.54
N1619F.6-2 na na na na na na na na na na na na na 6.22 0.55
N1619F.7-3 na na na na na na na na na na na na na 5.90 0.52
DC-120. Redencdo - seriate leucomonzogranite

N1635E.4-1 1865 0.052907 0.000684 0.001541  0.000023 0.281231 0.000020 0.281176 -149 0.2 2.83 3.42 3.27 6.06 0.49
N1635E.3-2 1865 0.042316 0.002953 0.001205  0.000077 0.281219 0.000019 0.281176 -149 1.0 2.82 3.42 3.27 6.23 0.47
N1635E.3-1-3 1865 0.024014 0.001576 0.000704  0.000036 0.281200 0.000017 0.281175 -149 0.8 2.81 3.42 3.27 6.18 0.48
1635E.2-2 1865 0.014598 0.000148 0.000428  0.000008 0.281214 0.000015 0.281199 -140 0.2 2.77 3.37 3.22 6.34 0.48
1635E.2-1-5 1865 0.037314 0.003574 0.001090  0.000088 0.281190 0.000018 0.281151 -157 13 2.85 3.47 3.32 6.48 0.47
1635E.1-2 1865 0.025863 0.000632 0.000777  0.000012 0.281197 0.000018 0.281169 -15.1 0.2 2.82 3.43 3.28 6.17 0.49
1635E.1-1 1865 0.039748 0.003256 0.001148  0.000081 0.281196 0.000017 0.281155 -156 1.1 2.85 3.46 3.31 6.51 0.47
N1635E.1-3 na na na na na na na na na na na na na 6.31 0.45
N1635E.1-4 na na na na na na na na na na na na na 6.31 0.48
N1635E.1-5 na na na na na na na na na na na na na 6.47 0.48
N1635E.1-6 na na na na na na na na na na na na na 6.16 0.45
N1635E.3-3 na na na na na na na na na na na na na 6.58 0.47
N1635E.2-3 na na na na na na na na na na na na na 6.20 0.49
N1635E.5-1 na na na na na na na na na na na na na 6.16 0.46
N1635E.5-2 na na na na na na na na na na na na na 7.03 0.46
N1635E.5-3 na na na na na na na na na na na na na 6.34 0.48




Supplementary Table 3. (continued)

U/Pb Sample Initial Ratios Model Ages (Ga)
Sample Age(Ma) YOFTHE oo CPLUPMTHE Lo CPHEETHE() 126 CHEEUHE(M)  HE) +26 TDM  towa tows O O 126
DCR-42A - Redencéo - medium even-grained leucomonzogranite
N1634B.6-1 1871 0.032997 0.001660 0.001004 0.000042 0.281219 0.000018 0.281183 -145 0.6 2.80 3.40 3.25 6.02 0.64
N1634B.5-1 1871 0.031957 0.000652 0.001000 0.000014 0.281226 0.000021 0.281190 -14.2 0.2 2.79 3.38 3.24 6.07 0.65
N1634B.4-1 1871 0.024216 0.000234 0.000769 0.000004  0.281237 0.000015 0.281210 -13.5 0.1 2.76 3.34 3.20 5.05 0.63
N1634B.2-1 1871 0.031483 0.001691 0.000935 0.000052  0.281250 0.000019 0.281216 -13.3 0.7 2.76 3.32 3.19 6.11 0.65
N1634B.1-1 1871 na na na na na na na na na na na na 4.21 0.66
N1634B.6-3 1871 na na na na na na na na na na na na 5.25 0.65
N1634B.3-1 na na na na na na na na na na na na na 5.59 0.61
N1634B.5-2 na na na na na na na na na na na na na 6.22 0.62
N1634B.5-3 na na na na na na na na na na na na na 4.54 0.63
N1634B.5-4 na na na na na na na na na na na na na 6.17 0.63
N1634B.7-1 na na na na na na na na na na na na na 6.00 0.64
N1634B.7-2 na na na na na na na na na na na na na 5.73 0.65
N1634B.7-3 na na na na na na na na na na na na na 6.28 0.65
ADR-1361 - Bannach - cumulate granite
N1634E.1-1 1874 0.044946 0.001574 0.001309 0.000041 0.281268 0.000022 0.281222 -13.0 0.4 2.76 3.31 3.18 7.09 0.36
N1634E.1-2 1874 0.023379 0.000435 0.000723 0.000006  0.281207 0.000019 0.281182 -145 0.1 2.80 3.40 3.25 6.98 0.43
N1634E.4-1 1874 0.043349 0.002033 0.001214 0.000048 0.281232 0.000023 0.281189 -14.2 0.6 2.80 3.38 3.24 6.75 0.38
N1634E.4-2 1874 0.041218 0.001350 0.001190 0.000045  0.281246 0.000021 0.281204 -13.7 0.5 2.78 3.35 3.21 na na
N1634E.4-3 1874 0.044972 0.002980 0.001326 0.000090  0.281250 0.000020 0.281203 -13.7 0.9 2.78 3.35 3.21 na na
N1634E.7-1 1908 0.021047 0.000539 0.000656 0.000014 0.281210 0.000020 0.281186 -13.5 0.3 2.79 3.37 3.23 6.97 0.34
N1634E.8-1 1874 0.031235 0.001677 0.000925 0.000037  0.281252 0.000021 0.281219 -13.1 0.5 2.75 3.32 3.18 6.54 0.38
N1634E.9-1 1874 0.025192 0.001397 0.000721 0.000036  0.281218 0.000020 0.281192 -14.1 0.7 2.78 3.38 3.23 6.60 0.36
N1634E.10-1 1908 0.033587 0.001207 0.001003 0.000039  0.281266 0.000022 0.281230 -12.0 0.5 2.74 3.27 3.14 6.96 0.37
N1634E.10-3 1874 0.024529 0.000304 0.000748 0.000003  0.281243 0.000017 0.281217 -13.2 0.1 2.75 3.32 3.19 6.65 0.37
N1634E.10-2 1874 na na na na na na na na na na na na 6.63 0.39
N1634E.2-2 na na na na na na na na na na na na na 6.82 0.33
N1634E.6-1 na na na na na na na na na na na na na 6.52 0.37
N1634E.1-3 na na na na na na na na na na na na na 6.98 0.42
N1634E.2-1 na na na na na na na na na na na na na 7.00 0.47
N1634E.8-2 na na na na na na na na na na na na na 6.70 0.35
N1634E.9-2 na na na na na na na na na na na na na 7.06 0.39




Supplementary Table 3. (continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age Ma) °YB/'HE 126 CLU/TTHE 26 YOHEATHE()  £206  UPHETTHE(®)  HE()  £20  TDM touSa  tows 000  £206
ADR-35A - Bannach - fine-grained leucomonzogranite

N1635A.11-1 1857 0.019700 0.000133 0.000638 0.000010  0.281189 0.000021 0.281166 -15.4 0.2 2.82 3.44 3.29 6.31 0.52
N1635A.9-2 1857 0.029453 0.000090 0.000974 0.000005  0.281324 0.000018 0.281289 -11.0 0.1 2.66 3.17 3.05 na na
N1635A.4-1 1857 0.070346 0.002122 0.002165 0.000078  0.281404 0.000022 0.281327 -9.7 0.3 2.63 3.09 2.97 7.11 0.45
N1635A.3-1 1857 0.030224 0.000464 0.000944 0.000006  0.281339 0.000022 0.281305 -9.5 0.1 2.64 3.11 3.00 6.50 0.51
N1635A.4-2 1857 0.053261 0.001119 0.001629 0.000023  0.281361 0.000023 0.281303 -9.8 0.1 2.65 3.12 3.01 6.91 0.47
N1635A.2-1 1916 0.030795 0.000930 0.000994 0.000039  0.281336 0.000021 0.281300 -9.3 0.4 2.65 3.12 3.01 6.36 0.53
1635A.1-1 1857 0.038732 0.000854 0.001168 0.000007  0.281337 0.000019 0.281295 -10.8 0.1 2.66 3.16 3.04 6.70 0.48
N1635A.9-1 1857 0.021901 0.001334 0.000710 0.000042  0.281325 0.000019 0.281300 -10.7 0.6 2.64 3.15 3.03 na na
N16-35.A5-2 1857 na na na na na na na na na na na na 6.11 0.47
N16-35.A5-1 1857 na na na na na na na na na na na na 6.54 0.47
N16-35.A8-1 1857 na na na na na na na na na na na na 6.90 0.46
N16-35.A1-2 na na na na na na na na na na na na na 6.75 0.49
N16-35.A1-3 na na na na na na na na na na na na na 6.76 0.48
N16-35.A1-5 na na na na na na na na na na na na na 6.84 0.48




Supplementary Table 4. Hf and Oxygen isotope analyses on zircon of the Seringa Granite

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma)  “"°Yb/{THF +26  CPLUMTTHE +206  PHIHE()  +26  TPHFTHE(M)  HE() +20 TDM  tpowSa  tows 00 £26
AC-45 - Seringa - heterogranular hornblende-biotite syenogranite

N1626A.8-1 (core) 1879 0.075500 0.003900 0.001637 0.000092  0.281221 0.000030 0.281163 -15.0 0.8 2.85 3.44 3.29 6.13 0.51
N1626A.8-2 (rim) 1879 6.69 0.53
N16-26A.5-1 1879 0.033810 0.000920 0.000719 0.000013  0.281213 0.000026 0.281187 -14.1 0.3 2.79 3.38 3.24 6.29 0.60
N1626A.5-4 1879 0.052670 0.000950 0.001059 0.000012  0.281203 0.000026 0.281165 -13.6 0.2 2.80 3.38 3.24 6.52 0.52
N1626A.5- 3 1919 0.018610 0.000390 0.000380 0.000004  0.281190 0.000023 0.281176 -13.6 0.1 2.80 3.38 3.24 6.53 0.54
N16-26A.6-1 1879 0.059900 0.002800 0.000933 0.000035  0.281200 0.000023 0.281167 -14.9 0.6 2.82 3.43 3.28 6.57 0.52
N16-26A.6-2 1919 0.039500 0.003300 0.000597 0.000038  0.281203 0.000023 0.281181 -13.4 0.9 2.80 3.37 3.23 6.38 0.52
N16-26A.1-1 1879 0.072900 0.001100 0.001109 0.000022  0.281201 0.000027 0.281161 -15.1 0.3 2.84 3.44 3.29 591 0.53
N16-26A.1-2 1879 0.084600 0.001900 0.001263 0.000021  0.281244 0.000030 0.281199 -13.7 0.2 2.79 3.36 3.22 5.84 0.54
N16-26A.5-2 1919 na na na na na na na na na na na na 571 0.52
N1626A.10-1 1879 na na na na na na na na na na na na 6.35 0.55
AC-59 - Seringa - coarse-grained biotite-hornblende monzogranite

N16-26-H.1-1 1870 0.059430 0.000380 0.000760 0.000010  0.281191 0.000019 0.281182 -14.5 0.2 2.80 3.40 3.26 6.04 0.53
N16-26-H.2-1 1870 0.031930 0.000820 0.000523 0.000006  0.281196 0.000022 0.281177 -14.7 0.2 2.80 341 3.27 6.38 0.59
N16-26-H.3-1 1870 0.050020 0.000570 0.000903 0.000003  0.281209 0.000027 0.281159 -15.4 0.1 2.83 3.45 3.30 6.22 0.57
N16-26-H.4-1 1870 0.249000 0.019000 0.000374 0.000030  0.281365 0.000051 0.281186 -14.4 1.2 2.79 3.39 3.25 6.06 0.53
N16-26-H.5-1 1870 0.032600 0.001300 0.000528 0.000016  0.281206 0.000026 0.281187 -14.3 0.4 2.79 3.39 3.25 6.14 0.55
N16-26-H.6-1 1870 0.023000 0.002200 0.003800 0.000260  0.281199 0.000029 0.281230 -12.8 0.9 2.81 3.29 3.16 6.43 0.60
N16-26-H.2-2 1870 na na na na na na na na na na na na 6.40 0.50
N16-26-H.8-1 1870 na na na na na na na na na na na na 5.88 0.53
N16-26-H.8-2 1870 na na na na na na na na na na na na 6.88 0.55
N16-26-H.8-3 1870 na na na na na na na na na na na na 5.88 0.54




Supplementary Table 4. (Continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) "CYDMHE 126 TPLUMTHE 126 YCHETHEQM)  +20  YCHFATHE() Hf®) 0 £26  TDM  tonSs  tonSy, 000 £26
AC-85 - Seringa - coarse-grained hornblende-biotite monzogranite

1626B11-1 1889 0.051180  0.000420 0.003658 0.000031 0.281223 0.000029 0.281092 -17.3 0.1 3.00 3.58 3.43 6.82 0.58
1626B3-2 1889 0.014760  0.000150 0.001200 0.000004 0.281186 0.000027 0.281143 -15.5 0.1 2.86 3.47 3.32 6.11 0.52
1626B3-1 1889 0.022691  0.000087 0.001863 0.000007 0.281208 0.000021 0.281141 -15.5 0.1 2.88 3.48 3.33 6.22 0.56
1626B.4-1 1889 0.016800  0.000260 0.001475 0.000010 0.281179 0.000017 0.281126 -16.1 0.1 2.89 351 3.36 6.44 0.56
1626B5-1 1889 0.016590  0.000210 0.001487 0.000009 0.281190 0.000028 0.281137 -15.7 0.1 2.88 3.49 334 634 0.53
1626B5-2 1889 0.017420  0.000190 0.001598 0.000019 0.281176 0.000031 0.281119 -16.3 0.2 291 3.53 3.37 5.98 0.51
1626B4-2 1889 0.018200 0.001900 0.001670 0.000130 0.281194 0.000019 0.281134 -15.8 1.2 2.89 3.49 334 6.83 0.52
1626B8-1 1889 na na na na na na na na na na na na 6.55 0.57
1626B11-2 na na na na na na na na na na na na na 6.27 0.53
1626B3-3 na na na na na na na na na na na na na 6.16 0.51
1626B3-4 na na na na na na na na na na na na na 6.99 0.58
AC-42 - Seringa - heterogranular hornblende-biotite syenogranite

N1620G.2-2 1879 na na na na na na na na na na na na 6.20 0.55
N1620G.3-1 1879 na na na na na na na na na na na na 5.95 0.56
N1620G.6-1 1879 na na na na na na na na na na na na 6.63 0.56
N1620G.6-2 1879 na na na na na na na na na na na na 6.02 0.59
N1620G.6-3 1879 na na na na na na na na na na na na 4.55 0.56
N1620G.6-5 1879 na na na na na na na na na na na na 5.83 0.53
N1620G.2-1 1879 na na na na na na na na na na na na 4.77 0.59
N1620G.6-4 1879 na na na na na na na na na na na na 6.73 0.55
N1620G.1-7 na na na na na na na na na na na na na 6.99 0.52
N1620G.4-1 na na na na na na na na na na na na na 6.12 0.58
N1620G.1-1 na na na na na na na na na na na na na 6.64 0.57




Supplementary Table 5. Hf and Oxygen isotope analyses on zircon of the Sdo Jodo Granite

U/Pb Sample Initial Ratios Model Ages (Ga)
Sample Age (Ma)  "°Yb/MTHF £20  PLuMTHE +26  PHIFTHE®)  +20  YPHEFTHE()  HF®) £26 TDM tpySs touSs 60  £26
PC-03B - S&o Jodo - hornblende-biotite syenogranite
N16-26-F - 8 na 0.064800 0.003700  0.002660  0.000130 0.281217 0.000025 0.281123 -16.7 0.8 293 353 3.38 na na
N1626F.9-1 1866 0.019140 0.000780  0.000793  0.000025 0.281187 0.000023 0.281159 -15.4 0.5 283 345 3.30 6.53 0.58
N1626F.5-1 1866 0.062600 0.002000  0.003378  0.000089 0.281229 0.000025 0.281109 -17.2 0.5 297 3.56 3.40 5.76 0.50
N1626F1-1 1866 0.036600 0.001000  0.003170  0.000071 0.281192 0.000031 0.281080 -18.3 0.4 301 3.63 3.46 5.98 0.52
N1626F.4-1 1866 0.030310 0.000350  0.002671  0.000021 0.281181 0.000029 0.281086 -18.0 0.1 298 361 3.45 6.24 0.52
N1626F.4-2 1866 0.018630 0.000120  0.001768  0.000004 0.281188 0.000028 0.281125 -16.6 0.0 290 353 3.37 5.89 0.51
N1626F.3-1 1866 0.120800 0.003500  0.010200  0.000290 0.281275 0.000028 0.280913 -24.2 0.7 358 3.99 3.79 6.05 0.60
N1626F.6-1 1866 0.031750 0.000530  0.001604  0.000030 0.281182 0.000012 0.281125 -16.6 0.3 290 353 3.37 6.52 0.53
N1626F.5-2 1866 0.024160 0.000580  0.001175  0.000035 0.281170 0.000014 0.281128 -16.5 0.5 2.88 352 3.36 6.31 0.50
N1626F.5-3 na na na na na na na na na na na na na 6.55 0.60
N1626F.5-4 na na na na na na na na na na na na na 6.15 0.56
N1626F.6-1 na na na na na na na na na na na na na 6.26 0.53
N1626F.6-2 na na na na na na na na na na na na na 6.20 0.51
PC-21 - Seringa - biotite monzogranite
N16-26C.2-1 1880 0.021640 0.000350  0.000143  0.000001 0.281177 0.000027 0.281172 -14.7 0.1 280 342 327 1433 055
N16-26C.2-2 1880 0.083630 0.000630  0.000562  0.000005 0.281204 0.000028 0.281184 -14.2 0.1 279  3.39 3.25 6.86 0.5
N1626C.5-2 1880 0.025190 0.000330  0.000411  0.000010 0.281185 0.000019  0.281204 -13.5 0.3 276 334 321 6.11 0.59
N1626C.5-1 1880 0.055600 0.001500  0.000186  0.000001 0.281219 0.000024  0.281178 -14.4 0.1 279  3.40 3.26 6.04 0.59
N16-26C.6-1 1880 0.139600 0.005700  0.000703  0.000025 0.281247 0.000023  0.281222 -12.9 0.5 274 331 3.17 5.92 0.52
N1626C.7-1 1880 0.015820 0.000850  0.000095  0.000004 0.281178 0.000015 0.281175 -14.6 0.6 279 341 3.27 6.54 0.53
N1626C.8-1 1880 0.038940 0.000960  0.000228  0.000006 0.281212 0.000022  0.281204 -13.5 0.4 276 3.35 321 6.15 0.51
N16-26C.1-1 1880 na na na na na na na na na na na na na na
N16-26C.1-2 1880 na na na na na na na na na na na na na na
N16-26C.2-3 1880 na na na na na na na na na na na na 5.68 0.56
N16-26C.2-4 1880 na na na na na na na na na na na na 6.63 0.61
N16-26C.2-4b 1880 na na na na na na na na na na na na 417 0.55
N16-26C.2-5 1880 na na na na na na na na na na na na 6.86 0.50
N16-26C.6-2-1 1880 na na na na na na na na na na na na 6.54 0.53




Supplementary Table 5. (Continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) "°Yb/MTHE 126 YOLUMTHE 126 YPHFMTHE()  +206  YCHEYTHF(M) W) +2c  TDM toms tono 80 +26
PCM-10 - Sdo Jodo - biotite-hornblende monzogranite

N16-26E.4-1 1891 0.158300  0.005400 0.003510  0.000130 0.281304  0.000030  0.281178 -14.2 0.5 2.88 3.40 3.25 6.22 0.54
N16-26E.4-3 1891 0.016780  0.000300 0.000459  0.000006 0.281175  0.000021  0.281159 -14.9 0.2 2.82 3.44 3.29 5.79 0.50
N16-26E.4-2 1891 0.015714  0.000065 0.000410  0.000005 0.281179  0.000031  0.281164 -14.7 0.2 2.81 3.42 3.28 6.03 0.58
N16-26E.6-1 1891 0.023850  0.000700 0.000677  0.000017 0.281156  0.000037  0.281132 -15.8 0.4 2.86 3.50 3.35 5.93 0.54
N16-26-E - 2 na 0.031900  0.001300 0.000964  0.000030 0.281214  0.000025  0.281179 -14.1 0.4 2.81 3.39 3.25 na na
N16-26E.7-1 1891 0.052100 0.000750 0.001622  0.000029 0.281227  0.000021  0.281169 -14.5 0.3 2.84 3.42 3.27 5.91 0.51
N16-26E.3-1 1891 na na na na na na na na na na na na 6.28 0.55
N16-26E.3-2 1891 na na na na na na na na na na na na 6.39 0.52
N16-26E.3-3 1891 na na na na na na na na na na na na 6.28 0.57
N16-26E.6-2 na na na na na na na na na na na na na 5.61 0.52
N16-26E.1-1 na na na na na na na na na na na na na 6.47 0.55
PCM-13 - Sdo Jodo - biotite-hornblende syenogranite

N1620A.1-1 1877 na na na na na na na na na na na na 6.27 0.56
N1620A.1-2 1877 na na na na na na na na na na na na 6.45 0.56
N1620A.1-3 1877 na na na na na na na na na na na na 5.96 0.59
N1620A.3-1 1877 na na na na na na na na na na na na 6.12 0.57
N1620A.5-1 1877 na na na na na na na na na na na na 6.10 0.55
N1620A.11-1 1877 na na na na na na na na na na na na 6.13 0.52
N1620A.11-2 1877 na na na na na na na na na na na na 6.35 0.54
N1620A.12-1 1877 na na na na na na na na na na na na 6.30 0.55
N1620A.16-1 na na na na na na na na na na na na na 5.87 0.55
N1620A.16-2 na na na na na na na na na na na na na 5.89 0.58




Supplementary Table 6. Hf and Oxygen isotope analyses on zircon of the Gogo6 da Oncga Granite

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma)  "°Yb/MTHF +206  PLUMTHE 126 YPHEATHEQM)  +20 YCHEATHE() Hft) +20 TDM  toySs tony, 00 426
PFR-19B. Gogd-da-Onga - hornblende-biotite syenogranite

N1634C.3-1 1869 0.047803 0.000768 0.001430  0.000011 0.281214 0.000019 0.281163 -15.2 0.1 2.84 344 329 635 0.36
n16_34c_3.2 na 0.024108 0.000634 0.000727  0.000010 0.281190 0.000017 0.281164 -15.2 0.2 2.82 344 329 615 0.38
nl6_34c_3.3 na 0.031531 0.002653 0.000925  0.000066 0.281184 0.000019 0.281151 -15.6 1.1 2.84 347 332 663 034
N1634C.3-4 1869 0.048056 0.000673 0.001409  0.000017 0.281190 0.000018 0.281140 -16.0 0.2 2.87 349 334 699 038
N1634C.3-5 1869 0.047771 0.000556 0.001438  0.000008 0.281213 0.000018 0.281162 -15.3 0.1 2.84 344 330 645 035
N1634C.4-1 na 0.029293 0.000976 0.000871  0.000032 0.281179 0.000018 0.281148 -15.8 0.6 2.85 347 332 6.67 033
N1634C.4-2 1869 0.047928 0.000693 0.001416  0.000030 0.281237 0.000022 0.281187 -14.4 0.3 2.81 339 325 676 035
N1634C.4-3 na 0.047201 0.003273 0.001282  0.000081 0.281284 0.000026 0.281239 -12.5 0.8 2.74 328 314 648 033
N1634C.4-4 1869 0.044100 0.001464 0.001299  0.000036 0.281172 0.000024 0.281126 -16.5 0.5 2.89 352 337 662 034
N1634C.4-5 1869 0.022078 0.002327 0.000653  0.000059 0.281186 0.000021 0.281163 -15.2 1.4 2.82 344 329 na na
1634C.5-1 1869 0.038170 0.001161 0.001125  0.000037 0.281217 0.000018 0.281177 -14.7 0.5 2.81 341 327 627 037
N1634C.5-2 1869 0.025085 0.001812 0.000748  0.000040 0.281187 0.000018 0.281160 -15.3 0.8 2.83 345 330 697 0.36
N1634C.5-3 1869 na na na na na na na na na na na na 6.63 0.35
N1634C.5-4 1869 na na na na na na na na na na na na 6.72 0.39
N1634C.8-1 1869 na na na na na na na na na na na na 6.78 0.42
N1634C.8-2 1869 na na na na na na na na na na na na 6.11 0.41
PFR-18B. Gog6-da-Onga - biotite-hornblende granodiorite

N16191.8-1 1878 0.026759 0.001177 0.000853  0.000024 0.281190 0.000016 0.281160 -15.1 0.4 2.83 344 330 620 0.52
N16191.7-1 1878 0.041115 0.000113 0.001312  0.000007 0.281228 0.000022 0.281181 -14.4 0.1 2.81 340 325 646 050
N16191.9-2 1878 0.018061 0.000532 0.000600  0.000011 0.281180 0.000018 0.281159 -15.2 0.3 2.83 345 330 596 049
N16191.5-1 1878 0.038475 0.000259 0.001213  0.000002 0.281219 0.000017 0.281176 -14.6 0.0 2.82 341 326 435 052
N16191.9-1 1878 na na na na na na na na na na na na 586 051
N1619l1.1-1-1 1878 na na na na na na na na na na na na 5.92 0.49
N16191.2-1 1878 na na na na na na na na na na na na 590 0.53
N16191.7-2 1878 na na na na na na na na na na na na 6.00 0.57
N16191.1-2 na na na na na na na na na na na na na 6.46  0.57
N16191.5-2 na na na na na na na na na na na na na 5.97 0.58




Supplementary Table 6. (continued)

U/Pb Sample Initial Ratios Model Ages (Ga)

Sample Age (Ma) “°YB/HE 126 YPLUMTHE 126 YCHEYTHE(®R) +26  PHETHE()  HI(Y) +26 TDM  tpyls tono 50 1206
PFR-22. Gogé-da-Onca - biotite-hornblende monzogranite

N1619B.5-1 1865 na na na na na na na na na na na na 6.27 0.53
N1619B.5-2 1865 na na na na na na na na na na na na 6.55 0.54
N1619B.5-3 1865 na na na na na na na na na na na na 5.92 0.51
N1619B.5-4 1865 na na na na na na na na na na na na 6.03 0.48
N1619B.9-1 1865 na na na na na na na na na na na na 5.46 0.54
N1619B.4-1 1865 na na na na na na na na na na na na 5.90 0.50
N1619B.4-2 1865 na na na na na na na na na na na na 6.03 0.50
N1619B.2-1 na na na na na na na na na na na na na 5.64 0.55
N1619B.6-1 na na na na na na na na na na na na na 6.19 0.54
N1619B.8-1 na na na na na na na na na na na na na 6.11 0.53

Values for (*"°Hf*""Hf)chur (0.282785) and (*"°Lu/*""Hf)cpur (0.0336) are from (Bouvier et al., 2008).

¢HIf(t) calculated using a Lu decay constant of 1.867 - 10™"'a™' (Soderlund et al., 2004).

Two-stage model ages (tDM ¢ ) were calculated assuming a mean *"°Lu/*""Hf value of 0.015 (Goodge and Vervoort, 2006) and of 0.0125 (Chauvel et al., 2014).
Present-day *"°Hf/*""Hf ratio of the depleted mantle = 0.28325; Anderson et al., 2009)

na = not analysed



Supplementary Table 7 — Nd data for the A-type granites of the Carajas Province.

Pluton Sm-Nd (whole-rock) Reference
tom eNd
SERRA DOS CARAJAS SUITE
Cigano 2939 -9.7 Dall'Agnol et al. (2005)
2668 -9.5 Dall'Agnol et al. (2005)
Serra dos Carajas 2611 -7.9 Dall'Agnol et al. (2005)
2727 -9.2 Dall'Agnol et al. (2005)
Pojuca 3353 9.7 Dall'‘Agnol et al. (2005)
VELHO GUILHERME SUITE
Antoénio Vicente 3254 -12.1 Teixeira et al. (2002)
2976 -7.9 ixei
Mocambo Teixeira et al. (2002)
3023 -12.2 Teixeira et al. (2002)
JAMON SUITE
2821 -9.4 Dall'Agnol et al. (2005)
Musa 2793 -9.3 Dall'Agnol et al. (2005)
2596 -9.6 Dall'Agnol et al. (2005)
3024 9.7 Dall'Agnol et al. (2005)
Jamon
2874 9.5 Dall'Agnol et al. (2005)
2785 -8.8 Ramo et al. (2002)
Redencéio 2807 -10.5 Ramo et al. (2002)
2789 -9.7 Ramo et al. (2002)
2727 -9.6 Ramo et al. (2002)
Bannach 2844 -9.6 Ramo et al. (2002)
Felsic dikes 2830 -10 Dall'Agnol et al. (2005)
2884 9.4 Dall'Agnol et al. (2005)
OTHER GRANITES RELATED
2817 -9.48 Teixeira et al. (2017)
Gogo da Onga Granite 2781 -9.18 Teixeira et al. (2017)
2806 -9.07 Teixeira et al. (2017)
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CONCLUSOES E CONSIDERACOES FINAIS

O Granito Gogo da Onca Granite (GGO) é composto por biotita-anfibdlio granodiorios,
biotita-anfibolio monzogranitos e anfibdlio-biotita sienogranito. E um granito
metaluminoso, enriquecido em HFSE, com altas razbes K:O/Na,O e Y/Nb. O
comportamento dos elementos tragos sugere que suas diferentes facies séo relacionadas por
cristalizacdo fracionada. Os dados U-Pb SHRIMP em zircdo e titanita mostraram que o
GGO cristalizou entre ~ 1880 e 1870 Ma. Dados isotopicos de Nd e Hf indicaram fontes
crustais arqueanas para esse granito. Apresenta comportamento geoquimico similar aos
granitos anorogénicos de Carajas se assemelhando mais com a Suite Serra dos Carajas e
com os granitos Seringa e Sdo Jodo, e aos granitos Sherman (mesoproterozoico) dos EUA e
o0 Batolito Suomenniemi (paleoproterozéico) da Finlandia.

Os granitos do tipo-A paleoproterozdicos da Provincia Carajas foram colocados entre 1880 e
1860 Ma, com o pico principal do magmatismo em 1880 Ma. Idades mais antigas (1900-
1920 Ma) forma obtidas em cristais de zircao e titanita e podem representar antecryst de um
pulso magmaético precoce que foram incorporados no pulso de 1880 Ma.

As facies de leucograniticas dos plutos Redencdo e Bannach da Suite Jamon sédo mais jovens
(1857 a 1865 Ma) do que as facies menos evoluidas dos mesmos plutos (1880 Ma) e
representam pulsos magmaticos independentes que foram tardios na evolugcdo magmatica do
pluton.

Idades de 1732 + 6 Ma obtidas nas facies leucogranitica do Granito Anténio Vicente poderia
representar um evento magmatico na regido do Xingu ainda ndo relatado ou um evento
hidrotermal isolado que permitiu o crescimento de zircOes.

Os dados geocronologicos mais precisos e detalhados obtidos nessa Tese adicionados as
informacOes disponiveis na literatura, demonstram a relevancia do evento magmatico de
1880 Ma e indicam que a colocacdo desses granitos foi feita em aproximadamente 20
milhdes de anos, em um tempo geoldgico relativamente curto.

Todos os granitos anorogénicos de tipo-A da Provincia de Carajas estudados nesta Tese de
Doutorado, possuem composicBes isotopicas de Hf e Oxigénio bastante homogéneas,
embora pequenas diferengas tenham sido observadas internamente nos plutons ou entre
estes. Essas diferencas podem resultar em contrastes nos dominios crustais da Provincia de
Carajés que foram a fonte dos granitos ou de processos de contaminacao local.

Os dados de Hf e Oxigénio sdo consistentes com a interpretacdo de que esses plutons
cristalizaram a partir de magmas gerados pela fusdo de rochas igneas pré-existentes com

uma pequena contribuicdo de um componente supracrustal (metasedimentar) na Suite Velho
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Guilherme. As idades modelo crustais de Hf indicaram fontes paleoarqueana com uma
menor contribui¢cdo mesoarqueana.

As idades modelo de Hf sdo mais antigas do que as rochas arqueanas encaixantes desses
granitos expostas na Provincia Carajas sendo necessario investigar a existéncia de crosta
Aqueana mais antiga na Provincia Carajas. Assim, as composi¢des de Nd, Hf e O dos
granitos paleoperozoicos da Provincia de Carajas atestam fontes crustais igneas arqueanas
na origem de seus magmas.

O episodio de 1880 Ma que gerou esses granitos também foi desenvolvido em outras
Provincias do Craton Amazonico, onde esta ligado principalmente na formacdo da SLIP
Uatumad. Este evento foi amplamente extensivo e também esta registrado em varios cratons
em todo o mundo demonstrando sua relevancia na evolucdo tectonica dos continentes do
Proterozoico. Os dados apresentados nesta Tese, portanto atestam a importancia de crosta

argueana para origem desses granitos.
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