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RESUMO

A Suite Planalto esta localizada no Dominio Canad dos Carajas da Provincia Carajas. A suite
tem idade neoarqueana (2,73 Ga), e 0s granitos que a constituem possuem carater ferroso e
afinidade com granitos tipo-A e sdo intrusivos em unidades mesoarqueanas e no Supergrupo
Itacailinas. Associa-se espacialmente com rochas charnoquiticas do Diopsidio-Norito Pium e
com a Suite Pedra Branca. As rochas da Suite Planalto sdo hololeucocraticas a leucocraticas
com dominancia de monzogranitos e sienogranitos e presenca de raros alcali-feldspato-
granitos. Ao microscopio, apresentam feigdes texturais magmaticas parcialmente preservadas,
porém a textura granular hipidiomorfica média a grossa original tende a ser substituida por
texturas protomiloniticas a miloniticas, com formacdo de porfiroblastos ovalados de
granulacdo média a grossa de microclina envoltos por matriz fina a base de quartzo e
feldspatos intensamente recristalizados. A Suite Planalto apresenta valores de suscetibilidade
magnética (SM) variaveis, 0s quais, associados com as caracteristicas petrologicas,
permitiram distinguir dois grupos: (1) Grupo formado em condic¢Ges reduzidas, que engloba
as amostras contendo ilmenita e desprovidas de magnetita, com baixos valores de SM; (2)
Grupo moderadamente oxidado, que se distingue do anterior por apresentar os mais altos
valores de SM, justificados pela presenca de magnetita associada a ilmenita. A ilmenita
ocorre como cristais anédricos a subédricos dos tipos texturais ilmenita individual ou ilmenita
composta, sendo esta Ultima menos comum e restrita as rochas do grupo 2. A magnetita, por
sua vez, ocorre como cristais subédricos a anédricos ou, mais raramente, euédricos com
evidéncia de martitizagdo, localmente com bordas e nucleos corroidos. lImenita e magnetita
exibem composi¢des proximas de seus membros extremos ideais, embora a ilmenita mostre
proporgdes variaveis de pyrophanita (MnTiO3z). Os cristais de titanita ocorrem nos grupos 1 e
2 circundando os cristais de ilmenita, ou entdo, como finos grdos anédricos inclusos em
anfibolio e biotita, que formam agregados maficos. Os contelidos modais de titanita sdo muito
variaveis em ambos os grupos e ndo ha correlagéo entre titanita e opacos modais. Além disso,
as composicoes quimicas de titanita, em particular suas baixas razdes Fe/Al, sugerem que este
mineral foi reequilibrado por processos subsolidus. Os anfibdlios da Suite Planalto séo
calcicos com composicdo variando entre potassio-hastingsita (dominante) e cloro-potassio-
hastingsita (subordinada) e razdes Fe/(Fe+Mg) > 0,8. A biotita também apresenta altas razfes
Fe/Mg (> 0,7) e é classificada como annita. Os porfiroclastos de plagioclasios sdo oligoclasio
(Anzs.10) e 0s grdos da matriz recristalizada mostram composicdo variando entre oligoclasio

ou albita (Anzse.2).Os dados obtidos, mostram que os granitos do grupo 1 da Suite Planalto
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foram formados em condic¢Ges reduzidas, abaixo do tampdo FMQ. Os granitos do grupo 2
cristalizaram em condi¢cbes mais oxidantes, coincidentes com as do tampdo FMQ ou
ligeiramente acima, ou alternativamente, também foram formados em fO, abaixo de FMQ,
submetidos a condic¢des ligeiramente mais oxidantes no subsolidus. Pressdes de 900 MPa a
700 MPa e de 500 e 300 MPa foram estimadas, respectivamente, para a origem dos magmas
da Suite Planalto e para a colocacéo e cristalizacdo final dos seus plutons. Geotermdmetros
sugerem temperaturas iniciais de cristalizacdo variando de 900°C e 830°C, sendo que a
temperatura do solidus foi provavelmente proxima de 700 °C. O contetido de agua do magma
foi estimado em 4 % em peso, podendo atingir possivelmente até 4% em peso. A comparacdo
mineraldgica entre a Suite Planalto e granitos neoarqueanos similares da Provincia Carajas
mostram que a Suite Planalto e o Complexo Granitico Estrela foram formados em condicGes
muito similares. As composi¢des de anfibolio e biotita dos granitos Planalto e Estrela séo
enriquecidas em aluminio e assemelham-se neste aspecto aqueles do pluton Matok do
Limpopo Belt. Diferem, usando este mesmo critério dos granitos rapakivi tipo-A
proterozoicos. Em termos das condi¢cdes de fugacidade de oxigénio, a Suite Planalto e o
Complexo Granitico Estrela se aproximam dos granitos rapakivi mesoproterozoicos e dos
granitos paleoproterozoicos reduzidos a moderadamente oxidados da Provincia Carajas e
diferem dos granitos oxidados daquela provincia e também dos granitoides do pluton Matok.
Conclui-se que a Suite Planalto é similar aos granitos neoarqueanos ferrosos ou do tipo-A da
Provincia Carajas e, exceto por seu carater reduzido, diferem em suas caracteristicas
mineraldgicas e nos parametros de cristalizacdo de alguns exemplos classicos de granitos
tipo-A e exceto por seu carater reduzido, sdo semelhantes aos granitoides neoarqueanos Fe-K
e Mg-K. O fato de se ter um ambiente colisional em Carajas e também no Limpopo Belt
durante o neoarqueano sugere que as similaridades observadas entre os granitos de ambas

provincias pode refletir um condicionamento geologico e tecténico.

Palavras chaves: Arqueano. Granite tipo-A. Petrologia magnética. Parametros de

cristalizagdo. Provincia Carajas.



ABSTRACT
The Planalto Suite is located in the Canad dos Carajas Domain of the Carajas Province in the
southeastern part of the Amazonian Craton. The suite has Neoarchean age (~2.73 Ga), ferroan
character and affinity with A-type granites. Magnetic petrology studies allowed the distinction
of two groups: (1) llmenite granites devoid of magnetite and showing low magnetic
susceptibility (MS) values (MS between 0.6247x102 and 0.0102x10° SI; average of
0.1522x10%); (2) Magnetite-ilmenite-bearing granites which display comparatively higher but
still moderate MS values (between 15.700x10- and 0.8036x10 SI; average of 5.1717x10°3).
Textural evidence indicates that amphibole, ilmenite, titanite, and, in the rocks of Group 2,
also magnetite formed during magmatic crystallization. However, titanite chemical
composition suggests that it was re-equilibrated by subsolidus processes. The amphibole
varies from potassian-hastingsite to chloro-potassian-hastingsite and shows Fe/(Fe+Mg) >0.8.
Biotite also shows high Fe/(Fe+Mg) ratios and is classified as annite although relatively
enriched in Al compared to the annite end member. Plagioclase porphyroclasts are oligoclase
(Anzs-10) and the grains of the recrystallized matrix display oligoclasic or albitic composition
(Ang-2). Mineral chemistry, magnetic petrology and whole rock geochemistry indicate that the
dominant group 1 granites of the Planalto Suite were formed under reduced conditions below
the FMQ buffer. The group 2 granites crystallized under more oxidizing conditions on or
slightly above the FMQ buffer. Pressures of 900-700 MPa for the origin and of 500-300 MPa
for the emplacement were estimated for the Planalto magmas. Geothermometers suggest
initial crystallization temperatures between 900 °C and 830 °C and water content in the
magma higher than 4 wt %. The mineralogical comparison between the Planalto Suite and the
Archean subalkaline Estrela Granitic Complex of the Carajas Province reveals strong
compositional analogies indicating that they were probably formed under similar conditions.
The amphibole and biotite compositions of Planalto and Estrela granites are relatively
enriched in Al being comparable with those of the Neoarchean Matok Pluton of the Limpopo
Belt. They differ using the same criteria of the Proterozoic rapakivi A-type granites. On the
other hand, in terms of Fe/(Fe+Mg) ratio, the Planalto and Estrela granites approach the
reduced Mesoproterozoic rapakivi granites and the reduced to moderately oxidized
Paleoproterozoic granites of, respectively, the Velho Guilherme and Serra dos Carajas suites
and differ from the oxidized granites (Jamon Suite) of the Carajas province and also of Matok
pluton. It is concluded that the Planalto Suite and similar Neoarchean granites of the Carajas
Province differ in mineralogical characteristics and crystallization parameters of some classic

examples of A-type granites and, except for its reduced character, they are akin to the



Neoarchean Fe-K and Mg-K granitoids of the Limpopo Belt, as exemplified by the Matok
granitoids. This indicates that the collisional setting of Carajas and Limpopo exerted strong

influence in the nature of the Neoarchean granitoid magmas.

Keywords: Archean. A-type granites. Magnetic petrology. Crystallization parameters.

Carajas Province.
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1.INTRODUCAO

1.1 APRESENTACAO

A presente pesquisa foi voltada para a Suite Planalto (Figura 1.1) localizada no
Dominio Canad dos Carajas (DCC), inserido no contexto geoldgico da Provincia Carajas
(PC), de idade arqueana e dividida em trés dominios, Dominio Canad dos Carajas (DCC),
Dominio Sapucaia (DS) e Dominio Rio Maria (DRM) (Dall’Agnol et al. 2013). O Granito
Planalto foi descrito originalmente por Huhn et al. (1999) e a denominag¢do de Suite Planalto
foi atribuida por Feio et al. (2012).

Uma série de estudos ja foram realizados em granitos da Suite Planalto (Huhn et al.
1999, Gomes 2003, Oliveira 2003, Sardinha et al. 2004, Silva 2011, Feio et al. 2012, Santos,
P.A. 2013, Cunha 2013), porém ainda permanecem algumas lacunas no conhecimento
daquela unidade. Entre as principais lacunas constam seu comportamento em termos de
petrologia magnética, abordado em estudo prévio por Cunha (2013), e a melhor definicdo dos
seus parametros de cristalizacdo. Em razdo disso, pretende-se neste trabalho aprimorar o
conhecimento sobre a Suite Planalto, aprofundando as discussGes sobre sua petrologia
magnética e realizando sua caracterizacdo mineraldgica, obtendo composi¢des quimicas
quantitativas das principais fases minerais que a constituem, de modo a discutir suas
condicOes de formacdo (fugacidade de oxigénio, pressdo, temperatura e influéncia das fases
volateis). Para tanto foram realizadas analises pontuais quimicas semiquantitativas por Energy
Dispersive Spectrometry (EDS) em microscopio eletrénico de varredura e analises quimicas
quantitativas por Wavelength Dispersive Spectroscopy (WDS) em microssonda eletronica nas

principais fases minerais da Suite Planalto.

Este trabalho foi fomentado pelo INCT de Geociéncias da Amazonia (GEOCIAM) e
por CAPES (Bolsa de mestrado da autora) e esta integrado a outros estudos que estdo sendo
desenvolvidos no Dominio Canad dos Carajas pelo Grupo de Pesquisa Petrologia de

Granitoides (GPPG) do Instituto de Geociéncias da Universidade Federal do Para.

A presente dissertacdo inclui um capitulo introdutério (CAPITULO 1), onde sdo
abordados o contexto geologico regional, sumarizando os principais aspectos geoldgicos da
Provincia Carajas, problematica, objetivos da pesquisa, € 0s procedimentos metodoldgicos. O
CAPITULO 2 inclui um artigo cientifico submetido a periddico internacional, intitulado:

Mineral chemistry and crystallization parameters of the Archean Planalto Suite, Carajas



Province, Amazonian Craton. Finalmente, o CAPITULO 3 apresenta as conclusdes da

dissertagao.
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Figura 1.1 - Mapa de localizacdo e acesso a area de estudo.
Fonte: Modificado de Almeida 2010.

1.2 CONTEXTO GEOLOGICO REGIONAL

A Provincia Carajés (PC) esté localizada na por¢éo sul oriental do Craton Amazonico
(Figura 1.2), no sudeste do estado do Pard, e constitui o principal nicleo arqueano do craton.
Devido a seu vasto potencial metalogenético, diversos estudos vém sendo realizados na regidao
com o objetivo ampliar o conhecimento com relacdo a evolucdo crustal e processos
geoldgicos que levaram a formacdo da Provincia Carajas. Como resultado, diversas propostas
de compartimentacdo tectonica para a PC foram apresentadas ao longo das ultimas décadas
(Costa et al. 1995, Souza et al. 1996, Althoff et al. 2000, Dall’ Agnol et al. 2006, 2013).



Souza et al. (1996) subdividiram a Provincia Carajas em dois blocos distintos,
denominados de Rio Maria e Carajas. Posteriormente, Dall’ Agnol et al. (2006) subdividiram
o Dominio Carajas em Bacia Carajas e Dominio de Transicdo, este Ultimo designando a
regido compreendida entre o0 Dominio Rio Maria e a Bacia Carajas, interpretada como uma
possivel extensdo do terreno mesoarqueano de Rio Maria intensamente deformado pelos
eventos neoargqueanos que levaram a formacéo e fechamento da Bacia Carajas. Vasquez et al.
(2008) acataram proposta de Santos et al. (2003) que dividiu a Provincia Carajas em dois
dominios tectonicos distintos, e assumiram a existéncia do Dominio Rio Maria e Dominio
Carajas no mapa geoldgico do estado do Parad. Contudo, Feio et al. (2013) mostraram que na
area de Canaa dos Carajas, situada imediatamente a sul da Bacia Carajas, 0 magmatismo
Mesoarqueano é distinto daquele encontrado no Dominio Rio Maria e levantaram a hipdtese
de que a mesma poderia representar um dominio distinto do de Rio Maria. Sugeriram, ainda,
que uma extensdo da crosta de Canad dos Carajas corresponderia provavelmente ao substrato

da Bacia Carajas de idade neoarqueana.

Além disso, os avancos nos trabalhos de caracterizacdo dos principais granitoides
arqueanos presentes no Dominio de Transi¢ao (Oliveira et al. 2010; Gabriel & Oliveira, 2014;
Santos, P. A. et al. 2013; Teixeira et al. 2013; Silva, A.C. et al. 2014; Santos, P. J. L. et al.
2014; Rodrigues et al. 2014) permitiram que Dall’Agnol et al. (2013) observassem
importantes diferencas estruturais e litoldgicas entre o DT e o Dominio Rio Maria, que 0s
levou a propor uma nova compartimentacdo tectonica, dividindo o Dominio de Transi¢cdo em
dois dominios distintos: (1) Dominio Sapucaia ~2,95 a 2,73 Ga; (2) Dominio Canaa dos
Carajas ~ 3,0 to 2,73 Ga. A Bacia de Carajas representaria um terceiro dominio do antigo
Dominio Carajas e os trés dominios mencionados teriam tido evolucdo distinta daquela do

Dominio Rio Maria.

Segundo Dall’Agnol et al. (2013), o Dominio Sapucaia (2,95 a 2,73 Ga) apresenta
fortes analogias em termos de litologias dominantes com o Dominio Rio Maria, porém, as
rochas que o constituem foram intensamente deformadas durante o neoarqueano e
seccionadas pelos granitoides das suites Vila Jussara e Planalto. Uma descricdo detalhada da
geologia e das caracteristicas geoquimicas dos principais granitoides presentes naquele
dominio sdo fornecidas por Gabriel & Oliveira (2013, 2014), Santos, P. A. et al. (2013),
Teixeira et al. (2013), Silva, A. C. et al. (2014), Santos, P. J. L. et al. (2014) e néo serdo
retomadas aqui porque os granitos estudados da Suite Planalto se situam no Dominio Canaa

dos Carajas e, portanto, fora do Dominio Sapucaia.



O Dominio Canad dos Carajas foi intensamente deformado pelos eventos neoarqueanos
que levaram a formacdo e fechamento da Bacia Carajas. Na area de Canad dos Carajas
(Figuras 1.2c e 1.3), Feio et al. (2013) distinguiram quatro principais eventos magmaticos,
trés de idade mesoarqueana e um de idade neoarqueana: (1) em 3,05-3,0 Ga, teria havido a
formagdo do protolito do Complexo Pium e do Tonalito Bacaba (~ 3,0 Ga; Moreto et al.
2011) e de rochas com idades semelhantes; (2) o segundo evento (2,96-2,93 Ga) foi marcado
pela cristalizacdo do Granito Canad dos Carajas e pela formacdo do Trondhjemito Rio Verde;
(3) no terceiro evento (2,87-2,83 Ga), houve a formacdo do Complexo Tonalitico Campina
Verde, do Trondhjemito Rio Verde e dos granitos Cruzadao, Bom Jesus e Serra Dourada; (4)
no Neoarqueano, entre 2,75-2,73 Ga, ocorreu a formacdo dos granitos subalcalinos da Suite
Planalto, dos granitos sodicos da Suite Pedra Branca e de rochas charnoquiticas associadas
espacialmente com o Complexo Pium. Posteriormente, Santos, R.D. et al. (2013) e Galarza et
al. (2013) obtiveram idades neoarqueanas para diferentes variedades de rochas do Complexo
Pium e concluiram que o mesmo seria formado essencialmente por charnockitos e nao por
granulitos. Eles reforcaram, assim, interpretacéo prévia de Ricci & Carvalho (2006), admitida
por Vasquez et al. (2008), de que o Complexo Pium seria de origem ignea e neoarqueano,
contrapondo-se a interpretacdo de Pidgeon et al. (2000) de que corresponderia a complexo

metamorfico formado durante o Mesoarqueano.

1.3 PROBLEMATICA E JUSTIFICATIVA DA PROPOSTA

Estudos desenvolvidos por Feio et al. (2012) e Cunha (2013) permitiram um avango
consideravel no entendimento da natureza e origem dos granitos pertencentes a Suite Planalto.
Entretanto, ainda ha necessidade de aprofundar questdes relativas aos parametros fisicos, tais

como pressdo, temperatura e fugacidade de oxigénio em que se deu a cristalizacdo dessa suite.

A Suite Planalto é formada por diversos plutons de idade neoarqueana 0s quais exibem
foliacdo penetrativa EW-NNW com mergulhos subverticais, localmente acompanhada por
lineacdo mineral e bandas de cisalhamento do tipo-C. E composta por monzogranitos e
sienogranitos com conteddo modal variavel de biotita e hornblenda, tendo como minerais
acessorios principais zircdo, apatita, allanita, ilmenita £ magnetita * titanita 1 + fluorita. Os
minerais secundarios sao representados por epidoto, muscovita + escapolita + carbonatos +

titanita 2 + turmalina.

Geoquimicamente, 0s granitos da Suite Planalto sdo subalcalinos, ferrosos
[FeO«/(FeOt+MgO) > 0,88] e similares aos granitos reduzidos do tipo-A (Dall’Agnol &



Oliveira 2007). Porém, Feio et al. (2012) propdem que tais granitos sejam classificados como
biotita-hornblenda granitos hidratados de série charnockitica ao inves de granitos tipo-A, pois
os mesmos foram colocados durante evento colisional identificado no Dominio Canad dos

Carajas e, além disso, apresentam intima relacdo com rochas charnockiticas.

Para avancar na compreensdao da petrologia da Suite Planalto, é essencial a
caracterizacdo quimico-mineral6gica das fases minerais presentes em seus granitos, pois a
composicdo quimica dos minerais permitird estabelecer os principais parametros de

cristalizagdo atuantes nestas rochas.

Além disso, os resultados de analises quantitativas obtidas por microssonda eletrénica
(Wavelength Dispersive Spectroscopy - WDS) foram comparados com aqueles resultantes de
analises semiquantitativas (Cunha 2013), utilizando microscépio eletrénico de varredura
(Energy Dispersive Spectrometry - EDS), permitindo avaliar melhor o alcance e limitacdes

das analises por EDS.

Os avancos obtidos na caracterizacdo das principais fases minerais da Suite Planalto
contribuirdo para o melhor entendimento da evolucdo magmatica da suite e para ampliar o
conhecimento das rochas granitoides arqueanas da Provincia Carajds e deverdo assim

melhorar a compreenséo da evolucdo da mesma.

1.4 OBJETIVOS

O principal objetivo desta pesquisa é determinar as composicGes quimicas de biotita,
anfibolio, titanita, plagioclasio e minerais opacos (ilmenita e magnetita) e, com isso, estimar
com maior precisdo as condi¢bes de fugacidade de oxigénio, pressdo e temperatura em que se
deu a cristalizacdo da Suite Planalto. Pretende-se ainda comparar os resultados de analises
quimicas semiquantitativas por EDS em MEV (Cunha 2013) com aqueles obtidos em analises
quimicas quantitativas por WDS em microssonda eletrdnica para avaliar o grau de precisao

das anélises semiquantitativas.

1.5 MATERIAIS E METODOS

Os procedimentos metodologicos executados neste trabalho envolveram pesquisa
bibliografica e estudos laboratoriais. Estes compreenderam a aplicacdo de métodos
petrograficos e microanalises utilizando microscopia eletronica de varredura e microssonda

eletronica.
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1.5.1 Pesquisa Bibliografica

Durante o desenvolvimento da pesquisa foi realizado um levantamento bibliografico da
geologia arqueana da Provincia Carajas com énfase no magmatismo subalcalino e,
particularmente, em suas caracteristicas petrograficas e mineraldgicas. Trabalhos abordando a
geologia regional da por¢do sudeste do Craton Amazonico, bem como estudos petrograficos e
petroldgicos de rochas graniticas tipo-A (Barros et al. 1997, 2009; Dall’Agnol et al. 1994,
1997, 1999, 2005; Oliveira, D.C. et al. 2010; Sardinha et al. 2006) e de granitoides associados
com rochas charnockiticas (Frost et al. 2000, Frost & Frost 2008, Rajesh & Santosh 2004,
Rajesh et al. 2014; Vander Auwera et al. 2014) serviram de base para elaboracdo dessa
dissertacdo. Adicionalmente, foram pesquisados na literatura temas relacionados a aplicacdo

da composic¢do mineralogica como marcadora das condi¢cdes de formagdo dos magmas.
1.5.2 Estudo Petrografico

Os estudos mineraldgicos foram precedidos e acompanhados por estudos petrograficos
minuciosos das amostras de diferentes variedades da Suite Planalto. Tais estudos
complementaram aqueles efetuados anteriormente por Oliveira, M.A. (2003), Gomes (2003) e
Feio et al. (2012) e foram feitos no Laboratorio de Petrologia Magnética do 1G-UFPA com
uso de lupa binocular e microscopio ético petrografico em luz transmitida e refletida. Com
base nisso, foram selecionadas amostras representativas das principais variedades

petrograficas para estudos complementares.

O estudo microscépico consistiu na descricdo mineraldgica detalhada das diversas
variedades de granitos e na analise das relacdes texturais, intercrescimentos, texturas de
exsolucdo e/ou substituicdo, procurando esclarecer a evolucdo de tais rochas. Foi dada
atencdo aos seus diferentes minerais constituintes, porém com maior énfase nas principais
fases maficas e nos minerais opacos. As composicdes modais disponiveis em trabalhos
anteriores (Oliveira, M.A. 2003 Gomes 2003; G.R.L. Feio, Comunicacdo Escrita de dados
inéditos) foram compiladas e foram efetuadas analises modais adicionais em amostras
selecionadas para estudos complementares, utilizando contador automatico de pontos da
marca Swift (1500 a 2.000 pontos por lamina delgada). Posteriormente, as rochas submetidas
a analises modais foram classificadas com base nas recomendacfes da Subcomissdo de
Nomenclatura de Rochas igneas da IUGS (Streckeisen, 1976; Le Maitre et al. 2002).



1.5.3 Quimica Mineral

1.5.3.1 Microscopia Eletronica de Varredura (MEV)

As imagens de elétrons retroespalhados auxiliaram na observacdo das relacGes texturais
entre fases minerais. As composi¢Ges semiquantitativas de anfibolio, biotita, plagioclasio,
titanita e minerais opacos foram obtidas por meio de analises de Energy Dispersive
Spectrometry (EDS). As analises foram realizadas no Laboratério de microanalises do
Instituto de Geociéncias da Universidade Federal do Pard (IG/UFPA), utilizando-se
microscopio eletronico LEO modelo 1430, sob condigdes de voltagem de 20kv. As
observacdes e analises foram realizadas em laminas polidas confeccionadas na Oficina de
Laminacdo do IG/UFPA, posteriormente metalizadas com carbono. Com base nas
composicbes quimicas foram elaboradas formulas estruturais dos minerais e feita sua
classificagdo preliminar (Cunha 2013). Os dados obtidos nessa etapa visaram complementar

0s ja disponiveis (Cunha 2013).

1.5.3.2 Microssonda Eletronica

As analises quimicas foram realizadas em amostras da Suite Planalto, anteriormente
analisadas por EDS em MEV. As analises quimicas quantitativas pontuais em microssonda
eletrbnica utilizaram Wavelength Dispersive Spectroscopy (WDS) e foram realizadas no
Laboratério de Microssonda Eletrénica no Instituto de Geociéncias da Universidade de
Brasilia (1G-UnB), utilizando o equipamento Jeol JXA-8230 com cinco espectrometros WDS
e um EDS. As condicgdes operacionais foram: tempo de aceleracdo 15 kV e tempo de analise 5
segundos. Os cristais utilizados para analises foram LIFH para V, Mn, Fe, Ni e Ba; PETJ para
K, Ca, Ti e Sr; TAP para Na, Si, Al e Mg; LDE1 para F. Os padrdes utilizados para calibragéo
do instrumento foram andradita (Si e Ca), microclina (Al e K), hematita (Fe), olivina (Mg),
albita (Na), pirophanita (Ti e Mn), Vanadinita (V e Cl), topazio (F). Os minerais analisados
foram anfibolio, biotita, plagioclasio, titanita, ilmenita e magnetita. O programa MINPET,
versdo 2.2 (Richard 1995) foi utilizado para obter as formulas estruturais dos minerais. As
classificagbes dos minerais foram efetuadas seguindo as proposi¢cdes da International
Mineralogical Association (Leake et al., 1997, 2003; Rieder 1999).

1.5.3.3 Estimativa dos parametros de cristalizacéo

Para estimativa dos parametros de cristalizacdo foram utilizadas diferentes abordagens

disponiveis na literatura, as quais sdo discutidas em detalhe no capitulo 2.
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1.5.4 Geoquimica em rocha total

Os dados geoquimicos utilizados nesta dissertacdo foram inteiramente baseados em
analises publicadas anteriormente (Feio et al. 2012), sendo os métodos analiticos descritos

naquele trabalho.
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ABSTRACT: The Planalto Suite is located in the Canad dos Carajas Domain of the Carajas
Province in the southeastern part of the Amazonian Craton. The suite has Neoarchean age
(~2.73 Ga), ferroan character and affinity with A-type granites. Magnetic petrology studies
allowed the distinction of two groups: (1) llmenite granites devoid of magnetite and showing
low magnetic susceptibility (MS) values (MS between 0.6247x10-® and 0.0102x1073 SI;
average of 0.1522x107%); (2) Magnetite-ilmenite-bearing granites which display comparatively
higher but still moderate MS values (between 15.700x10-% and 0.8036x10- SI; average of
5.1717x1073). Textural evidence indicates that amphibole, ilmenite, titanite, and, in the rocks
of Group 2, also magnetite formed during magmatic crystallization. However, titanite
chemical composition suggests that it was re-equilibrated by subsolidus processes. The
amphibole varies from potassian-hastingsite to chloro-potassian-hastingsite and shows
Fe/(Fe+Mg) >0.8. Biotite also shows high Fe/(Fe+Mg) ratios and is classified as annite
although relatively enriched in Al compared to the annite end member. Plagioclase
porphyroclasts are oligoclase (Anzs-10) and the grains of the recrystallized matrix display
oligoclasic or albitic composition (Ang.2). Mineral chemistry, magnetic petrology and whole
rock geochemistry indicate that the dominant group 1 granites of the Planalto Suite were
formed under reduced conditions below the FMQ buffer. The group 2 granites crystallized
under more oxidizing conditions on or slightly above the FMQ buffer. Pressures of 900-700
MPa for the origin and of 500-300 MPa for the emplacement were estimated for the Planalto
magmas. Geothermometers suggest initial crystallization temperatures between 900 °C and
830 °C and water content in the magma higher than 4 wt %. The mineralogical comparison
between the Planalto Suite and the Archean subalkaline Estrela Granitic Complex of the
Carajas Province reveals strong compositional analogies indicating that they were probably
formed under similar conditions. The amphibole and biotite compositions of Planalto and
Estrela granites are relatively enriched in Al being comparable with those of the Neoarchean

Matok Pluton of the Limpopo Belt. They differ using the same criteria of the Proterozoic
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rapakivi A-type granites. On the other hand, in terms of Fe/(Fe+Mg) ratio, the Planalto and
Estrela granites approach the reduced Mesoproterozoic rapakivi granites and the reduced to
moderately oxidized Paleoproterozoic granites of, respectively, the Velho Guilherme and
Serra dos Carajas suites and differ from the oxidized granites (Jamon Suite) of the Carajas
province and also of Matok pluton. It is concluded that the Planalto Suite and similar
Neoarchean granites of the Carajids Province differ in mineralogical characteristics and
crystallization parameters of some classic examples of A-type granites and, except for its
reduced character, they are akin to the Neoarchean Fe-K and Mg-K granitoids of the
Limpopo Belt, as exemplified by the Matok granitoids. This indicates that the collisional
setting of Carajds and Limpopo exerted strong influence in the nature of the Neoarchean

granitoid magmas.

Keywords: Archean, A-type granites, Magnetic petrology, Crystallization parameters,

Carajas Province.
*Corresponding author: ingridvcunha@gmail.com

2.1 INTRODUCTION

A-type granites were originally associated to anorogenic tectonic settings and were
admitted to be formed under low oxygen fugacity conditions from magmas with low water
content (Loiselle and Wones, 1979). Subsequently, they were related to post-collisional
environments (Whalen et al., 1987; Eby, 1992; King et al., 1997; Nardi et al., 2009) and it
was proposed the existence of oxidized A-type granites that could have moderate to high
water contents (Anderson and Smith, 1995, Anderson and Morrison, 2005; Dall'Agnol et al.,
1997, 1999, 2012; Dall'Agnol and Oliveira, 2007).

Several Neoarchean granites, geochemically similar to A-type granites, have been
described in the Carajas Province, situated in the southeastern part of the Amazonian Craton.
They occur as batholiths and stocks in the central-northern sector of the province (Figure
2.1b) and are represented by the Estrela Complex, the Serra do Rabo and lgarape Gelado
granites (Barros et al., 1997, 2001, 2009; Sardinha et al., 2006), and the Planalto Suite (Huhn
et al., 1999; Feio et al., 2012, 2013; Feio and Dall’Agnol, 2012). Overall, they have high
FeO/(FeO+MgO) ratio, subalkaline affinity and metaluminous to peraluminous character.

Mineral chemistry is an important tool for definition of intensive parameters of

crystallization of granitic rocks (Czamanske et al., 1973; Anderson and Bender, 1989;
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Anderson and Smith, 1995; Anderson and Morrison, 2005; Clowe et al., 1988; Dall’Agnol et
al., 1999, 2005; Elliot et al., 1998; Frost et al., 1999, 2000; Lamarao and Dall’ Agnol, 2004;
Papoutsa and Pe-Piper, 2014). The composition of the main mineral phases of granitic rocks
can give relevant information about the nature and physicochemical conditions of magmas.
Amphiboles are the main ferromagnesian phase in many granitic rocks and their presence
indicate derivation from hydrated magmas (Naney, 1983; Dall’ Agnol et al., 1999; Klimm et
al, 2003). They can also be an important geochemical evolution index of parental magma
(Martin, 2007). Similarly, the composition of biotite and the nature of iron-titanium oxide
minerals are strongly dependent of oxygen fugacity conditions in the magma and can also
give information about the nature of the granite magmatic series (Nachit, 1985; Nachit et al.,
1994; Stussi and Cuney, 1996).

The aim of this paper is to determine the chemical and textural characteristics of the
main mineral phases of the Planalto Suite granites and to discuss their magnetic petrology.
These data and geological information are used to estimate the intensive parameters acting
during the crystallization of its magmas. Additionally, a comparative study between the
studied granites and similar A-type granites, including those associated with charnockitic
rocks is also done. Besides the granites of the Carajas Province, the Neoproterozoic HBG
granitoids and the AMC Suite of the Rogaland Anorthosite Province (Norway), the
Mesoproterozoic rapakivi granites, and the Neoarchean Matok pluton of the Limpopo Belt
(Africa) are also shown for comparison. We intend to contribute to the understanding of the
origin of these ferroan granites possibly related with charnockites and their contrasts with

classical A-type granites.

2.2 GEOLOGIC SETTING

The Carajas Province (CP) is located in the southeastern part of the Amazonian Craton
(Figure 2.1a), southeast of Para state, Brazil. It is the main Archean nucleus of the craton
(Almeida et al., 2011; Feio et al., 2013; and references therein) and contains large mines of
iron, copper, nickel and manganese. Several studies have been conducted in this region in
order to improve the knowledge of the geology, magmatism, crustal evolution and
metallogenesis of this province (DOCEGEO, 1988; Botelho et al., 2005; Vasquez et al., 2008;
Xavier et al., 2010; Oliveira, M.A. et al., 2009; Almeida et al., 2011; Feio et al., 2013; Moreto
etal., 2011, 2015).

The Carajés province is divided in two domains (Souza et al., 1996; Dall’Agnol et al.,
2000; Santos et al., 2003; Vasquez et al., 2008): The Rio Maria domain situated in the
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southern part of the province and the Carajas domain in the northern sector (Figure 2.1b). The
Rio Maria domain was formed during ca. 3,000 Ma to 2,860 Ma in the Mesoarchean
(Machado et al., 1991; Macambira and Lafon, 1995; Almeida et al., 2011). It is constituted of
greenstone belts and tonalitic-trondhjemitic assemblages (TTG), leucogranodiorites, high-Mg
granitoids and potassic granites (Althoff et al., 2000; Souza et al., 2001; Dall’Agnol et al.,
2006; Oliveira, M.A., et al., 2010; Almeida et al., 2011, 2013). The main difference between
the Rio Maria and Carajas domains is that the latter also initiated its formation during the
Mesoarchean and extended into the Neoarchean.

More recently, Feio et al. (2013) have demonstrated that the Mesoarchean magmatism
of the Canad dos Carajas area of the Carajas domain is quite distinct of that of Rio Maria. At
the same time, the results of extensive geological mapping and new geochronological and
geochemical data obtained in the southern part of the Carajas Domain, in the Sapucaia area
(Oliveira et al., 2010; Gabriel et al., 2014; Santos, P. A. et al., 2013; Silva, A. C. et al., 2014,
Santos, P. J. L. et al., 2014; Rodrigues et al., 2014) had put in evidence that the structural and
textural features, including penetrative deformation and strong recrystallization, of that area
are quite distinct of those observed in Rio Maria.

With this in mind, Dall’Agnol et al. (2013) proposed the subdivision of the Carajas
domain in the Carajas Basin and the Canad dos Carajas and Sapucaia subdomains (Figure
2.1b). The main assemblages of the Carajas Basin have Neoarchean ages (~2.76 Ga; Gibbs et
al., 1986; Machado et al., 1991) and are composed dominantly of mafic to intermediate
metavolcanic rocks and banded iron formations, both included in the Itacaiunas Supergroup.
The latter is intruded by the Neoarchean (~2.75-2.73 Ga) Estrela, lgarapé Gelado and Serra
do Rabo granites which are geochemically akin to the Planalto Suite. According to
Dall’ Agnol et al. (2013), the main units of the Sapucaia subdomain (2,950 Ma to 2,730 Ma)
are similar in lithologic terms to the dominant rocks in the Rio Maria Domain, but the former
were strongly affected by Neoarchean tectonic events and were intruded by granitoids of Vila
Jussara and Planalto suites. The Canad dos Carajas subdomain had a more complex evolution
and three Mesoarchean magmatic events were distinguished in it (Feio et al., 2013): (1) at
~3,000 Ma, the formation of the Bacaba Tonalite (Moreto et al., 2011); (2) at 2,960 to 2,930
the emplacement of the Canad dos Carajas Granite and the Rio Verde Trondhjemite; (3) at
2,870 Ma to 2,830 Ma the crystallization of the Campina Verde Tonalitic Complex, Rio
Verde Trondhjemite and Cruzadao, Bom Jesus and Serra Dourada granites. Finally, during the

Neoarchean, at 2,750 Ma to 2,720 Ma, were formed the subalkaline granitoids (Planalto and
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Vila Jussara suites), sodic granitoids distinct of TTG in composition (Pedra Branca Suite) and
charnockitic assemblages (Pium Complex; Feio et al., 2012, 2013; Santos, R.D. et al., 2013).

The Planalto Suite is geochemically similar to A-type granites, but it is spatially
associated with charnockitic rocks and it could possibly correspond to hydrated granites
related to the mentioned series (Feio et al., 2012). Furthermore, the rocks of the suite exhibit
EW-NNW penetrative foliation with subvertical dips and locally mineral lineation and C-type
shear bands (Feio et al., 2012), features that are not commonly observed in A-type granites of
extensional settings.

There is geophysical and geological evidence of a collision between the Rio Maria and
Carajas domains but the main features and age of this event are poorly constrained. Recently,
Tavares (2015) proposed that the collision occurred more probably at ~2.87 to 2.83 Ga, as
indicated by the ages of the granite magmatism observed in the Canad dos Carajas subdomain
(Feio etal., 2013). The Carajas Basin is generally interpreted as a rift-related continental basin
formed at ~2.76 Ga (Gibbs et al., 1986; Docegeo, 1988; Dall’Agnol et al., 2006; Tavares,
2015) and later closed possibly by collisional processes.

There is, however, a controversial issue related to the closing of the basin and
Neoarchean granite evolution. Barros et al. (2001, 2009) admit that the Neoarchean granites
are collisional, syntectonic A-type granites deformed during emplacement at ~2.75-2.73 Ga.
They argue that the final textural aspects observed in those granites were acquired during
cooling and consider that the granites are not metamorphosed rocks. More recently, Tavares
(2015) proposed that the Neoarchean granites are A-type rift-related granites deformed and
metamorphosed during the closing of the Carajas Basin at ~2.68-2.63 Ga. In our way of
thinking, there is no a clear answer for this controversy at this stage. Anyway, it put in
evidence that secondary subsolidus or metamorphic processes could have affected and

changed the original magmatic compositions of the minerals that constitute the Planalto Suite.

2.3 GEOLOGY OF THE PLANALTO SUITE

The Planalto Suite, located south of the Carajas Basin in the Canad dos Carajas
subdomain, consists of seven plutons and a stock, intrusive in Mesoarchean units and in the
Neoarchean Itacaitnas Supergroup (Figure 2.1c). In the southwestern part of the studied area,
the Planalto suite granites are in contact with the charnockitic rocks of the Pium Complex
(norites, quartz-norites, quartz-gabbros, and more evolved hypersthene-bearing rocks; Feio et
al., 2012; Santos, R.D. et al., 2013).
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Huhn et al. (1999) described a granite pluton located near Vila Planalto and obtained
through the Pb-Pb zircon method a crystallization age of 2747 + 2 Ma for the thereafter called
Planalto Granite. Oliveira (2003) made the first petrographic study of the type-area pluton,
including a preliminary overview of its magnetic petrology. Sardinha (2004) characterized the
granitic stock located southern of Vila Feitosa (Figure 2.1c) and correlated it with the Planalto
Granite and, by analogy, with the Neoarchean A-type granites of the Estrela Granitic
Complex and similar granites.

Feio et al. (2012) made a detailed geologic, geochemical and geochronological
characterization of the Planalto granites and named them Planalto Suite. The age of the
hornblende-biotite syenogranite ARC-109 was determined by the zircon Pb-evaporation
method (2731+1 Ma; Feio et al., 2012) and by SHRIMP U-Pb in zircon (2730+5 Ma; Feio et
al., 2013). More information and additional references about the suite can be obtained in that
paper. The plutons of the suite have less than 10 km in the largest dimension, are lenticular,
generally elongated E-W concordantly to the dominant regional trend and bounded by shear
zones. The Planalto granites show penetrative subvertical foliation sometimes accompanied
by a high-angle stretching mineral lineation and C-type shear bands. The plutons of the suite
are spatially associated with the noritic, quartz-noritic and enderbitic rocks of the Pium
complex, and with the Pedra Branca suite. These units and the Planalto Suite granites were
affected by high-angle thrust faulting. The Planalto granites include different kind of mafic
enclaves: angular and partially digested enclaves of Pium mafic rocks and oval-shaped or
angular enclaves crowded of alkali-feldspar megacrysts indicating mingling processes.

To the south of the studied area (Figure 2.1b), several granitoid bodies were described
and initially correlated with the Planalto granite (Oliveira et al., 2010). However, preliminary
geochemical and geochronological data (F. V. Guimardes, written commun; Teixeira et al.,
2013; Silva; et al., 2014) confirmed the existence of relevant contrasts with the Planalto Suite
and those granitoid plutons were grouped in the Vila Jussara Suite that will not be discussed

in the present paper.
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Figure 2.1 - a) Location of the Carajas Province in the Amazonian Craton; b) Simplified geological map of the Carajas Province, showing
the Rio Maria and Carajds domains, the latter subdivided in the Sapucaia and Canad dos Carajads subdomains, and Carajas Basin; the
rectangle corresponds to the studied area detailed in figure 1c; (c) Geological map of the Canad dos Carajas area (Feio et al., 2013),
displaying the Planalto Suite and the location of samples analyzed by electron microprobe.
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2.4 PETROGRAPHY

The mineralogical studies were preceded by detailed petrographic studies of
representative samples from different varieties of the Planalto suite (Feio et al., 2012). The
optical microscopy study was done with transmitted and reflected light to allow a better
characterization of iron oxide minerals. 56 thin sections including 14 polished ones were
studied. Only samples with available whole rock chemical compositions were selected for
mineral chemistry. Modal analyses were executed by the authors or compiled from previous
works of the same research group. A minimum of 1550 points were counted in each thin
section to determine the modal composition and the rocks were classified according to the
recommendations of the Subcommission on the Systematics of Igneous Rocks of UGS (Le
Maitre et al., 2002). Complementary textural and compositional mineralogical studies were
performed using a Scanning Electron Microscope LEO model 1430, with a constant
accelerating voltage of 20 kV, at the Microanalyses Laboratory of the Geoscience Institute of

the Federal University of Para.

2.4.1 Modal composition and petrographic classification

The Planalto Suite granites have coarse- to medium-grained, locally fine-grained,
inequigranular texture and show pinkish color with dark spots related to mafic minerals
(Figure 2.3a). The modal data were plotted on QAP (Le Maitre et al., 2002; Streckeisen,
1976; Figure 2.2) and demonstrate little compositional variation with dominance of
monzogranites and syenogranites and rare occurrence of alkali feldspar granites. According to
mafic minerals proportions, the samples were classified as: biotite-hornblende monzogranite
(BHMzG) and syenogranite (BHSG); hornblende-biotite monzogranite (HBMzG),
syenogranite (HBSG), leucosyenogranite (HBLSG) and alkali feldspar granite (HBAG);
biotite monzogranite (BMzG) and syenogranite (BSG); hornblende syenogranite (HSG) and
alkali feldspar leucogranite (HALG). The granites of the suite vary from leucocratic to
hololeucocratic and have mafic mineral content generally between 5 % and 20 % (M’,
Supplementary data; Table S1), that are considered normal for granites (Le Maitre et al.,
2002). 8 analysed samples show lower mafic mineral content (M’ < 5%) and are classified as
leucogranites and 4 other samples have mafic content clearly higher than the average (M’ >
20; Supplementary data; Table S1).

Two granite Groups were distinguished on the basis of magnetic susceptibility and
oxide minerals assemblages (see below) and their modal compositions are presented in the

Table S1. Both groups have monzogranites, syenogranites, and alkali feldspar granites, with
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variable proportions of hornblende and biotite. Excluding iron-titanium oxide minerals, that
will be discussed in the magnetic petrology section, the main accessory minerals in both
groups are zircon + apatite £ allanite % titanite, and the secondary minerals are epidote *

scapolite = tourmaline £ chorite + carbonates + fluorite £ white mica.

A8

o %
£ 8
Syenogranite : Monzogranite

A+P— M’

— Group 1 Alkali feldspar granite

— Group 2

O Type area

A\ Eastern of Canai dos Carajas

<& Vila Feitosa ry P

Figure 2.2 - QAP (fields according to Le Maitre et al., 2002) and Q-(A+P)-M" modal diagrams
for the Planalto Suite. A — Alkali feldspar; P- Plagioclase; Q — Quartz; M’ = M — (apatite +
muscovite + carbonates).

2.4.2 Textural aspects

The Planalto Suite rocks exhibit magmatic textures barely preserved. The original
medium- to coarse-grained granular hypidiomorphic texture (Figure 2.3b) tends to be replaced
by protomylonitic to mylonitic textures, with oval-shaped microcline and rarely plagioclase
porphyroclasts which exhibit variable degrees of recrystallization along boundaries and
fractures and are surrounded by a fine matrix composed of intensely recrystallized quartz and
feldspar. Microcline crystals exhibit commonly perthitic exsolution textures and tartan

twinning. In addition, patch perthites occur occasionally in the alkali feldspar and suggest the
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incipient development of subsolidus chessboard albite (Figure 2.3c). Bulbuous myrmekitic
intergrowths are observed near the boundaries of the microcline and along microfractures.

The plagioclase porphyroclasts are medium- to fine-grained (< 2mm) and generally
weakly to moderately altered to white mica. The recrystallized fine-grained feldspars crystals
show in most cases polygonal contour and tend to develop mosaic textures. Locally, there are
microfractures filled by aggregates of new formed grains, which show evidence of
deformation. Quartz is found as porphyroclasts, ribbons, and as part of the recrystallized
matrix (Figure 2.3d). Occasionally, the contours of the magmatic quartz crystals are preserved
and the original crystals are replaced by an aggregate of new grains. In the most deformed
rocks, some crystals exhibit intense undulatory extinction and mosaic textures with triple
points.

The amphibole crystals are medium- to fine-grained (< 2.0 mm) and exhibit
pleochroism varying from light green (X) to olive green (Y) and bluish-green (Z). Most of
them are fresh subautomorphic crystals (Figure 2.3e). However, poikilitic crystals (Figure
2.6e, f) which include felsic minerals and ilmenite with subordinate magnetite in the group 2
granites also occur. Commonly, biotite and amphibole are oriented along with other mafic
minerals and together with felsic deformed aggregates define the foliation of the rock. The
amphibole was locally more intensely deformed and transformed to oval porphyroclasts.
Moreover, some crystals are partially replaced by biotite during the late-magmatic or
subsolidus stage.

Biotite lamellae are fine- to medium-grained (<1.5 mm) with pleochroism ranging
from light yellow (X) to dark brown (Z). They are generally not altered and predominantly
subhedral with inclusions of feldspars and opaque minerals, locally displaying corroded rims
and titanite and opaque minerals along cleavages. Overall, the mica is found in mafic clots

with amphibole, titanite, opaque minerals, zircon, apatite, and rarely allanite (Figure 2.3f).

With respect to the accessory minerals, besides Fe-Ti oxide minerals, discussed in the
magnetic petrology section, titanite is also significant. There are no apparent textural
differences between the titanites of the Group 1 and Group 2 granites of the Planalto Suite. In
both groups, titanite occurs as anhedral irregular grains surrounding ilmenite crystals (corona-
type texture; Figure 2.6a, b) or as subhedral crystals associated with mafic clots (Figure 2.3e,
f). The zircon and apatite are very fine-grained (< 0.1 mm), euhedral and prismatic crystals

which occur as inclusions in amphibole, biotite, plagioclase, and opaques. Allanite crystals



23

reach up to 1.5 mm, have rounded shape and constitute predominantly anhedral crystals with

pleochroism ranging from yellowish-brown (X) to reddish-brown (Z).

AMR-149
T

AMR-140

Figure 2.3 - a) Macroscopic aspect of a granite from the Planalto Suite (Facies HBMzG,
Group 1; cf. abbreviations in Supplementary data, Table S1); b) Relatively well preserved
microcline phenocryst in a recrystallized matrix (Facies HBSG, Group 2); ¢) Phenocryst of
mesoperthitic microcline with inclusion of amphibole and incipient development of
chessboard albite (Facies HLAG, Group 2); d) Recrystallized quartz ribbon in a granite with
mylonitic texture (Facies HBSG, Group 2); e) Clots of mafic minerals with dominance of
amphibole and biotite associated with subhedral titanite and euhedral zircon and apatite
(Facies BHMzG, Group 2); f) Lamellae of biotite associated with subhedral grains of titanite
and amphibole (Facies BHMzG, Group 2). Photomicrographs in crossed nicols (b, c, d) or
parallel nicols (e, f). Mineral abbreviations according to Kretz (1983).
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2.5 MAGNETIC PETROLOGY

Magnetic petrology is the integration of magnetic susceptibility (MS) studies with the
characterization of iron-titanium oxide minerals and conventional petrology in order to
determine the composition, abundance, microstructure and paragenesis of magnetic minerals,
as well as to define the genesis, alteration and/or replacement process of magnetic minerals in
rocks (Clark, 1999). Magnetic susceptibility is related to the quantity, nature, grain-size and
distribution of ferromagnetic minerals content. The Fe-Ti oxide mineral equilibrium is
controlled by physical and chemical conditions which define the stability of mineral
assemblages and is indirectly reflected in the MS values. Furthermore, rocks exhibit similar
magnetic characteristics to their ferromagnetic mineral content.

MS measurements of 77 representative samples of the Planalto Suite were performed at
the Magnetic Petrology Laboratory of the Geoscience Institute of the Federal University of
Para, using a susceptibilimeter SM-30 (ZH Instruments), which is able to measure materials
with MS values ranging to 1x10°7 Sl. Data analysis was performed using the Mintab 17
software (free version). The MS was measured directly in sawn regular surfaces of hand
samples. Samples with veins or evidence of significant hydrothermal alteration were avoided.

The results of MS measurements are presented in the Supplementary Table S2.

Frequency
(o)}

-4.8 -4.2 -3.6 -3.0 2.4 -1.8
Log MS (SI)

Figure 2.4 - Magnetic Susceptibility histogram for samples of the Planalto Suite.
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The Planalto Suite has MS values in the range between 0.0102x10-3 SI and 15.700x103
SI, with a mean value of 2.7263x10 SI. Statistically, the measured granite samples show a
polymodal distribution between log -4.99014 and -1.8041 and MS data plotted on a normal
probability graph allowed to distinguish three populations (Supplementary data; Figure S1).
However, the petrographic characteristics and the frequency histogram (Figure 2.4) indicate
the existence of only two groups of samples. The Group 1 includes the two populations with
lower MS values varying between 0.0102x10° and 0.6247x10° SI. The Group 2 is
distinguished by showing the highest MS values varying between 0.8036x10-% and 15.700x10"
33l.

In the group 1, ilmenite is the sole significant iron-titanium oxide mineral whereas in
the group 2, magnetite occurs associated to ilmenite. The modal content of Fe-Ti oxide
minerals in both groups of Planalto Suite is also distinct. The Group 1 has lower modal
contents (on average 0.12 %) and only in one sample it exceeds 0.3 % (Table S1). On the
other hand, in the group 2, the average opaques modal content is 0.39 % and half of the
samples show opaques modal content equal or higher than 0.3 % (Supplementary data; Table
S1). The binary diagram MS values versus opaque modal contents (Figure 2.5) indicate a poor

correlation between those variables.
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Figura 2.5 - Modal opaques (volume %) vs. magnetic susceptibility (SI units) diagram for the
Planalto Suite.
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Titanite is irregularly distributed in both groups with large variations. Moreover, in the
two groups the average modal contents are similar and they have a relatively large number of
samples without significant modal contents of titanite (Supplementary data; Table S1). There
is no clear correlation between modal contents of titanite and opaque minerals in both groups.
Careful examination in SEM put in evidence that most subhedral titanite crystals are zoned
and have Al-enriched layers in the borders and Fe-rich zones in the center of the crystals. This
is a clear evidence that titanite was re-equilibrated most probably by subsolidus processes that
should favor Al-enrichment and were responsible by the increase of Al/Fe ratio in this
mineral.

In the Planalto Suite, the opaque minerals are fine- to very fine-grained, rarely reaching
1 mm. Marthite, pyrite and chalcopyrite occur sparsely and only in the Group 2. In the Group
1, ilmenite occurs as anhedral grains generally associated with amphibole and biotite.
Individual ilmenite (Haggerty, 1991; Dall’Agnol et al., 1997) is the main textural variety
identified and it is generally enveloped by coronas of titanite (Figure 2.6a, b). Locally,
anhedral fine-grained ilmenite occurs as inclusions in amphibole and biotite. In the Group 2,
ilmenite crystals are commonly anhedral and show coronas of titanite, similar to Group 1
crystals, or occur associated with magnetite (subhedral composite ilmenite showing even
contacts with magnetite and sometimes evidence of initial oxidation; Figures 2.6c, d).
Anhedral to subhedral fine-grained ilmenite and magnetite crystals are included in poikilitic
amphibole (Figures 2.6e, f). On the other hand, magnetite occurs as subhedral or anhedral
crystals generally associated with amphibole clots. Marthite partially replaces magnetite

grains.

Composite ilmenite is generally explained as resulting of the oxy-esxolution process
that affected titanomagnetite during cooling of magmas or igneous rocks (Buddington and
Lindsley, 1964; Haggerty, 1981; Dall’Agnol et al., 1997). However, Haggerty (1991)
proposed, as an alternative hypothesis, that composite ilmenite could also form directly from
the magma implying that it could be an igneous phase. On the other hand, the presence in the
group 2 granites of subhedral amphibole, magnetite, and ilmenite associate crystals (Figure
2.6¢, d, e, f) is a strong textural evidence of coeval crystallization of these minerals and
indicates that magnetite and ilmenite are magmatic phases modified during cooling. We can
thus admit that titanomagnetite and ilmenite-hematite solid solutions have crystallized directly
from the Planalto magma and were modified, respectively, by oxy-exsolution or exsolution

processes during cooling.
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Figure 2.6 - a) and b) Corona of titanite surrounding ilmenite crystal associated with
amphibole (Facies BHMzG, Group 1); c) and d) Mafic clot with amphibole, subhedral
magnetite and composite ilmenite (Facies HLAG, Group 2); e) and f) Poikilitic amphibole
crystals with abundant subhedral inclusions of magnetite, composite ilmenite and felsic
minerals; to note the coarser subhedral crystals of magnetite found generally in the borders of
the amphibole (Facies HLAG, Group 2); a), ¢) and e) Transmitted light microscopy with
parallel nicols; b), d) and f) Backscattered images obtained in scanning electron microscope.
Mineral abbreviations according to Kretz (1983). IIm Cext = external composite ilmenite.
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2.6 MINERAL CHEMISTRY

Seven representative samples of the Planalto Suite were selected for mineral chemical
analyses on the basis of petrographic, magnetic petrology and whole rock geochemical data
(chemical analyses compiled from Feio et al., 2012). These samples are from the plutons of
the type area (AMR-140; AMR-149; AMR-137A), Vila Feitosa (ARC-109; ARC-147), and
eastern of Canad dos Carajas (AMR-116; AMR-85A). The analyzed minerals were
amphibole, biotite, plagioclase, titanite, ilmenite, and magnetite.

Polished thin sections of the selected samples were initially submitted to
semiquantitative chemical analysis by energy dispersive spectroscopy (EDS) in a Scanning
Electron Microscope LEO 1430, of the Microanalyses Laboratory of the Geosciences Institute
of the Federal University of Pard and further on to wavelength dispersive spectroscopy
(WDS) quantitative analyses at the Electronic Microprobe Laboratory of the Geosciences
Institute of the University of Brasilia, using a JEOL JXA-8230 microprobe with 5 WDS and
one EDS spectrometers. All thin sections were previously metallized with carbon for both
SEM and electron microprobe analyses. Analyses by EDS were performed at 20 kV voltage
conditions and the WDS analyses, under the following operating conditions: column
accelerating voltage of 15 kV; current 10 nA ; analysis time 10 seconds; beam diameter 5
microns for feldspars and 1 micron for all other minerals; matrix effects were corrected by
ZAF model; analytical precision was = 1% and = 10% for major and minor elements
respectively. The crystals used for analyses were LIFH for V, Mn, Fe, Ni and Ba, PETJ for K,
Ca, Ti, Cr, Cl and Sr, TAP for Na, Si, Al, Mg and LDE1 for F. The standards used for
instrument calibration were andradite (Si and Ca), microcline (Al and K), hematite (Fe),
olivine (Mg), albite (Na), pyrophanite (Ti and Mn), vanadinite (V and Cl), topaz (F).

2.6.1 Amphibole

Amphiboles were analyzed with free-H,O content, and the structural formula was
calculated on the basis of 23 oxygen atoms, according to Leake et al. (1997) and Hawthorne
et al. (2012). The Fe*3/Fe*? ratios were estimated on the basis of the charge balancing
(Schumacher, 1997). For structural formula calculation, the cations were set in a total of 13 -
CNK. The amphibole classification follows the IMA criteria (Hawthorne et al., 2012) which
indicate that the Planalto Suite has a calcium amphibole (BCa/B(Ca+Na) > 0.75) with a
hastingsitic composition (Table 2.1). Potassian-hastingsite is largely dominant, whereas
chloro-potassian-hastingsite occurs only in the sample AMR-85A (Group 2). A relevant

aspect is the dominance of Cl over F in the analyzed amphiboles (Table 2.1), which is also
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observed in biotite composition (Table 2.2). This feature is not common in A-type granites
(e.g. the Paleoproterozoic granites of the Carajas Province; Dall’Agnol et al., 2005) where F
is generally the main volatile component. Using the criteria proposed by Leake et al. (1997),
the Planalto amphiboles are also classified as hastingsite (Figure 2.7). The core and rim
compositions do not show significant variations and the Fe/(Fe+Mg) ratios range between
0.845 and 0.941 and Al > 2,00 (Table 2.1). The calcic amphiboles of the Planalto Suite

show evidence of edenitic and tschermakitic exchange.
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Figure 2.7 - Classification diagram (Leake et al., 1997) for amphiboles (hastingsite) of the
Planalto Suite.

2.6.2 Biotite

The analyzed biotite occurs as millimeter-sized platy crystals associated with
aggregates of hornblende, titanite, zircon, ilmenite, apatite, and more rarely, allanite and
magnetite or as interstitial crystals. Microprobe analyses of the biotite of the Planalto Suite are
shown in Table 2.2. The structural formula of biotite was calculated on an anhydrous basis of
22 atoms with positive charge or equivalent to 11 oxygens. It was assumed that all iron is in
Fe?* state (Table 2.2). The biotite of the Planalto Suite corresponds to annite (International
Mineralogical Association, IMA, criteria; Rieder et al., 1998). The Fe/(Fe+Mg) versus Al'Y
diagram (Figure 2.8a; Deer et al., 1992) shows that the biotite of the Planalto Suite is
extremely enriched in Fe. However, they show relatively high contents of total Al in
comparison with the annite end-member and their compositions are slightly displaced towards
siderophyllite (Figure 2.8). The biotite of the Vila Feitosa pluton is slightly enriched in MgO
compared to those of other plutons (Figure 2.8b; Table 2.2). In the Al total x Mg diagram
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(Figure 2.8b; fields of Nachit et al., 1985) the biotite displays affinity with biotite of
subalkaline rocks which is consistent with the ferroan character and A-type affinity of

Planalto granites (Feio et al., 2012).

2.6.3. Plagioclase

The plagioclase of the Planalto Suite granites occurs as medium-grained porphyroclasts
or as fine-grained crystals making part of the matrix of the rocks. Unaltered crystals of both
plagioclase textural types were analyzed and the obtained compositions (Table 2.3) indicate
that in most cases there is no accentuated compositional contrast between associate
porphyroclasts and fine grains of the matrix but in some analyzed samples the latter tend to be
more sodic. Optical and chemical data indicate that the dominant plagioclase, now forming
the porphyroclasts, has calcic oligoclase (Anzs-21) to sodic oligoclase (Aniz.10) composition.
The recrystallized grains have generally similar oligoclase compositions, but new formed
grains of albite (Ang2) were also identified. This suggests that during rock deformation and
the partial recrystallization of feldspars, the oligoclase feldspar remained generally in

equilibrium but locally albite was formed.
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Figure 2.8 - Compositional variation of the biotite of the Planalto Suite. a) IVAI —
Fe/(Fe+Mg) diagram (Deer et al., 1992); b) Al total x Mg diagram (fields of Nachit et al.,
1985); Abreviations: Sid - siderophyllite; East - eastonite; phlogopite; Ann -annite; TSM -

tetrasilicic mica; Zw — zinnwaldite.



Table 2.1: Representative electron microprobe analyses of amphiboles of the Planalto Suite.

Samples AMR-116 AMR-137A AMR-140 AMR-149 AMR-85A ARC-109 ARC-147
Facies BHSG BHSG BHMzG HBMzG HSG HBSG BHMzG
Analyses C3 11 C313 C42 C22 C31 (32 C413 C511 C512 C111 Cl22 C22 C111 c41 c42 C511 ClL2 €211 €311 C111 C1.12 C1.13
type K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs ClK-Hs CI-K-Hs K-Hst K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs K-Hs
rim core core core core rim core rim core rim core core rim core rim rim core rim rim rim core rim
SiO2(Wt.%)  38.17 38.58 37.64 37.60 38.13 38.13 36.52 36.51 37.26 37.24 37.36 36.77 35.83 35.50 36.33 36.25 36.53 37.76 37.99 37.64 37.62 37.07
TiO2 1.01 1.17 0.51 0.54 0.62 1.20 0.51 0.36 0.45 0.79 0.79 0.71 0.33 0.49 0.91 1.14 0.44 1.01 0.89 0.63 0.64 0.52
AlLO3 10.90 10.85 11.57 12.21 11.80 10.85 12.33 12.61 12.53 11.23 11.43 11.85 12.20 12.59 11.59 11.60 12.11 11.18 10.89 12.23 12.62 12.73
Fe203 4.96 3.34 7.07 8.23 6.48 5.41 7.25 7.28 8.03 4.84 6.98 7.61 6.48 8.15 6.57 6.31 7.04 6.32 6.44 4.84 5.44 6.90
FeO 27.41 28.63 25.99 24.01 25.50 27.48 23.06 2298  23.08 26.06 24.22 24.24 24.97 23.42 2479 24.99 23.99 24.10 24.17 23.97 23.95 22.43
MnO 0.40 0.30 0.41 0.48 0.46 0.40 0.59 0.50 0.50 0.40 0.47 0.56 0.31 0.41 0.35 0.42 0.48 0.66 0.59 0.68 0.59 0.78
MgO 1.00 1.01 1.13 1.66 1.47 1.09 1.87 1.87 1.90 1.80 1.86 1.64 1.44 1.44 1.69 1.47 1.87 2.40 2.31 2.47 2.34 2.26
Ca0O 10.67 10.90 10.84 10.75 10.78 10.90 10.46 10.73 10.77 11.06 10.72 10.89 10.69 10.38 10.52  10.52 10.68 10.64 10.55 10.83 10.75 10.55
Na,O 1.71 1.73 1.51 1.50 1.56 1.67 1.62 1.32 1.34 1.59 1.35 1.34 1.72 1.64 1.82 1.68 1.63 1.97 1.82 1.70 171 1.56
K20 2.24 2.25 2.40 2.30 2.30 2.22 2.27 2.30 2.26 2.36 2.37 2.44 2.60 2.59 2.41 241 2.56 2.07 2.12 2.35 2.55 2.37
F 0.36 0.30 0.25 0.43 0.36 0.39 0.33 0.34 0.32 0.36 0.30 0.21 0.23 0.03 0.13 0.15 0.59 0.44 0.61 0.46 0.06 0.39
Cl 2.41 2.18 2.28 1.49 1.45 2.17 0.96 112 1.12 1.77 1.96 1.88 3.73 3.72 3.39 3.49 2.18 1.75 1.94 1.65 1.64 1.75
H.0 1.07 1.16 1.16 1.30 1.34 1.13 1.43 1.39 1.43 1.21 1.21 1.27 0.76 0.86 0.90 0.86 1.00 121 1.07 1.22 1.43 1.23
Subtotal 102.30 102.40 102.77 102.49 102.25 103.04 99.20 99.30 101.00 100.71  101.01 101.41 101.28 101.22 101.39 101.29 101.11 101.50 101.37 100.66 101.32 100.54
O-F-Cl 0.69 0.62 0.62 0.52 0.48 0.65 0.36 0.39 0.39 0.55 0.57 0.51 0.94 0.85 0.82 0.85 0.74 0.58 0.70 0.57 0.39 0.56
Total 101.61 101.79 102.15 101.97 101.77 102.38 98.84  98.91 100.61 100.16  100.44 100.90 100.35 100.37 100.57 100.44 100.37 100.92  100.68 100.09  100.93 99.98
Number of cations per formula unit based on twenty three oxygen atoms
Si 6.182 6.232 6.060 5.994 6.098 6.133 5976  5.967 5.983 6.088 6.063 5.962 5.923 5.848 5.967  5.967 5.959 6.080 6.136 6.082 6.031 5.989
Al 1.818 1.768 1.940 2.006 1.902 1.867 2024 2.033 2.017 1.912 1.937 2.038 2.077 2.152 2.033 2.033 2.041 1.920 1.864 1.918 1.969 2.011
AlM 0.263 0.298 0.255 0.287 0.323 0.189 0.354 0.396 0.353 0.252 0.249 0.226 0.301 0.292 0.211 0.218 0.287 0.200 0.209 0.410 0.415 0.414
Ti 0.123  0.142  0.062 0.064  0.075  0.145 0.062 0.044 0.054 0.097  0.097 0.087 0.041 0.060 0.112 0.141 0.054  0.123 0.108 0.076  0.077 0.064
Fe*® 0.605 0.407 0.856 0.988 0.779 0.654 0.892 0.895 0.971 0.595 0.853 0.928 0.807 1.010 0.811 0.782 0.864 0.765 0.783 0.588 0.657 0.838
Fe*? 3.713 3.867 3.499 3.200 3.411 3.696 3.154 3.141 3.099 3.563 3.288 3.287 3.453 3.227 3.404 3.441 3.273 3.246 3.265 3.239 3.212 3.031
Mn 0.055 0.041 0.056 0.065 0.062 0.055 0.082 0.069 0.068 0.056 0.065 0.077 0.043 0.057 0.048  0.058 0.066 0.090 0.080 0.093 0.080 0.107
Mg 0.241 0.244 0.272 0.395 0.350 0.261 0.455  0.456  0.455 0.438 0.449 0.396 0.355 0.354 0.413 0.361 0.455 0.576 0.556 0.594 0.559 0.545
Ca 1.852 1.886 1.870 1.835 1.848 1.878 1.834 1.879 1.852 1.938 1.863 1.892 1.893 1.831 1.850 1.856 1.867 1.835 1.826 1.875 1.846 1.826
Na 0.537 0.543 0.473 0.464 0.485 0.522 0.512 0.417 0.417 0.504 0.424 0.423 0.553 0.524 0.581  0.535 0.516 0.614 0.569 0.533 0.531 0.490
K 0.463 0.464 0.492 0.467 0.470 0.455 0.474  0.480 0.463 0.492 0.491 0.504 0.548 0.543 0.505 0.506 0.532 0.425 0.436 0.484 0.521 0.488
F 0.184 0.151 0.127 0.217 0.180 0.196 0.172 0.173  0.164 0.187 0.156 0.108 0.119 0.018 0.069 0.079 0.305 0.223 0.313 0.237 0.029 0.201
Cl 0.662 0.596 0.623 0.401 0.392 0.592 0.267 0.310  0.305 0.491 0.538 0.517 1.044 1.039 0.943 0974 0.604 0.479 0.532 0.451 0.445 0.478
OH 1.154 1.253 1.250 1.382 1.429 1.211 1.561 1.517 1.531 1.322 1.307 1.375 0.837 0.943 0.988  0.947 1.091 1.299 1.156 1.312 1.527 1.321
Al total 2.081 2.066 2.196 2.294 2.225 2.056 2378  2.429 2.370 2.163 2.186 2.264 2.377 2.444 2.244 2251 2.329 2.121 2.073 2.329 2.384 2.425
Fe/(Fe+Mg)  0.939 0.941 0.928 0.890 0.907 0.934 0.874 0.873  0.872 0.891 0.880 0.893 0.907 0.901 0.892  0.905 0.878 0.849 0.855 0.845 0.852 0.848
Total Fe reported as FeO. Structural formulae as 13-CNK. Key to abbreviations: H-hornblende; B-biotite; MzG-monzogranite; SG-syenogranite; Hastingsite-

NaCaz(Fe*24Fe*?)SisAl2022(OH)2; Chloro prefix-Cl > OH,F; Potassic prefix- AK > ANa,ACa, A[]; K-Hs-potassian-hastingsite; CI-Chloro.
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Table 2.2:

Electron microprobe analyses of biotite of the Planalto Suite.

Samples AMR-116 AMR-137A AMR-140 AMR-149 ARC-109 ARC-147
Facies BHSG BHSG BHMzG HBMzG HBSG BHMzG
Analyses C3.11 C312 C2.12 C32 C3.3 C2.11 C212 C213 C214 C511 Ci_1 C122 C21 C2.11 C2.12 C3.1 C3_2 C2_1
SiO, (Wt.%) 33.69 33.79 34.57 34.49 34.03 34.46 34.30 33.86 33.69 33.97 33.63 33.65 33.45 35.66 35.10 35.17 35.72 35.21
TiO, 2.62 2.67 231 2.23 2.13 1.91 1.90 1.85 2.03 1.67 1.80 1.89 178 244 2.32 2.49 2.45 2.30
Al,O3 13.47 13.70 14.87 14.59 14.96 16.62 16.65 16.39 16.19 16.55 14.77 14.86 14.88 13.29 13.30 13.64 13.64 14.22
FeO 34.75 34.79 32.94 32.99 33.67 29.72 30.10 29.78 29.39 30.15 32.01 32.12 3171 29.40 29.23 29.62 30.00 29.09
MnO 0.28 0.28 0.40 0.35 0.26 0.30 0.23 0.39 0.37 0.29 0.27 0.39 0.28 0.35 0.30 0.30 0.27 0.45
MgO 1.94 191 3.06 311 2.95 3.70 3.90 381 3.73 3.68 3.44 3.27 3.38 5.33 541 5.19 5.45 513
Cao 0.03 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.06 0.00 0.01 0.03 0.03 0.01 0.04 0.03
Na,O 0.02 0.06 0.06 0.10 0.04 0.02 0.10 0.05 0.07 0.09 0.05 0.02 0.01 0.07 0.07 0.08 0.06 0.05
K0 9.02 9.81 9.05 9.03 9.00 9.42 9.44 9.54 9.74 9.50 9.44 9.37 9.31 9.24 9.28 9.17 9.16 9.16
H,O 2.98 2.95 3.38 3.34 3.36 3.49 3.45 3.38 341 3.44 3.15 3.24 3.13 294 2.88 3.01 291 3.01

F 0.14 0.28 0.25 0.31 0.22 0.23 0.28 0.36 0.27 0.28 0.36 0.18 0.30 1.03 111 0.90 1.15 1.00
Cl 2.30 2.30 0.97 0.90 1.01 0.63 0.73 0.67 0.65 0.61 1.36 1.34 144 1.26 117 1.16 1.28 1.01
Subtotal 101.25 102.50 101.86 101.44 101.67 100.49 101.07 100.07 99.53 100.24 100.33 100.32 99.68 101.04 100.18 100.74 102.13 100.66
O=F-CI 0.58 0.63 0.32 0.33 0.32 0.24 0.28 0.30 0.26 0.26 0.46 0.38 0.45 0.72 0.73 0.64 0.77 0.65
Total 100.67  101.87 101.54 10111  101.35 100.25  100.79  99.77 99.27 99.98 99.88 99.94 99.23 100.32 99.45 100.10  101.36 100.01
Number of cations per formula unit based on twenty two oxygen atoms

Si 22.266 22.142 22.173 22.235 21.968 22.001 21.841 21.826 21.833 21.850 22.030 22.021 22.028 22.854 22.717 22.608 22.674 22.566
AlV 9.734 9.858 9.827 9.765 10.032 9.999 10.159 10.174 10.167 10.150 9.970 9.979 9.972 9.146 9.283 9.392 9.326 9.434
AM 0.761 0.726 1.415 1.319 1.353 2.506 2.336 2.278 2.200 2.397 1.434 1.484 1.578 0.893 0.862 0.943 0.880 1.309
Ti 1.302 1314 1114 1.080 1.036 0.918 0.908 0.899 0.988 0.808 0.887 0.930 0.879 1177 1.130 1.205 1.170 1.109
Fe 19.207 19.063 17.670 17.787 18.177 15.871 16.033 16.052 15.929 16.220 17.537 17.579 17.465 15.759 15.820 15.921 15.924 15.595
Mn 0.159 0.153 0.216 0.191 0.144 0.161 0.126 0.212 0.205 0.156 0.151 0.217 0.156 0.189 0.162 0.164 0.147 0.244
Mg 1914 1.862 2.923 2.990 2.840 3.526 3.705 3.658 3.603 3.532 3.355 3.187 3.314 5.090 5217 4.969 5.156 4.904
Ca 0.023 0.000 0.018 0.000 0.024 0.000 0.000 0.001 0.005 0.000 0.043 0.000 0.008 0.019 0.018 0.010 0.030 0.019
Na 0.029 0.071 0.068 0.128 0.051 0.021 0.121 0.056 0.082 0.113 0.066 0.022 0.015 0.086 0.082 0.093 0.075 0.056
K 7.604 8.196 7.401 7.428 7.411 7.672 7.671 7.844 8.047 7.797 7.883 7.821 7.823 7.556 7.661 7.522 7.419 7.491
OH 13.136 12.880 14.446 14.378 14.454 14.857 14.651 14.538 14.747 14.760 13.745 14.146 13.770 12.551 12.452 12.913 12.321 12.885
F 0.291 0.570 0.503 0.636 0.443 0.456 0.562 0.726 0.543 0.578 0.742 0.370 0.627 2.080 2.268 1.820 2.305 2.019
Cl 2573 2.550 1.051 0.986 1.103 0.686 0.787 0.736 0.710 0.662 1.513 1.483 1.603 1.370 1.280 1.267 1.374 1.096
Al total 10.495 10.585 11.242 11.083 11.385 12.506 12.494 12.453 12.367 12.547 11.404 11.462 11.550 10.039 10.146 10.335 10.206 10.743
Fe/Fe+Mg 0.909 0.911 0.858 0.856 0.865 0.818 0.812 0.814 0.816 0.821 0.839 0.847 0.841 0.756 0.752 0.762 0.755 0.761

Total Fe reported as FeO. Structural formulae on the bases of 22 oxygens. Key to abbreviations: Bt-biotite; H-hornblende; B-biotite; MzG-monzogranite; SG-syenogranite.
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Table 2.3: Representative electron microprobe analyses of plagioclase of the Planalto Suite.

Sample AMR-140 AMR-149 ARC-109 AMR-85A ARC-147 AMR-137A
Facies BHMzG HBMzG HBSG HSG BHMzG BHSG
Analyses C6_1.2 C3.2 C5.2.1 C5_3 C5_1.2 C4_1.1 C6_1.4 C6_3 C3.13 C4_13 C5_1.1 C4_1.3 C4_1.4
type olig olig alb alb olig olig olig olig olig olig olig alb alb

R R R R R R R
SiO, (Wt%) 63.83 64.45 64.24 65.25 62.26 61.59 63.15 64.64 64.12 62.96 64.20 65.92 67.65
Al;O3 22.02 21.54 21.16 20.05 23.15 23.67 22.77 22.00 22.18 22.73 22.26 21.51 20.22
FeO 0.08 0.04 0.20 0.04 0.02 0.04 0.00 0.00 0.00 0.05 0.00 0.00 0.01
CaO 2.55 2.34 1.37 0.79 417 4.89 3.66 2.90 2.85 3.58 281 1.89 0.37
Na,O 10.70 10.76 10.86 11.29 9.58 9.09 10.04 10.17 9.83 10.13 10.49 10.66 11.72
K0 0.21 0.11 0.35 0.10 0.20 0.30 0.13 0.14 0.19 0.11 0.13 0.18 0.10
Total 99.38 99.25 98.18 97.52 99.39 99.58 99.75 99.85 99.17 99.57 99.88 100.16 100.08
Number of cations per formula unit based on eight oxygen atoms
Si 2.810 2.842 2.860 2919 2.758 2731 2.781 2.846 2.847 2.776 2.817 2.886 2.948
Al 1.142 1.120 1.110 1.057 1.209 1.237 1.182 1.142 1.161 1181 1.151 1.110 1.039
Fe 0.003 0.002 0.007 0.002 0.001 0.001 0.000 0.000 0.000 0.002 0.000 0.000 0.000
Ca 0.120 0.111 0.066 0.038 0.198 0.232 0.173 0.137 0.136 0.169 0.132 0.089 0.017
Na 0.913 0.920 0.937 0.979 0.823 0.781 0.857 0.868 0.846 0.866 0.892 0.905 0.990
K 0.012 0.006 0.020 0.006 0.012 0.017 0.007 0.008 0.011 0.006 0.007 0.010 0.006
Cations 5 5 5 5 5 5 5 5 5 5 5 5 5
Albite 87 89 92 96 78 76 83 86 85 83 87 90 98
Anortite 11 11 6 4 21 23 17 13 14 16 13 9 2
orthoclase 1 1 2 1 1 2 1 1 1 1 1 1 1

R - Recrystallized; olg — oligoclase; alb — albite; H-hornblende; B-biotite; MzG-monzogranite; SG-syenogranite.
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2.6.4 Titanite

Titanite (CaTiSiOs) is a common accessory mineral in intermediate and granitoid
metaluminous plutonic rocks (Cuney and Friederich, 1987; Robinson and Miller, 1999).
According to Frost et al. (2000), titanite can occur in three different ways; (1) primary igneous
mineral; (2) mineral formed during cooling of igneous rocks (subsolidus); and (3)
metamorphic mineral in many rock types. Commonly, titanite is present in metaluminous I-
type granites, with an intermediate silica content and high calcium content. In addition, it may
be absent in many high-silica, evolved granites due to the fact that the CaO content decreases
with the increase of SiO2. The stable Ti phases in many igneous rocks are titanomagnetite and
ilmenite instead of titanite. This can indicate that crystallization occurred at relatively low
oxygen fugacity that is inadequate to stabilize titanite. Titanite is found in relatively oxidized
rocks and typically occurs with hornblende (Frost and Lindsley, 1991; Wones, 1989; Frost et
al., 2000).

Frost et al. (2000) argue that during the cooling of plutonic rocks, titanite can be formed
by two processes: (1) in association with peritetic reactions involving hydration of pyroxene
and its replacement by hornblende. This hydration can occur in the magmatic stage or in the
subsolidus associated to deuteric change, depending on the water activity in the magma; (2)
oxidation during post-magmatic reequilibration in calc-alkaline rocks that followed initially a
cooling trend under reduced conditions with ilmenite formation. Dall’Agnol et al. (1999)
consider that in the oxidized A-type Jamon granite, titanite formation is related to a peritectic

late magmatic reaction leading the replacement of hornblende by biotite.

Petrographic studies indicate that there are no significant textural differences between
the titanites of the Group 1 and Group 2 granites of the Planalto Suite. In both groups, titanite
occurs as anhedral irregular grains surrounding ilmenite crystals (corona-type texture; Figure
2.6a, b) or as anhedral to subhedral crystals associated with mafic clots. Locally in the Group
2, it is associated with amphibole, ilmenite and magnetite (Figure 2.6¢, d). Besides, there is no
positive correlation between modal contents of opaque minerals and titanite and several

samples of Group 2 granites with high MS values have no significant modal titanite.

The chemical composition of titanite of 5 samples, two of the Group 1 and three of the
Group 2 were analized (Table 2.4). The compositions of the titanite of both groups are similar
and all of them show low Fe/Al ratios (0.1 to 0.4; Figure 2.9; Table 2.4). Kowallis et al.
(1997) argue that low Fe/Al ratios in titanite are an evidence of its formation in hydrothermal

and/or metamorphic environments. In the Fe vs Al diagram (Figure 2.9), the Planalto titanite
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compositions plot near the field of titanite formed in metamorphic conditions which indicates
that its origin may be related to secondary processes. Nevertheless, it is noteworthy that the
distribution of Planalto titanites in that diagram does not coincide exactly with the field of
metamorphic titanite because the former are enriched in Fe compared to the titanites
representative of metamorphic settings. Another restriction is that we do not dispose of
information about the titanites considered by Kowallis et al. (1997) and Aleinikoff et al.
(2002) in their works nor on the exact nature of the rocks that contain those titanites. For these
reasons and the lack of experimental support, it is unclear whether the interpretation of the
mentioned authors can be extrapolated for the studied granites. However, the sum of
petrographic and mineralogical evidence suggest that titanite can be a secondary phase in the
Planalto granite and possibly related to subsolidus processes that affected the Planalto granites

or to superimposed metamorphic processes.
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Figure 2.9 - Fe vs Al diagram for the titanite of the Planalto Suite. Based on Aleinikoff et
al. (2002, modified).Fields for magmatic and metamorphic titanite compositions from
Kowallis et al. (1997). Symbols for the Planalto granites as in Figure 2.8.



Table 2.4: Representative electron microprobe analyses of titanite of the Planalto Suite.

Sample AMR-137A AMR-140 AMR-149 ARC-109 ARC-147

Facies BHSG BHMzG HBMzG HBSG BHMzG

Analyses C21 C22 C31 <C33 C34 C42 C3.1 C7.11 Cl1 C31 C32 Cc21 C22 C23 C3_1 Ci111 C1.12 C2_11 C2.1.2
SiO, 30.31 30.09 3015 30.24 30.54 31.01 30.44  29.04 29.47  29.70 29.82 29.97 30.06 30.48 30.18 30.08  30.50 29.97 30.57
TiO, 3199 31.27 3110 32.26 32.65 29.85 30.47 3247 32.88 33.18 33.03 3136 30.36 31.21 31.15 33.01 3225 33.27 32.55
Al,O; 4.61 4.94 4.99 4.43 4.66 6.21 6.03 3.76 4.06 3.96 4.10 4.38 5.10 5.09 4.33 3.42 4.53 3.38 4.49
Cr,03 0.06 0.01 0.00 0.04 0.02 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
FeO 1.85 1.66 1.73 1.81 1.36 2.26 1.24 1.52 1.66 152 1.38 2.28 2.10 1.82 2.15 1.93 1.74 1.75 1.24
MnO 0.03 0.12 0.11 0.06 0.11 0.07 0.03 0.15 0.10 0.00 0.12 0.03 0.13 0.11 0.05 0.18 0.16 0.18 0.20
MgO 0.04 0.04 0.03 0.03 0.05 0.05 0.03 0.00 0.06 0.02 0.05 0.09 0.05 0.04 0.09 0.03 0.00 0.04 0.03
Ca0 27.66 2781 2814 28.13 28.51  26.20 28.38  27.66 27.32 2785 27.67 27.21 2733 28.00 27.19 2758 2822 27.48 27.88
Na,O 0.04 0.01 0.02 0.00 0.06 0.07 0.06 0.07 0.04 0.06 0.04 0.00 0.05 0.09 0.06 0.10 0.03 0.08 0.07
KO 0.00 0.09 0.00 0.02 0.00 0.09 0.02 0.01 0.00 0.02 0.04 0.02 0.01 0.02 0.00 0.00 0.00 0.01 0.01
Total 96.60 96.02 96.27 97.01 97.96  95.80 96.73  94.66 95.58 96.31 96.27 95.33 9520 96.87 95.21 96.32  97.42 96.16 97.04
Number of cations per formula unit based on five oxygen atoms

Si 1.022 1.021 1.021 1.017 1.015 1.047 1.022 1.004 1.006 1.006 1.010 1.026  1.029 1.025 1.033 1.021  1.021 1.018 1.024
Ti 0.811 0798 0.792 0.816 0.817 0.758 0.769  0.844 0.844 0.846 0.841 0.807 0.782 0.789 0.802 0.843  0.812 0.850 0.820
Al 0.183 0.197 0.199 0.175 0.183  0.247 0.238  0.153 0.163  0.158 0.163 0.176  0.205 0.202 0.175 0.136  0.178 0.135 0.177
Cr 0.002 0.000 0.000 0.001 0.001  0.000 0.001  0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000  0.000 0.000 0.000
Fe 0.052 0.047 0.049 0.051 0.038  0.064 0.035 0.044 0.047  0.043 0.039 0.065 0.060 0.051 0.062 0.055  0.049 0.050 0.035
Mn 0.001 0.004 0.003 0.002 0.003  0.002 0.001  0.004 0.003  0.000 0.003 0.001 0.004 0.003 0.002 0.005  0.004 0.005 0.006
Mg 0.002 0.002 0.002 0.001 0.002  0.003 0.002  0.000 0.003  0.001 0.002 0.005 0.003 0.002 0.004 0.002  0.000 0.002 0.001
Ca 0.999 1.011 1.021 1.014 1.016 0.948 1.020 1.024 0.999 1.011 1.004 0.998 1.002 1.009 0.997 1.003  1.012 1.000 1.001
Na 0.002 0.001 0.001 0.000 0.004  0.005 0.004  0.005 0.003  0.004 0.003 0.000 0.003 0.006 0.004 0.007  0.002 0.005 0.004
K 0.000 0.004 0.000 0.001 0.000 0.004 0.001  0.000 0.000 0.001 0.002 0.001 0.000 0.001 0.000 0.000  0.000 0.000 0.001
FelAl 0.284 0.239 0.246 0.291 0.208  0.259 0.147  0.288 0.288  0.272 0.239 0.369 0.293  0.252 0.354 0.404  0.275 0.370 0.198

H-hornblende; B-biotite; MzG-monzogranite; SG-syenogranite.
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2.6.5 lImenite

IImenite (FeTiOs) is a common mineral both in igneous and metamorphic rocks. The
formula of ilmenite is (Fe, Mg, Mn)TiO3 and it forms a solid solution series with geikielite
(MgTiOs3) and pyrophanite (MnTiOs3). Identifying the primary compositional variation of
ilmenite in plutonic rocks is difficult because this mineral can have a complex evolution and
is formed in different ways: It can be product of direct crystallization from the magma,
product of oxy-exsolution of the titanomagnetite (Buddington and Lindsley, 1964; Haggerty,
1991; Dall’Agnol et al., 1997) or it can be related to secondary processes. The processes of
oxy-exsolution and exsolution are generally effective during the late- and post-magmatic
evolution of plutonic igneous rocks and primary ilmenite and titanomagnetite compositions
(respectively, ilmenite — hematite and magnetite-ulvospinel solid solutions) are only
occasionally preserved.

IiImenite of seven samples from Planalto Suite, (Table 2.5) and the ilmenite of different
granite groups or distinct textural varieties do not show outstanding contrasts. The IImenite
shows variable proportions of pyrophanite, but MnO contents are moderate (2.0 to 6.8 %;
Table 2.5).

2.6.6 Magnetite

Magnetite is the main ferromagnetic mineral and may be present in various rock types.
In igneous rocks, it crystallize generally as titanomagnetite, term employed to designate all
members of the magnetite — ulvospinel solid solution series. However, in plutonic rocks, due
to slow cooling of the magma, the primary titanomagnetite is submitted to an extensive
reequilibration during the subsolidus stage and affected by oxy-exsolution processes that
transform it in intergrowths of pure magnetite with different textural varieties of ilmenite or
even in texturally homogeneous magnetite crystals (Haggerty, 1991; Dall’ Agnol et al., 1997).
As a consequence, in granitoid rocks, the magnetite commonly approaches the pure end term

composition (Fez0a).

Magnetite occurs only in Group 2 of the Planalto Suite and its composition is similar to
that of the pure magnetite (Table 2.5) which suggests that it was strongly re-equilibrated or,
alternatively, that it crystallized in subsolidus conditions at relatively low temperatures

compared to those prevalent during the magmatic stage.



Table 2.5: Representative electron microprobe analyses of ilmenite and magnetite of the Planalto Suite.

GROUP 1 GROUP 2
Sample AMR-116 AMR-149  ARC-147 AMR-137A AMR-140 AMR-85A ARC-109 AMR-137A AMR-140 AMR-85A
Facies BHSG HBMzG BHMzG BHSG BHMzG HSG HBSG BHSG BHMzG HSG
Mineral IIm IIm IIm IIm IIm IIm IIm IIm IIm IIm IIm Mgt Mgt Mgt Mgt Mgt
SiO2 (wt%) 0.03  0.03 0.03 0.02 0.02 0.01 0.04 0.04 011 0.00 0.02 0.15 0.08 0.18 0.04 0.06
TiO2 52.82 53.16 53.17 51.52 52.95 53.48 52.35 51.37 52.95 51.71 51.20 0.00 0.00 0.00 011 0.00
AlO3 0.02  0.00 0.00 0.00 0.03  0.00 0.01 0.00 0.00 0.00 0.00 0.06 0.03 0.02 0.09 0.05
Fe203 0.00 0.00 0.00 1.22 0.00 0.00 0.00 115 0.00 135 214 70.46 67.30 66.74 67.77 68.40
FeO 43.00 42.16 40.88 39.34 4194 4137 40.85 43.38  42.77 42.47 4214 32.08 30.40 30.41 30.70 30.88
MnO 378 414 5.96 6.80 459 467 494 280  3.03 391 379 0.00 0.04 0.00 0.04 0.00
MgO 0.00 0.00 0.01 0.00 0.01  0.00 0.00 0.02 0.00 0.04  0.03 0.00 0.00 0.00 0.01 0.00
Ca0 0.02 0.03 0.11 0.11 0.02 0.04 0.15 0.00 0.08 0.01 0.04 0.05 0.04 0.03 0.08 0.06
Cr203 0.00 0.05 0.00 0.00 0.00 0.05 0.00 0.04  0.03 0.02 0.07 0.00 0.00 0.00 0.01 0.01
V203 053  0.46 0.43 0.65 050 0.42 0.41 065 061 050 0.53 0.00 0.03 0.01 0.00 0.00
Total 100.20 100.04 100.59 99.66 100.06 100.04 98.75 99.45 99.58 100.03 99.96 102.80 97.88 97.39 98.84 99.47
lImenite: number of cations per formula unit based on three oxygen atoms; Magnetite: number of cations per formula unit based on four oxygen atoms
Si 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.003 0.000 0.001 0.006 0.003 0.007 0.002 0.002
Al 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.004 0.002
Ti 1.001 1.009 1.003 0.981 1.005 1.016 1.006 0.981 1.010 0.982 0973 0.000 0.000 0.000 0.003 0.000
Fe*3 0.000 0.000 0.000 0.023 0.000 0.000 0.000 0.022  0.000 0.026 0.041 1.986 1.993 1.985 1.986 1.993
Fe*? 0.906  0.890 0.858 0.833 0.885 0.874 0.873 0.921 0.907 0.897 0.890 1.004 1.000 1.005 1.000 1.000
Mn 0.081 0.089 0.127 0.146 0.098 0.100 0.107 0.060 0.065 0.084 0.081 0.000 0.001 0.000 0.001 0.000
Mg 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000
Ca 0.001 0.001 0.003 0.003 0.000 0.001 0.004 0.000 0.002 0.000 0.001 0.002 0.002 0.001 0.003 0.003
Cr 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000
\ 0.011 0.009 0.009 0.013 0.010 0.009 0.008 0.013 0.012 0.010 0.011 0.000 0.001 0.000 0.000 0.000
Total 2.000 1.999 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 3.000 3.000 3.000 3.000 3.000

% Usp 2.248 2.363 2.375 234 233

% Ilm 90.319 88.448 85.518 83.399 88.051 86.537 86.933 92.144 90.093  89.688 89.150
% Pir 8.030 8.795 12.630 14.587 9.758 9.883 10.652 6.031 6.453 8.359 8125
% Hem 0.000 0.000 0.000 1.164 0.000 0.000 0.000 1.103 0.000 1283 2.041

Ilm — llmenite; Mgt - Magnetite; H-hornblende; B-biotite; MzG-monzogranite; SG-syenogranite; Ilm — ilmenita; Pir — pyrophanite; Hem — hematite; Usp - Ulvéspinel
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2.7 DISCUSSION
2.7.1 Estimation of crystallization parameters of the Planalto Suite

The main factors responsible for crystallization and mineralogy of a rock are: chemical
composition of the magma, pressure, temperature, oxygen fugacity, and nature and content of
volatiles (e.g., Martin, 2007; Papoutsa and Pe-Piper, 2014; Erdmann et al., 2014). Thus, the
definition or evaluation of these factors is relevant to understand the geological processes
responsible for the Planalto Suite formation. However, in igneous rocks, the estimation of
these factors is generally based in the original magmatic compositions of the main mineral
phases and, as discussed before, we have textural and chemical evidences that the main rock-
forming minerals of the Planalto Suite were re-equilibrated during their subsolidus evolution,
possibly due to deformational processes or eventually metamorphic imprint. Nevertheless, we
believe that the whole rock and mineral compositions of the studied granites were not
submitted to intense changes and is always valid to evaluate if the mentioned parameters can

be better constrained using mineralogical data.

2.7.1.1 Temperature

Watson and Harrison (1983) and Harrison and Watson (1984) demonstrated that the
activity in the magma of Zr and P.Os required for the zircon and apatite saturation depends
mainly on temperature and SiO, content in melt. Zircon saturation temperature (Tz)
calculated from the whole rock composition provides minimum temperature estimates if
magma is subsaturated and maximum if saturated (Miller et al., 2003). This mineral is used
because it is ubiquitous in intermediate to felsic plutonic rocks. For plutons with great amount
of inherited zircon, The Tz provides a useful estimate of magma initial temperature at source,
an important parameter that is inaccessible from other methods (Miller et al., 2003). The
initial relationship among zircon solubility, temperature, and major element composition of
melt defined by Watson and Harrison (1983) based on experiments, can be expressed as:
Tz = 12,900/ [2.95 + 0.85M + In(496,000/Zr mert)], where M = (Na+K+2Ca)/(Al-Si)
On the other hand, Harrison and Watson (1984) demonstrated that in felsic magmas the
apatite saturation temperature (T ap) is dependent primarily on temperature, SiO» content and
it is independent of pressure (in crustal pressures range) or H>O content in a range from 0 to
10 wt%. Their original equation can be expressed as:

Tap = [8400 + ((SiO2— 0.5)2.64 x 10%)/(In (0.426/P20smei] + [3.1 X (12.4(SiO2 — 0.5)))]
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The proposed equations for initial calculation of crystallization temperatures by
geothermometers of Zr and apatite saturation were applied for the Planalto Suite samples
submitted to mineral chemistry studies and the results are given in Table 2.6. According to the
equation proposed by Watson and Harrison (1983), the zircon saturation thermometer
provided initial temperatures variable between 897-854 °C (Table 2.6), petrologically
consistent with near liquidus expected temperatures for A-type granites and charnockitic
rocks. Moreover, there is clear petrographic evidence that zircon is an early crystallized phase
in the Planalto granites, because euhedral zircon grains are included in amphibole, biotite,
plagioclase, and iron-titanium oxides. Besides, it is highly improbable that the temperatures
attained during the deformation of the studied rocks or during a hypothetical metamorphic
imprint have been high enough to affect zircon equilibrium. Finally, there is no evidence of
inherited zircon in the Planalto granites (Feio et al., 2012, 2013). Hence, it is reasonable to
admit that the whole rock zirconium content obtained in the Planalto samples is representative
of the zirconium content of the Planalto magma. This suggests that the near liquidus magma
temperatures indicated for the Planalto granites by the zircon saturation thermometer are
consistent.

On the other hand, the apatite saturation thermometer provided much lower
temperatures (704-620 °C). Most of these temperatures are below the solidus temperature
admitted for granitic systems with moderate water and not enriched in fluorine, boron and
lithium (approximately 700° C; Naney, 1983; Dall’Agnol et al., 1999). Another restrictive
aspect is that, as commonly happens in metaluminous granites, apatite is like zircon an early
crystallized accessory mineral in the Planalto granites and the apatite saturation temperatures
should approach that of liquidus better than those of the solidus. The apparent inconsistency
of the temperatures obtained using the apatite geothermometer suggests that P could had a
mobile behavior during deformation and the actual P content of the whole rock do not
correspond to the P content of the magma. Anyway, the temperatures suggested by the apatite
thermometer will not be further considered in this paper.

More recently, Ridolfi et al. (2010) and Ridolfi and Rezulli (2012) reviewed
thermobarometric equations available in the literature and presented calibration models to
estimate temperature using concentrations of main oxides in amphibole. These equations are
recommended for amphiboles crystallized from H>O-poor to H»O-rich, calc-alkaline to
alkaline magmas, which evolved at moderately reduced to moderately oxidized conditions
(Erdmann et al, 2014). However, Erdmann et al. (2014) state that the equation of Ridolfi et

al. (2010), given below, is more accurate for temperature calculations.
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T(°C) = -151.487Si* + 2041; Si* = Si + (Al'V/15) — (2Ti'V) — (AIV'/2) — (TiV'/1.8) + (Fe3*/9) +
(Fe?*/3.3) + (Mg/26) + (CaB/5) + (NaB/1.3) — (Na*/15) + ([]4/2.3)

The geothermometer of Ridolfi et al. (2010) provided temperatures between 910-831 °C
(Table 2.6) for the Planalto Suite, largely superposed with those obtained with the zircon
saturation thermometer (897-854 °C). These data are indicative of the liquidus temperature
and suggest an interval from 910-850° C for the initial crystallization temperatures of the
Planalto Suite. These probable near liquidus temperature are relatively high and reinforce the
need of high melt temperatures which is consistent with a granulitic source admitted for the
Planalto magmas (Feio et al., 2012).

The solidus temperature is not easy to establish. The lack in most samples of strong
hydrothermal alteration indicated by the common preserved aspect of amphibole, biotite and
plagioclase and the relatively low contents of fluorine in amphibole and biotite (Tables 2.1
and 2) suggest that it should be near 700 °C as pointed out by experimental studies of granitic
systems with low fluorine contents (Naney, 1983; Dall’Agnol et al., 1999; Klimm et al.,
2003). Hence, a maximum temperature crystallization range of 910-700 °C can be estimated

for the Planalto granites.

Table 2.6 — Estimate of pressure and temperature of crystallization for the granites of the

Planalto Suite.

PLANALTO SUITE Type-area Eastern of Canad dos Carajas Vila Feitosa
Samples AMR-137A  AMR-140 AMR-149 AMR-116 AMR-85A ARC-109 ARC-147
Facies BHSG BHMzG  HBMzG BHSG HSG HBSG BHMzG
Group 2 2 1 1 2 (o} 1
Pressures (MPa)
Al Total 2.1 24-26 20-21 2.1 23-25 21-23 23-24
Johnson and Rutherford (1989) 530 670-750 500 - 540 540,0 630 - 710 540 - 630 630 - 670
Blundy and Holland (1990) 698 870-950 680 - 740 698 780 - 900 700 - 780 802 -870
Schmidt (1992) 694 860-930 670-730 694 770 - 890 690 - 780 810 - 860
Anderson and Smith (1995) 660 800-890 620 - 660 660 750 - 850 660 - 750 750 - 800
Ridolfi et al. (2010) 394 606-808  341- 394 394 525 - 700 394-525 525 - 606
Temperature (°C)
Zr in ppm (Feio et al, 2012) 502 387 462 393 499 487 356
P,0s %w.t (Feio et al, 2012) 0.04 0.04 0.05 0.03 0.04 0.09 0.09
Zircon (Watson and Harrison, 1983) 897 870 890 868 893 886 854
Apatite (Harrison and Watson 1984) 643 640 654 620 641 702 704
Ridolfi et al. (2010) 841-872 882-898 843 -883 831 - 855 867 - 910 851 -878 877 - 889

Blundy and Holland (1990): P (kbar) = 5.03 Al; — 3.53; Schmidt (1992): P (+ 0,6 kbar) = 4.76 Al; — 3.01;
Johnson and Rutherford (1989): P (0,5 kbar) = 4.23 Alt - 3.46. BHSG = Biotite-hornblende-syenogranite;
BHMzG = Biotite-hornblende-monzogranite; HSG = hornblende-syenogranite; HBSG = hornblende-biotite-
syenogranite.
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2.7.1.2 Pressure

According to Hammarstron and Zen (1986), the total aluminum content of hornblendes
from calc-alkaline rocks increases with pressure, if the paragenesis is constituted by
amphibole, biotite, plagioclase, alkali feldspar, quartz, titanite, and Fe-Ti oxides (Hollister et
al., 1987; Johnson and Rutherford 1989; Thomas and Ernst 1990; Schmidt, 1992; Anderson
and Smith, 1995). The Al-in hornblende geobarometer was proposed to estimate the pressure
at the end of crystallization of intermediate and silicic plutons, which should correspond to the
pressure of their emplacement or approach it (Anderson and Smith, 1995; Anderson et al.,
2008). The geobarometer is based on the assumption that the mentioned solid phases are in
equilibrium at the end of the magma crystallization with residual liquid and possibly a volatile
phase.

Despite its subalkaline character, the Planalto Suite has the paragenesis considered ideal
for the application of geobarometer models (Hammarstrem & Zen 1986; Hollister et al 1987),
except that its plagioclase (An < 25) is more sodic than those found in the typical calc-
alkaline granitoids for which the geobarometer was initially proposed (~Anzs.3s; Anderson
and Smith, 1995). According to Anderson and Smith (1995, p. 556), the more sodic
composition of the plagioclase should cause lowering of Al in hornblende and derived
pressures.

Among several models, the geobarometers of Johnson and Rutherford (1989), Blundy
and Holland (1990) and Schmidt (1992) will be considered here because their models resulted
of experimental calibration. According to Blundy and Holland (1990), Al change in the
amphibole occurs through pressure and temperature changes, whereas Johnson and
Rutherford (1989) and Schmidt (1992) considered only pressure as responsible for changes in
Al content in amphibole. Employing the geobarometer equations proposed by Blundy and
Holland (1990) and Smith (1992), the pressures for the emplacement of the Planalto Suite are
similar and range from 950 to 650 MPa. Using that of Johnson and Rutherford (1989), the
pressures vary from 750 to 530 MPa and tend to be lower than those indicated by the two
other mentioned geobarometers (Table 2.6). Besides, all three employed geobarometers
provided very similar pressures for the studied plutons either for that of the type area, as for
those of Vila Feitosa and eastern of Canad dos Carajas suggesting that pressures imposed
during the crystallization of the plutons of the Planalto Suite were similar, regardless of

pluton location.
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Anderson and Smith (1995), Anderson et al. (2008), and Erdmann et al. (2014) have
also emphasized the significant effect of temperature in the Al in amphibole geobarometer
and the need to introduce this variable in the equation for pressure calculation. Accordingly,
Anderson and Smith (1995) have proposed the equation below to calculate the pressure:

P (kbar) = 4.76 Al — 3.01 — {[(T°C — 675)/85] * [0.530Al + 0.005294 (T°C —-675)]}

Although the core and rim of hornblende crystals of the Planalto Suite have similar
compositions (Figure 2.10; Table 2.1), the pressure was estimated using only the composition
of hornblende rims. If the temperature effect is not considered, the plot VAI + V! Al vs.
(Fe/(Fe + Mg) in hornblende, based in Anderson and Smith (1995, their Figure 10), indicate
that the Planalto granites crystallized at pressures > 700 MPa. However, these pressure
estimates do not consider the temperature effect that could be evaluated employing the
equation proposed by Anderson and Smith (1995) on the condition that the temperature could
be determined or at least estimated. As discussed in the previous section, the zircon
geothermometer and the equation proposed by Ridolfi et al. (2010) indicate elevated
temperatures (around 910-850 °C) for the liquidus of the Planalto granites. However, those
temperatures should not be employed for the pressure calculation, because in near liquidus
temperatures the equilibrium assemblage necessary for the use of the geobarometer was
certainly not present. Another restriction is related to the inadequacy of the available
geobarometers for temperatures higher than 800 °C because those temperatures are far outside
the experimental calibration (Anderson and Smith, 1995, p. 554). Finally, it is not sure that
the amphibole compositions of the Planalto granites at the end of their crystallization were not
modified by deformational processes.

Leaving behind these important drawbacks and accepting a temperature of 700 °C for
the near solidus of the Planalto granites, the equation with temperature effect correction of
Anderson and Smith (1995) indicates a pressure range of 890-620 MPa for the magma
emplacement. If these estimates are consistent, the pressures for the Planalto magma
emplacement would be relatively high and would superpose with the lower values indicated
by the geobarometers without temperature correction.

Taking in account the fact that the use of the Al-in hornblende geobarometers for
pressure calculation in the case of low-fO- granites, such as those of the Planalto Suite, is not
recommended by Anderson and Smith (1995), because none of the calibrations have
employed hornblendes with Fe/(Fe + Mg) above 0.65 or have been conducted at fO» near or
below FMQ, and the possibility of re-equilibration of amphibole, we can try to estimate the

pressure for the Planalto Suite using independent field, petrological and geochemical
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evidence. Previous works indicate that the Planalto magmas derived from deep-seated
granulitic or charnockitic sources (Feio et al., 2012) and the pressure at the source can be
estimated in 700 to 900 MPa. On the other hand, the Planalto granites were affected by ductile
deformation and show penetrative foliation and local lineation, as well as strong
recrystallization. The granite magmas should be largely crystallized at their emplacement to
be able to register the deformational stress. These features are indicative of the emplacement
of the plutons in crustal depths equivalents at least to those of the mesozone corresponding
possibly to a pressure of 300 to 500 MPa. We can admit also that hornblende was largely
crystallized at the moment of the granite emplacement, as suggested by the absence of zoning
and similar compositions of crystals core and rim (Figure 2.10). It can be concluded that
pressures of 700 to 900 MPa at the magma source and of 300 to 500 MPa at the emplacement
level are suitable for the Planalto Suite. We admit that the estimated pressures are not
demonstrated but we believe that they are consistent with the general characteristics of the

Planalto Suite.
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Figure 2.10 - Fe/(Fe+Mg) x Al diagram for amphiboles of the Planalto Suite (isobars from
Anderson and Smith, 1995, based on Schmidt, 1992) showing possible crystallization
pressure ranges of amphibole without temperature correction (see text).

2.7.1.3 Oxygen fugacity (fO2)

Oxygen fugacity is the main physical parameter that controls the formation of iron-

titanium oxide minerals. Experimental studies show that the oxygen fugacity is strongly
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dependent of temperature, but can be also modified through variations of pressure, presence
of water and volatiles (Clowe et al., 1988; Carmichael 1991; Frost, 1991; Frost and Lindsley,
1991; Moore et al. 1995; Anderson and Smith 1995; Baker and Rutherford 1996; Gaillard et
al., 2001).

The Planalto Suite has high FeOt/(FeOt+MgO) ratios in whole rock (generally between
0.88 and 0.99; Feio et al., 2012, their Table 1; cf. Supplementary data, Table S3). A similar
picture is observed in amphibole and biotite which show high Fe/(Fe+Mg) values, varying
respectively from 0.84 and 0.94 and 0.75 and 0.91 (Tables 2.1 and 2.2). When the
compositions of Planalto amphibole and biotite are ploted respectively in the diagrams 'VAI —
Fe/(Fe+Mg) and 'VAI + V'Al — Fe/(Fe+Mg) (Figures 2.11a, b) that show the fields defined for
the Proterozoic anorogenic granites of Laurentia (Anderson and Bender, 1989; Anderson et
al., 2008), it is indicated that the Planalto granites crystallized under low fO2 conditions,
generally compatible with those prevalent for granites of the ilmenite series (Ishihara, 1981).

Wones and Eugster (1965) studied experimentally the stability of biotite at different
oxygen fugacity conditions. A direct comparison between the data obtained by
Wones and Eugster (1965) and the biotite composition in the Planalto granites is limited
because we do not have control of the Fe*3/Fe*? ratios in our analyzed biotites and the
experimental pressures (100 to 200 MPa) are significantly lower than those assumed for the
studied granites. However, if we forget the mentioned handicaps and admit that biotite
crystallized in a temperature interval of 800 to 700 °C in the Planalto granites, the fO2
conditions indicated by the Fe/Fe+Mg ratios in their biotites should be situated around the
FMQ buffer (Wones and Eugster, 1965, their Figure 5). The evidence given by mineral
chemistry data is entirely consistent with the low MS values and the presence of ilmenite as
the sole significant iron-titanium oxide mineral in the Planalto Group 1. However, there is
some ambiguity in the Group 2 granites, which rocks have relatively high MS values and
contain magnetite associated with ilmenite. This characteristic is consistent with magnetite
series granites (Ishihara, 1981) and suggests a possible oxidized character. However, the high
Fe/(Fe+Mg) in whole rock, amphibole, and biotite, is indicative of crystallization under low
fO.. It is implicit in this reasoning the assumption that magnetite was a magmatic phase re-
equilibrated during cooling as indicated by textural evidence (Figures 2.6c, d).

With respect to the fO> behavior along the crystallization of the granites of the Planalto
Suite, it looks clear that the Group 1 granites evolved in the ilmenite stability field and out of

the equilibrium field of magnetite, thus below the FMQ buffer (Figure 2.12). Contrarily, two
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Figure 2.11 - Compositional variation of amphibole and biotite of the Planalto Suite; a)
Fe/(Fe+Mg) ratio versus Al'"Y diagram showing the low fO; character of Planalto amphibole
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composition of Planalto granites and those from A-type granites of Carajas (Jamon Suite;
Dall’ Agnol et al., 2005) and United States (Anderson and Bender, 1989; Barker et al., 1975:
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Figure 2.12 - Diagram T vs log fO2 showing possible temperature intervals of formation and
estimated fO2 conditions for the Planalto Suite granites. Curves of the main stability buffers
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Frost (1991). Grayish lines illustrate the evolution of the Planalto granites of Groups 1 and 2
in two different hypotheses (see text). QIF = quartz-ilmenite-fayalite; FMQ = fayalite-
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hypotheses can be envisaged to explain the behavior of the Group 2 granites that contain
magnetite. First, assuming that magnetite was a primary magmatic phase, its occurrence can
be due to the fact that the Group 2 granites would evolve in relatively more oxidizing
conditions than those of the Group 1, on or slightly above FMQ buffer, making possible
magnetite crystallization (Figure 2.12; A similar picture was envisaged for the
Mesoproterozoic Sherman and Lincoln A-type granites; Frost et al., 2000, their Fig. 16).
Despite the occurrence of magnetite, the overall reducing conditions remain in the
magma and this could explain the elevated Fe/(Fe+Mg) found in amphibole and biotite and
the high FeOt/(FeOt+MgO) in whole rock. Contrarily to the common sense that magnetite-
bearing granites are necessarily oxidized, as suggested by the classical classification of
Ishihara (1981), the presence of magnetite in granites is not incompatible with reduced
character (cf. Anderson and Smith, 1995; Anderson et al., 2008; Dall’Agnol and Oliveira,
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2007). The second hypothesis is based on the assumption that magnetite was formed in the
post-magmatic stage. In this case, it could be supposed that the original Planalto magma
evolved in reducing conditions below FMQ, but during the hydrothermal stage, the Group 2
granites would be submitted to more oxidizing conditions, passing to evolve on conditions
coincident with FMQ or slightly above it (Figure 2.12). The first proposed hypothesis for the

fO2 evolution in the Planalto granites is preferred by the authors.

2.7.1.4 Water content

Petrographic data shows that calcic amphibole is one of the main mafic phase found in
the Planalto granites. It is possible that amphibole was re-equilibrated during the evolution of
the Planalto Suite, but there is no evidence that it could be formed in subsolidus conditions.
On the other hand, experimental data in granitic systems show that calcic amphibole
crystallization is extremely dependent on the H.O content in magma, as well as of the CaO
content in the system. A minimum water content of 4 wt% at 200 to 400 MPa is needed to
stabilize amphibole in magmatic temperatures (Naney, 1983; Dall’Agnol et al., 1999; Klimm
et al., 2003; Bogaerts et al., 2006) and 5 wt% of water at 400 MPa or 7 to 9 wt% of water at
960 MPa are required for the amphibole to be the silicic liquidus phase and to prevent
pyroxene formation (Naney, 1983; Prouteau and Scaillet, 2003; Oliveira et al.,
2010)Clinopyroxene relicts included in amphibole are locally present in the Planalto granites
(Feio et al., 2012), but clinopyroxene is extremely rare as demonstrated by its absence in all
samples submitted to modal analyses (Table S1). This suggests that the stability field of
clinopyroxene was rarely reached and, if it was stable in the early magmatic stage, it should
have reacted completely during cooling (Naney, 1983; Dall’Agnol et al., 1999).

Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) published chemometric equations
to estimate, between other crystallization parameters, the melt H,O contents. Erdmann et al.
(2014) have made an evaluation of the reliability of the calibrations proposed by those authors
and have concluded that: “Calculated melt H,O contents are incorrect estimates, increasing
from felsic to mafic magmas and for amphibole crystallized at low to high temperature”
(Erdmann et al., 2014, p. 1016).

According to Frost and Frost (2008), hornblende-biotite granites can be produced from
hydrated residual melt enriched in fluids derived from charnockitic evolved magmas. The
structural features of the Planalto Suite granites and their close association with charnockitic

rocks were emphasized by Feio et al. (2012). They argued that the Planalto Suite could
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correspond to hydrated granites of a reduced charnockitic series derived from tholeiitic
sources.

It is concluded that the Planalto granites derived from magmas with more than 4 wt %
of H,O and, depending of the assumed pressure of crystallization, possibly even more than 7
wt % of HO as indicated by the rarity or absence of pyroxene in the granite.
Notwithstanding, some contrast in composition between the Paleoproterozoic Jamon granite
and the Planalto Suite, the experimental studies in the Jamon granite (Dall’ Agnol et al., 1999)
suggest that, in reduced conditions such those prevalent during the crystallization of the
Planalto Suite, the amphibole will remain stable in the magma until the end of the
crystallization and will not react with the residual liquid. The textures of the Planalto granites
indicate that effectively the amphibole was preserved of peritectic reactions during the magma

evolution.

2.7.2 Comparison between the Planalto Suite and similar granites

A-type or ferroan (sensu Frost and Frost, 2008) granites are formed mostly in non-
compressional tectonic settings and were originally defined as anorogenic granites (Loiselle
and Wones, 1979) but their occurrence in post-collisional or post-orogenic settings was also
demonstrated (Sylvester, 1989; Whalen et al., 1987; Eby, 1992; Nardi and Bittencourt, 2009)
and it is nowadays admitted without restrictions (cf. Dall’ Agnol et al., 2012). A-type granites
are more abundant in the late Paleoproterozoic and Mesoproterozoic and rare in the early
Proterozoic and Archean (cf. Emslie, 1991; Rdmo and Haapala, 1995; Dall’ Agnol et al., 2012
and references therein; see Moore et al., 1993, for an example of Neoarchean rapakivi, A-type

granites).

2.7.2.1 Comparison between the Planalto Suite and similar granites of the Carajas Province

On the basis of the affinity of the Planalto Suite with A-type granites and its relationship
with charnockitic assemblages, it is interesting to compare the mineralogical characteristics
and crystallization parameters defined in the present study for that suite with those observed
in similar granites. Some of the few examples in the literature of Archean ferroan granites are
found in the Carajas Province and correspond to the Planalto and Vila Jussara suites, the
Estrela Granitic Complex, and the Serra do Rabo and Igarapé Gelado granites (Feio et al.,
2012; Silva et al., 2014; Barros et al., 2009; Sardinha et al., 2006). Besides their Archean age,
these granites differ of most A-type granites by the fact that they are intensely deformed,
foliated granites (cf. Barros et al., 1997, 2009, and Tavares, 2015, for different hypothesis to
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explain this feature). Paleoproterozoic, A-type granites are also abundant in the Carajas
Province and their comparison with the Planalto Suite is also relevant. For this reason, among
the granites of the Carajas Province, we have taken for comparison: the Archean Estrela
Granitic Complex and Serra do Rabo Granite (Barros et al., 2009; Sardinha et al., 2006) and
the Paleoproterozoic Jamon and Cigano A-type granites (Dall’ Agnol et al., 1999, 2005).

The Planalto Suite and the Estrela Granitic Complex are similar in geochemistry and
mineralogy (despite its modal composition enriched in alkali feldspar compared to the
Planalto and Estrela granites, the same is true for the Serra do Rabo granite, not shown in the
figures; Sardinha et al., 2006; Barros et al., 2009). Both have hastingsite associated with
annitic biotite as the main mafic minerals (Figure 2.13). The amphibole and the mica have
high total Al content and very low Mg/(Mg+Fe?*) ratio. In the Planalto granites, pyroxenes
are generally absent but relicts of clinopyroxene occur in some varieties (Feio et al., 2012). In
the Estrela complex, the general picture is similar but a subordinated clinopyroxene-
amphibole monzogranite was described (Barros et al., 1997, 2009). The main iron oxide
mineral is ilmenite. Magnetite is found only in some facies as exemplified by the Group 2
granites of the Planalto Suite. The petrogenetic model proposed for the Planalto (Feio et al.,
2012) and Estrela (Barros et al., 2009) granites involves high temperature partial melting of
granulitic sources of tholeiitic character (Feio et al., 2012). Their magmas should be generated
at pressures of 700 to 900 MPa, have high liquidus temperatures (near 900 °C), evolved in
reduced conditions (below FMQ or on to slightly above FMQ) and were probably emplaced at
pressures of 300 to 500 MPa (in the case of the Estrela Complex pressures < 380 MPa were
assumed by Barros et al., 2001).

On the other hand, the Paleoproterozoic anorogenic A-type granites of the Carajas
Province display some contrasts in mineralogy when compared with the Planalto granites.
The former are represented by the oxidized Jamon Suite which amphiboles are ferro-edenite
and edenite and by the reduced Cigano Granite of the Serra dos Carajas Suite, which
amphibole is hastingsite (Dall’ Agnol et al., 2005). In the dominant monzogranite varieties of
the Jamon Granite, Fe/(Fe+Mg) ratios vary between 0.47 and 0.73 in the amphiboles, and
between 0.6 and 0.7 in the biotites (Figures 2.13a, b). A different picture is observed in the
Cigano Granite where amphibole and biotite Fe/(Fe+Mg) ratios range respectively from 0.85
to 0.94, and from 0.78 to 0.88. For the Jamon pluton, a pressure of 320 = 70 MPa for the
emplacement, a liquidus temperature of ca. 870 °C and an oygen fugacity near NNO were
assumed (Dall’ Agnol et al., 1999). The liquidus temperature of the magma is not substantially

distinct of that estimated for the Planalto Suite, but the pressure of emplacement is
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comparatively lower and there is a strong contrast in the oxygen fugacity during magma
evolution. On contrast, the Cigano Granite evolved in reducing conditions and approaches the
Planalto Suite in this respect and also in other crystallization parameters. However, the Al'Y
contents in its amphibole tend to be lower and total Al in its biotite is lower compared to the

Planalto granites, which possibly implies lower pressure of emplacement.

2.7.2.2 Comparison between the Planalto Suite and similar granites of other provinces in the

world

In the international scenario, we have chosen for comparison the Neoproterozoic, post-
collisional magmatism of the hornblende-biotite granite (HBG) event and the spatially
associated Anorthosite — Mangerite — Charnockite (AMC) Suite of the Rogaland Anorthosite
Province in southern Norway (Bogaerts et al., 2003, 2006; Vander Auwera et al., 2014); the
Mesoproterozoic Wolf River batholith of USA (Anderson, 1980; Anderson and Smith, 1995)
and Finnish rapakivi granites (R&mo6 and Haapala, 1995; Elliot, 2001; Kosunen, 2004); and
the Matok pluton of the Limpopo Belt, South Africa (Rapopo, 2010; Laurent et al., 2014;
Rajesh et al., 2014).

The HBG suite is represented in our comparison by the Lyngdal granodiorite and
associated granitoids (Tranevdg massif). The HBG granitoids commonly display a syn-
magmatic foliation and its amphibole is classified as magnesio-hastingsite, hastingsite,
edenite and Fe-edenite with Fe/(Fe+Mg) varying between 0.58 and 0.44. Biotite is dominantly
magnesian with Fe/(Fe+Mg) between 0.36 and 0.51. Al-in amphibole geobarometers indicate
pressures of emplacement between 530 and 400 MPa for the Lingdal massif and P < 360 MPa
for the Tranevag one. The magmas evolved at fO, conditions near or above NNO (Bogaerts et
al., 2003).

The estimated pressures for HBG emplacement are similar to those of the Planalto
granites but they differ markedly in the fO» conditions during magmatic evolution, oxidizing
in the HBG, reduced in the studied granites. On the other hand, the AMC Suite of the same
province is reduced and in this respect similar to the Planalto granite (Vander Auwera et al.,
2014). The Farsund pluton is a peculiar intrusion of the Rogaland Province because it is
composed of granitic rocks similar to HBG and charnockites akin to the AMC suite (Vander
Auwera et al., 2014). The Fe/(Fe+Mg) of the amphibole and biotite found in these two kind of
rocks show significant differences. Besides, the amphiboles and biotite of the granitoids of the
Rogaland Province have lower Al total contents when compared with those of Planalto Suite

and Estrela Complex (Figures 2.13a, b).
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The amphibole and biotite of Wolf River batholith show high Fe/(Fe+Mg) (Figure
2.13a, b) indicating its crystallization at low fO, (Anderson and Smith, 1995; Anderson et al.,
2008). The Mesoproterozoic rapakivi granites of Finland (not represented in Figure 2.13) also
derived from reduced to moderately reduced magmas (Rd&mo6 and Haapala, 1995), as
exemplified by the Wiborg batholith (Elliot, 2001) and Bodom and Obbnds plutons (Kosunen,
2004). The Al-in-amphibole geobarometer without temperature correction indicated pressures
around 500 MPa for the Wolf River batholith emplacement (Anderson and Smith, 1995) and
in the range between 250-540 MPa for the Wiborg batholith (Elliott, 2001). However,
geological evidence suggests a lower pressure for the emplacement of Finnish rapakivi
granites (RA&moO and Haapala, 1995) and Anderson and Smith (1995) argued that the Wolf
River pressure was overestimated by a factor of two or three times. They inferred that the low
Mg content and the low Fe3* relative to total Fe in hornblende are the cause of the high Al
content in amphibole. The amphiboles of Planalto and Estrela granites are enriched in Al
compared to Wolf River but the significance of this compositional aspect is still open to
discussion.

The Neoarchean (ca. 2.67 Ga) Matok pluton was emplaced in the Southern Marginal
Zone of the Limpopo Belt, near its border with the Kaapvaal Craton (Pietersburg Block). The
Limpopo Belt is generally admitted to result from the tectonic collision between the
Zimbabwe and Kaapvaal cratons (Rapopo, 2010; Laurent et al., 2014). However, a subduction
related setting was also proposed for its southern margin (Rajesh, 2014). The age and the
tectonic setting of the Matok intrusion are similar to those of the Planalto Suite. That pluton is
an interesting example of intrusion composed of two large groups of rocks, hypersthene- and
hypersthene-clinopyroxene-bearing granitoids (s.I. charnockites) and pyroxene-free
granitoids, both groups ranging from diorites through granodiorites to granites (Rapopo,
2010; Laurent et al., 2014, and references therein). Both groups were emplaced
contemporaneously and have calc-alkaline geochemical signature. The charnockitic group
crystallized from a magma that was relatively depleted in water compared to that of the
pyroxene-free granitoids for which a water content > 5% was estimated (Laurent et al., 2014).
There are field and geochemical evidence of mingling between these magmas. Besides
pyroxenes, the charnockitic rocks contain late-crystallized amphibole and biotite; magnetite
(1-3 % modal), apatite, ilmenite, and zircon are the main accessory minerals.

The pyroxene-free granitoids have similar mineral assemblages but the modal
abundances are different. Biotite is the main mafic mineral, associated with variable modal

proportions of amphibole, magmatic epidote, titanite, zircon, ilmenite, and apatite. Magnetite
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is also present but its modal contents are lower than in the charnockitic rocks. Fe/(Fe+Mg)
ratios vary generally in the ranges 0.7 - 0.4 (in the amphiboles) and 0.6-0.2 (in the biotites) in

the pyroxene-free granitoids and charnockitic rocks. The pistacite molecule (26-33 %) content
in analysed crystals of magmatic epidote is compatible with an igneous origin (Rapopo,
2010). According to Rapopo (2010), both groups of rocks from the Matok pluton crystallized
initially in similar and oxidizing condition but the pyroxene-free granitoids magma ended its
crystallization under relatively more oxidizing conditions. On the other hand, Laurent et al.
(2014) suggested that the pyroxene-bearing granitoids crystallized at reduced conditions, an
interpretation that is difficult to reconcile with the amphibole and biotite compositions
observed in the pluton (cf. Figures 2.13a, b). The latter authors have also estimated that fO-
was above NNO during the crystallization of the pyroxene-free granitoids. The pressure of
emplacement was estimated using the Al-in-amphibole geobarometer modified by Anderson
and Smith (1995) resulting in pressures between 860 and 330 MPa for a temperature range of
680-757 °C (Rapopo, 2010). The pyroxene-free granitoids have lower Al in amphibole
compared to the charnockitic rocks and this implies slightly lower pressure estimates.

Of all examples selected for comparison with the Planalto granites, the Matok pluton is
the one that most approaches the studied granites in tectonic setting and age. It has also in
common with the Planalto granites the Al-enriched composition of its amphibole and biotite
(Figures 2.13a, b). Both magmas were formed at high temperatures and could result from
crustal melting of the deep crust (Rapopo, 2010; Feio et al., 2012) or, alternatively, in the case
of Matok, from mixing between two distinct magmas derived from mantle sources (Laurent et
al., 2014) or from subduction-related magmas (Rajesh, 2014). However, the pressures of
emplacement estimated for the Matok pluton tend to be a little higher than those for the
Planalto plutons and there is a strong contrast in the oxygen fugacity conditions during
magma evolution: intermediate to high in the case of Matok, low for Planalto. Another
contrast is related to the water content in the magma, relatively low in the charnockitic rocks
of Matok, increasing in the pyroxene-free granitoids of the same pluton and comparatively
higher in the Planalto Suite in order to explain the presence of hornblende and the scarcity or
absence of pyroxenes in it. The contrasts in fO, between these granitoids can be probably
explained by the geochemical signature and sources admitted for the Matok pluton and
Planalto Suite. In fact, independent of the nature of the Matok sources, it is composed of
oxidized calc-alkaline granitoids, transitional from ferroan to magnesian (Laurent et al., 2014;
Rajesh, 2014), whereas the Planalto granites are reduced ferroan granites and their magmas

possibly derived from Mesoarchean granulitic rocks of tholeiitic nature (Feio et al., 2012).
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Figure 2.13 - Comparison between amphibole and biotite from the Planalto granites and
similar granites. a) Fe/(Fe+tMg) x Al IV diagram showing the distribution of Planalto
amphibole and the fields of amphibole composition of granites selected for comparison; b)
Fe/(Fe+Mg) vs Al'Y + AIV! diagram comparing the distribution of Planalto biotite with that of
similar ferroan or A-type granites. In Figure 13a, Low, Intermediate and High fO2 fields
according to Anderson and Smith (1995); in Figure 13b, ilmenite series and magnetite series
granites according to Anderson et al. (2008). The sources of the data employed in the

comparison are given in the text.
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The higher pressure of emplacement suggested for the Matok pluton compared to the
Planalto plutons and Estrela Complex is consistent with the large volume of charnockitic
rocks in the former, a feature that is only observed in the Planalto Suite in the domain of the
Pium charnockites. Charnockitic rocks are absent in most of the Planalto plutons and in the
similar Neoarchean granites of Carajas charnockitic. This can be interpreted as evidence that
the Planalto granites are hydrated varieties of a charnockitic assemblage that were emplaced
at higher crustal levels currently exposed by the erosion. In the Limpopo Belt compared to the
Carajas Province, a deeper erosion level would be attained exposing the charnockitic
assemblages.

It is concluded that the Planalto Suite and similar Neoarchean granites of the Carajas
Province differ in mineralogical characteristics and crystallization parameters of some classic
examples of A-type granites, e.g. the Paleoproterozoic anorogenic granites of Carajas, the
Mesoproterozoic rapakivi granites of Central USA and Finland, the HBG Suite and AMC
Suite of Southern Norway. On the other hand, despite some contrasts, the Planalto granites
are akin to the Fe-K and Mg-K granitoids of the Limpopo Belt, as exemplified by the Matok
granitoids. This can be seen as evidence that the tectonic setting of Carajas and Limpopo
exerted strong influence in the nature of the granitoid magmas formed during the Neoarchean.
The differences between Planalto and Matok can be ascribed to the differences in their

magma Sources.

2.8 CONCLUSIONS

The Neoarchean Planalto Suite is composed of monzogranite, syenogranite, and alkali
feldspar granite with variable modal contents of biotite and amphibole. Clinopyroxene is
absent or occur locally as relic crystals enveloped by amphibole.

Two groups have been distinguished on the basis of the magnetic behavior and iron-
titanium oxide minerals: the Group 1 display low magnetic susceptibility values (MS <
0.6247x1073 SI), and ilmenite is the only significant iron-oxide mineral; in the Group 2, MS
values are moderate (MS > 0.8036x10%), and magnetite is associated with ilmenite.

The mineral chemistry data reveal that amphibole varies from potassian-hastingsite to
chloro-potassian-hastingsite and biotite approaches annite in composition. Amphibole and
mica show high Fe/(Fe+Mg) (0.84 to 0.94 and 0.75 to 0.91, respectively) and are relatively
enriched in Al compared to the same minerals of other ferroan granites. Plagioclase

composition is generally oligoclase (Anz3-Ani) and similar in the porphyroclasts and fine
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crystals of the recrystallized matrix. Neoformed grains of albitic composition were also
observed.

Magnetic petrology studies indicate that the Planalto Group 1 derived from a reduced
magma that evolved in oxygen fugacity below FMQ, whereas the Group 2 crystallized in a
little more oxidizing conditions coincident with those of FMQ or slightly above it.
Alternatively, the Group 2 granites could also have formed in conditions below FMQ and
were oxidized during subsolidus or metamorphic stage. Nevertheless, the overall conditions
were reducing for both groups in order to explain the high Fe/(Fe+Mg) in amphibole, mica,
and whole rock.

The pressures given by Al-in-amphibole geobarometers are not conclusive in fonction
of the strongly reduced character of the Planalto granites and the uncertainty about their
amphibole re-equilibration. However, geological and petrologic evidence indicate pressures of
900-700 MPa for the origin of their magmas and pressures of 500-300 MPa for their
emplacement.

The Zircon saturation thermometer provided initial temperatures between 897 and 854
°C and the geothermometer of Ridolfi et al. (2010) temperatures between 910 — 831 °C,
whereas the apatite saturation thermometer indicated much lower temperatures (704 — 620 °C)
for the Planalto Suite. The apatite temperatures were discarded because they are lower than
those generally admitted for the solidus of granite systems and they should probably reflect P
mobility during the subsolidus stage. A temperature interval of 910 — 850 °C (Table 2.6) was
admitted for the initial crystallization of the Planalto Suite.

The dominance of amphibole and biotite among the mafic minerals of the Planalto Suite
and the common absence of pyroxene indicate that the water content in the magma was higher
than 4 wt % and could attain even more than 7 % in weigth.

The Planalto Suite show strong mineralogical and petrological analogies with other
ferroan Neoarchean granites of the Carajas Province (Estrela Granitic Complex and Serra do
Rabo) and it is concluded that they were probably formed under similar conditions. The
amphibole and biotite compositions of Planalto and Estrela are quite enriched in Al and
similar in this respect to those of the Neoarchean Matok Pluton of the Limpopo Belt. This
characteristic was not observed in the Proterozoic A-type granites taken for comparison. On
the other hand, in terms of oxygen fugacity conditions, the Planalto granites approach the
reduced Mesoproterozoic Wolf River batholith and the Finnish rapakivi granites and the
Paleoproterozoic reduced to moderately oxidized granites of, respectively, the Velho

Guilherme and Serra dos Carajas suites and differ from the oxidized granites (Jamon Suite) of
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the Carajas province and also of Matok. Taking in account the different crystallization
parameters and geological setting, the Planalto granites differ significantly of some classical
examples of Paleoproterozoic and Mesoproterozoic A-type granites. On the other hand, even
if formed in different oxygen fugacity, they approach in many characteristics the Neoarchean
Fe-K and Mg-K granitoids of the Limpopo Belt, as exemplified by the Matok granitoids. The
facts that Planalto and similar granites of Carajas were possibly formed in a collisional setting
similar to that generally admitted for the Limpopo Belt and the intimate association in both
provinces between those granites and charnockitic rocks indicate that the geological setting

could have a strong influence in the nature of the Neoarchean granitoid magmas.
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SUPPLEMENTARY DATA
Table S1: Modal composition? of the granites of the Planalto Suite.

GROUP 1 - llmenite-bearing granites

Type area Eastern of Canad dos Carajas Vila Feitosa
Mineral/Sample AMR- AMR- AMR- AMR- AMR- AMR- AMR- AMR- AMR- AMR- ARC- AMR- ARC- ARF- ARF-  ARC-
1490 1450 1350 162A 98A 116@) 209 118H 94A 117) 1470) 137B 110 24 20 1440)
Facies HBMzG  BHSG BHMzG HBMzG HBLSG BHSG BHMzG BHSG HLMzG BHMzG BHMzG  BHSG BHSG BHSG HBSG BHMzG
Alkali feldspar 213 40.0 3.7 24.2 40.8 34.5 36.6 47.4 41.6 30.4 215 29.6 37.4 57.9 49.0 27.9
Plagioclase 16.6 14.6 19.1 36.0 13.6 16.4 21.0 10.6 25.0 19.8 310 12.2 7.0 15.6 22.4 29.9
Quartz 34.5 38.2 39.4 34.2 41.2 42.5 32.2 29.4 32.2 27.8 34.8 30.5 43.2 19.8 20.8 24.6
Amphibole 11.4 4.0 48 12 2.0 45 6.9 7.6 0.8 14.8 6.4 14.0 6.4 4.4 3.6 13.6
Biotite 12.2 25 4.3 4.4 22 18 33 438 - 7.0 5.3 11.6 5.4 22 4.2 2.0
Opague minerals * 03 - 0.2 - - - - 0.2 0.2 0.2 - 0.1 - 0.1 - 0.7
Titanite 17 0.4 - - 0.2 0.2 0.4 X 0.2 - 0.4 16 0.6 X - 0.1
Zircon X X X X X 0.1 X X X X X 0.2 0.2 X X 03
Apatite X X X X X X X X X X X X X X X X
Allanite X X - - - X X X - - 0.1 0.2 - - - X
Chlorite - - - - - - - - - - - - - - - -
Muscovite - - - - - - - - - - - - - - - -
Scapolite - - - - - - - - - - 0.2 - - - - 08
Tourmaline - - - - - X X - - - - - - - - -
Felsic 72.4 92.8 90.2 349.8 95.6 93.5 89.8 87.4 98.8 78.0 87.3 72.5 87.8 93.3 92.2 82.7
Mafic (M’) 25.6 6.9 9.3 5.6 4.4 6.5 10.6 12.6 12 22.0 12.2 27.5 12.4 6.7 7.8 16.4
GROUP 2 — Iimenite-magnetite-bearing granites
Type area Eastern of Canad dos Carajas Vila Feitosa
Mineral/Sample /1\5’\{@3) 1AMR- AER- AMR- AMR-k AMR- AMR-  AMR- AMR- AMR- AC- AC- AC- AMR-  AMR- AMR- AER- ARF- ARC- ARF- ARC- ARC-
50 82A®) 155A  152A () 1460 137A@  140* 155B@)  154A  4b* 16* BA* 177@  85AQ) 1710 72A0) 170 109 18 104 148
Facies BHMzG BHLSG BHMzG HBAG BHMzG BHMzG BHSG BHMzG BHMzG BHSG BHSG BHSG BHMzG HLAG HSG BSG BLMzG HBLSG HBSG HBSG BMzG HBMzG
Alkali feldspar 24.9 54.6 28.9 57.0 22.5 30.0 37.2 315 29.6 39.2 38.8 42.0 36.8 50.0 43.4 42.8 28.6 44.2 34.2 39.0 39.3 25.6
Plagioclase 17.6 21.4 18.6 6.4 18.3 215 17.1 21.5 19.7 18.4 16.3 19.9 21.3 21 10.6 16.3 34.3 15.2 7.6 12.6 18.4 34.3
Quartz 37.3 23.2 32.2 32.0 33.4 30.5 35.0 33.8 39.5 314 32.2 32.6 32.0 42.9 30.5 35.0 33.3 37.2 46.7 36.2 36.6 36.1
Amphibole 11.2 0.6 12.3 1.6 12.7 8.7 5.3 7.2 5.7 5.2 6.2 34 5.7 4.6 12.8 X - 0.3 34 3.0 - 14
Biotite 5.6 0.2 41 2.6 9.6 15 24 4.7 3.6 0.8 48 19 3.2 - X 57 31 18 5.5 3.4 21 18
Opague minerals * 0.7 X 0.8 0.4 0.1 X X X 0.7 0.4 0.2 0.1 0.3 0.1 21 0.1 0.1 0.4 0.4 - 13 0.5
Titanite 23 X 13 X X 0.3 X 13 1.0 X 15 0.1 1.0 - - - 0.2 0.2 0.4 - -
Zircon X X X 0.2 X X X X X X 0.1 X X X 0.1 X 0.1 X 0.2 X X 0.3
Apatite X X X X X X X X X X X X X X 0.2 X 01 X X X X X
Allanite X - - X - X - X - 0.3 - - X 0.1 - X X - - - 0.1 -
Chlorite - - - - - - - - - - - - - - - - - - 0.6 - 05 -
Muscovite - - - B B - - - - - - - - - - - - - - - 1.2 -
Scapolite - - - - - - - - - - - - - - - - - - 1.0 - X -
Tourmaline - - - - - - - - - - - - - X X X X - - - - -
Felsic 79.8 99.2 79.7 95.6 74.2 82.0 89.3 315 88.8 89.0 87.4 94.5 90.1 95.0 84.8 9.1 96.4 96.6 88.7 87.8 94.3 96.3
Mafic (M) 19.8 0.8 18.5 4.6 22.4 10.5 7.7 13.2 11.0 6.7 12.7 55 10.2 4.8 14.9 5.8 34 27 9.7 6.4 35 3.7

* Compiled of Oliveira (2003); (2)Gomes (2003); (3) G. R. L. Feio (Write communication of unpublished data). a— Point counting with a minimum of 1500 points for thin section
1 - llmenite, magnetite, hematite, chalcopyrite and pyrite; (x) minersl found in the rock sample; (-) mineral not observed in the rock



Table S2: MS measurements for samples of the Planalto Suite.
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Groupl  Sample Provenance of the Sample Facies MS average log MS (S1)
AMR-162A Type area HBMzG 0.0102*10°3 -4.9914
AMR-168A Eastern of Canad dos Carajés X 0.0443*10°3 -4.3536
AMR-168B Eastern of Canad dos Carajés X 0.0530*10°3 -4.2757
AMR-117G Eastern of Canad dos Carajas X 0.0588*10° -4.2306
AMR-164A Eastern of Canad dos Carajés X 0.0608*10° -4.2161
AMR-138 Type area X 0.0644*103 -4.1911
AMR-149* Type area HBMzG 0.0662*103 -4.1791
AMR-98A Eastern of Canad dos Carajas HBLSG 0.0728*10° -4.1379
AMR-96 Eastern of Canad dos Carajas X 0.0750*10° -4.1249
AMR-179 Eastern of Canad dos Carajas X 0.0823*10°3 -4.0846
AMR-120A Eastern of Canad dos Carajas X 0.0987*10° -4.0057
ARC-147* Vila Feitosa BHMzG 0.1000*103 -4.0000
AMR-117L Eastern of Canad dos Carajas X 0.1007*10° -3.9970
AMR-166A Eastern of Canad dos Carajas X 0.1023*10° -3.9901
AMR-133A Type area X 0.1168*103 -3.9326
AMR-137B Type area BHSG 0.1211*10°3 -3.9169
AMR-158 Eastern of Canad dos Carajés X 0.1251*10°3 -3.9027
AMR-116* Eastern of Canad dos Carajas BHSG 0.1281*10° -3.8925
AMR-136 Type area X 0.1282*10°3 -3.8921
AMR-209 Eastern of Canad dos Carajas BHMzG 0.1306*10° -3.8841
AMR-167 Eastern of Canad dos Carajas X 0.1332*10° -3.8755
AMR-118H Eastern of Canad dos Carajés BHSG 0.1387*10°3 -3.8579
AMR-142 Type area X 0.1393*10°3 -3.8560
AMR-97 Eastern of Canad dos Carajas X 0.1428*10°3 -3.8453
ARC-110 Vila Feitosa BHSG 0.1461*10° -3.8353
AMR-151A Type area X 0.1485*10° -3.8283
AMR-118A Eastern of Canad dos Carajas BHMzG 0.1510*10° -3.8210
AMR-145 Type area BHSG 0.1526*10° -3.8164
AMR-166B Eastern of Canad dos Carajas X 0.1704*10° -3.7685
AMR-94A Eastern of Canad dos Carajas HLMzG 0.2041*10° -3.6902
AMR-117) Eastern of Canad dos Carajés BHMzG 0.2118*10°3 -3.6741
ARC-147 Vila Feitosa BHMzG 0.2512*1073 -3.6000
ARF-24 Vila Feitosa BHSG 0.2883*10°3 -3.5402
AMR-135 Type area BHMzG 0.3237*10°3 -3.4899
ARF-20 Vila Feitosa HBSG 0.3310*1073 -3.4802
ARC-144 Vila Feitosa BHMzG 0.4042*10°3 -3.3934
ARF-25 Vila Feitosa X 0.6247*10°3 -3.2043
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Continued table S2

Group 2 Sample Provenance of the Sample Facies MS average log MS (S1)
ARF-19 Vila Feitosa X 0.8036*1073 -3.0950
AMR-170A Vila Feitosa X 0.9003*10°3 -3.0456
AMR-151B Type area BHMzG 1.0025*10°3 -2.9989
ARF-22 Vila Feitosa X 1.1324*10° -2.9460
AC-4b Type area BHSG 1.1401*10°3 -2.9431
AMR-140* Type area BHMzG 1.2947*10° -2.8878
AC-16 Type area BHSG 1.3757*10°3 -2.8615
AMR-91B Vila Feitosa X 1.6262*1073 -2.7888
AMR-142A Type area X 1.7294*10° -2.7621
AMR-150 Type area BHLSG 2.0611*10° -2.6859
ARF-17 Vila Feitosa HBSG 2.2522*10°3 -2.6474
AMR-141B Type area BHMzG 2.3327*10° -2.6321
AMR-151D Type area X 2.5187*10° -2.5988
AMR-85B Eastern of Canad dos Carajas X 2.7076*10° -2.5674
AER-82A Type area BHMzG 3.0611*10° -2.5141
AMR-134A Type area X 3.1466*10° -2.5022
ARC-109* Vila Feitosa HBSG 3.1488*10°3 -2.5019
AMR-171C Eastern of Canaa dos Carajas BSG 4.0811*10° -2.3892
GFMF-06 Vila Feitosa HBSG 4.2358*107 -2.3731
AMR-172B Eastern of Canad dos Carajés X 4.6588*10° -2.3317
AMR-155A Type area HBAG 4.7822*10°° -2.3204
AMR-177 Eastern of Canad dos Carajas HAG 5.2133*10° -2.2829
AMR-153A Type area X 5.2588*10° -2.2791
AMR-152A Type area BHMzG 5.4044*107 -2.2673
ARC-141B Vila Feitosa BMzG 6.4355*10° -2.1914
AMR-85A* Eastern of Canad dos Carajés HSG 6.4611*10° -2.1897
AMR-141A Type area X 6.4722*10° -2.1889
AMR-171 Eastern of Canad dos Carajas BSG 6.5933*10° -2.1809
AC-6A Type area BHMzG 6.6605*10°3 -2.1765
ARC-77 Type area X 6.8000x107 -2.1675
AMR-146 Type area BHMzG 7.1913*10°3 -2.1432
AMR-152B Type area BHMzG 7.5022*10° -2.1248
AMR-155B Type area BHMzG 7.8122*10° -2.1072
AER-72A Eastern of Canad dos Carajés BMzG 8.2966*1073 -2.0811
AMR-137A* Type area BHSG 8.5212*1073 -2.0695
ARF-18 Vila Feitosa HBSG 9.8766*1073 -2.0054
AMR-154A Type area BHSG 11.3166*10°° -1.9463
ARC-104 Vila Feitosa BMzG 11.8111*10° -1.9277
ARC-112B Vila Feitosa BMzG 13.5500*10° -1.8681
ARC-148 Vila Feitosa HBMzG 15.7000*10° -1.8041

In bold. samples with chemical analyses and whole-rock FeOt/(FeOt+MgO) ratio; * Electron
microprobe and scanning electron microscope analyses.



Table S3 - Representative chemical compositions of the granites of the Planalto suite.
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Unit PLANALTO SUITE
Group 1 2
sample ARC- ARC- AMR- AMR-  AMR- AMR- ARC- AMR- AMR- AMR- ARF- ARC- AMR-
147 144 209 149 116 152 109 137A  85A 140 17 104 177
Varieties BHMzG BHMzG BHMzG HBMzG BHSG BHMzG HBSG BHSG HSG BHMzG HBSG BMzG HAG
SiO; 71.35 71.41 71.80 73.28  74.13 7039 7166 7280 7325 73.44 7384 7486 75.62
TiO, 0.38 0.52 0.28 0.41 0.25 0.64 0.44 038 0.29 0.32 030 020 0.14
Al,O3 13.44 12.61 12.51 1113 1221 12,32 1277 1248 1247 1252 1196 1141 12.01
Fe,Ost 3.50 4.35 5.07 4.67 3.79 5.42 421 425 387 3.27 371 249 239
MnO 0.04 0.04 0.04 0.05 0.05 0.07 0.03 0.05 0.02 0.04 0.04 002 002
MgOo 0.32 0.46 0.12 0.25 0.11 0.58 036 021 0.10 0.23 0.17 012 003
CaO 1.74 2.15 1.21 1.46 1.36 2.18 171 153 130 1.32 116 099 043
Na,O 3.55 3.20 2.92 2.95 3.17 3.16 325 325 358 3.26 3.04 251 342
K,0 4.55 4.01 5.20 3.49 4.65 3.93 449 404 421 4.45 475 503 5.09
P,0s 0.09 0.10 0.04 0.05 0.03 0.13 0.09 0.04 0.04 0.04 0.04 002 <0.01
LOlI 0.70 0.80 0.50 1.60 0.00 0.80 070 0.60 0.30 0.50 060 210 0.70
Total 99.66 99.65 99.69 99.34  99.75 99.62 99.71 99.63 99.43 99.39 99.61 99.75 99.85
Ba 1914 1842 1722 1765 1391 1624 1627 1814 4626 1142 1589 1488 499
Rb 94 101 132 85 134 97 117 120 71 158 127 124 67
Sr 167 169 88 161 96 204 145 173 92 137 101 88 36
Zr 356 465 399 462 393 595 487 502 499 387 432 303 316
Nb 15 19 22 19 16 26 21 24 7 24 26 24 11
Y 27 32 55 35 42 56 48 55 16 50 72 45 26
Hf 9 11 10 12 11 18 13 14 10 12 12 9 9
Ta 1 1 1 6 1 5 1 7 8 2 2 1
Th 15 22 14 11 12 10 24 14 27 44 19 14
U 4 5 6 3 2 2 4 4 1 6 7 6 3
Ga 18 17 20 19 20 23 18 22 16 21 18 17 17
La 28.4 43.1 43.1 56.7 63.0 81.7 644 844 292 99.0 1184 680 78.0
Ce 78.6 87.0 97.6 107.6 1305 179.6 1304 162.7 58.8 203.0 237.3 1335 1487
Pr 7.5 10.9 12.3 11.2 15.6 19.5 16.3  17.2 7.0 20.0 273 164 170
Nd 29.4 43.2 515 423 63.5 77.4 625 628 280 74.1 101.1 615 63.0
Sm 5.8 8.1 10.1 8.7 10.7 13.8 106 116 4.8 12.1 152 104 8.9
Eu 1.6 2.2 2.2 2.1 21 2.4 1.8 25 2.7 1.8 1.9 1.6 11
Gd 5.2 6.9 10.0 7.0 9.1 10.8 8.9 9.8 38 9.3 12.2 8.9 6.6
Th 0.9 11 1.6 1.0 1.4 1.7 15 15 0.6 1.3 1.9 14 0.9
Dy 5.1 5.9 9.5 6.2 7.7 9.8 8.4 9.2 3.0 8.4 10.5 7.9 5.2
Ho 1.0 1.2 1.9 1.3 1.6 2.0 1.6 1.8 0.6 1.7 2.3 15 0.9
Er 2.9 33 5.4 3.7 4.5 5.6 4.7 5.3 1.9 4.9 6.9 4.4 2.9
Tm 0.5 0.5 0.8 0.5 0.6 0.9 0.7 0.8 0.3 0.7 1.1 0.7 0.4
Yb 3.0 31 5.5 3.7 4.4 5.2 4.6 48 1.9 4.4 6.9 4.3 2.9
Lu 0.4 0.5 0.8 0.5 0.7 0.7 0.7 0.7 0.3 0.6 1.1 0.6 0.4
FeOt/(FeOt+MgO)  0.91 0.89 0.97 0.94 0.97 0.89 091 095 097 0.93 095 095 0.99
K,0O/Na,0 1.28 1.25 1.78 1.18 1.47 1.24 1.38 1.24 1.18 1.37 1.56 2.00 1.49
Eu/Eu* 0.85 0.86 0.65 0.81 0.63 0.58 056 0.68 1.88 0.50 041 051 041
(La/Yb)N 6.88 9.91 5.60 10.90  10.29 11.18 10.13 1251 1114  16.07 1240 11.37 19.03
A/CNK 0.96 0.93 0.99 0.99 0.96 0.92 096 1.00 097 1.00 098 1.00 1.01

BHMzG — Biotite-hornblende monzogranite; HBSG — Hornblende-biotite syenogranite; BHSG — Biotite-hornblende syenogranite;
HSG — Hornblende syenogranite; HBMzG — Hornblende-biotite monzogranite; BMzG — Biotite monzogranite; BSG — Biotite
syenogranite; HAG — Hornblende alkali-feldspar granite; opx - orthopyroxene; qtz — quartz.



Figure S1: Probability plot for samples of the Planalto Suite.
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3. CONCLUSAO

A Suite Planalto é composta de monzogranito, sienogranito, e alcali-feldspato granito
com conteldos variaveis de biotita e anfibolio. Clinopiroxénio é ausente ou ocorre localmente

como cristais reliquiares envoltos por anfibolio.

Dois grupos tém sido distinguidos, tendo por base 0 comportamento magnético e 0s
minerais Oxidos de ferro-titdnio: o Grupo 1 mostra baixos valores de suscetibilidade
magnética (SM < 0.6247x1073 SI) e ilmenita é o Gnico mineral éxido Fe-Ti presente; o Grupo
2, com valores de suscetibilidade magnética moderados (SM > 0.8036x107) e magnetita

associada com ilmenita.

Os dados de quimica mineral revelam que o anfibolio varia entre potassio-hastinguisita
e cloro-potéssio-hastinguisita e biotita se aproxima da composi¢do annita. Anfibolio e mica
mostram alta razdo Fe/(Fe+Mg) (0,84 a 0,94 e 0,75 a 0.91, respectivamente) e sdo
relativamente enriquecidos em Al quando comparados aos mesmos minerais de outros
granitos ferrosos. A composicdo do plagioclasio é geralmente oligoclasio (Angzs-11) e € similar
nos porfiroclastos e nos finos cristais da matriz recristalizada. Grdos neoformados de

composicéo albitica sdo também observados.

Estudos de petrologia magnética indicam que, o Grupo 1 do Planalto deriva de um
magma reduzido que evoluiu em fugacidade de oxigénio abaixo do FMQ, onde o Grupo 2
cristalizou em condicGes ligeiramente mais oxidantes coincidente com aquelas do FMQ ou
ligeiramente acima. Alternativamente, os granitos do Grupo 2 podem também ter sido
formados em condicBes abaixo do FMQ e oxidado durante o estagio subsolidus ou
metamorfico. Todavia, as condi¢Bes globais se mantinham reduzidas para ambos 0s grupos a

fim de explicar a alta razdo Fe/(Fe+Mg) nos anfibdlios, micas, e em rocha total.

As pressdes obtidas pelo geobardmetro de Al em hornblenda ndo sdo conclusivas em
funcéo do carater fortemente reduzidos dos granitos da Suite Planalto e o reequilibrio incerto
dos anfibolios. Entretanto, evidéncias geologicas e petrograficas indicam pressoes de 900-700

MPa para a origem dos magmas e pressdes de colocacao de 500-300 MPa.

O termbmetro de saturacdo de zircdo forneceu temperaturas iniciais de 897 a 854 °C e 0
geotermOmetro de Ridolfi et al. (2010) temperaturas entre 910-831 °C, onde o termdmetro de
saturacdo de apatita indicou temperaturas muito menores (704-620 °C) para a Suite Planalto.

As temperaturas da apatita foram descartadas porque sdo muito menores que aquelas
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geralmente admitidas para o estagio solidus em sistemas graniticos e devem provavelmente
refletir a mobilidade do P durante o estagio subsolidus. O intervalo de temperatura de 910-850

°C (Table 2.6) foi admitido para a cristalizacdo inicial da Suite Planalto.

A dominéncia de anfibolio e biotita entre os minerais maficos da Suite Planalto e a
comum auséncia de piroxénio indicam que o contetdo de agua no magma foi superior que 4

wt% podendo atingir mais que 7 % no peso.

A Suite Planalto mostra fortes analogias mineraldgicas e petrograficas com outros
granitos ferrosos neoarqueanos da Provincia Carajas (Complexo Granitico Estrela e Serra do
Rabo) e é conclusivo que foram formados em condi¢Bes muito similares. Composicdes de
anfibdlio e biotita do Planalto e Estrela sdo bastante enriquecidos em Al e se mostram similar
nesse aspecto ao pluton Matok nearqueano, localizado no Limpopo Belt. Essas caracteristicas
ndo sdo observadas nos granitos tipo-A proterozoicos tomados para comparacdo nesta
pesquisa. Por outro lado, em termos de condi¢do de fugacidade de oxigénio, 0s granitos
Planalto se aproximam do batolito mesoproterozdico Wolf River, aos granitos Rapakivi da
Finlandia e aos granitos paleoproterozoicos reduzidos a moderadamente oxidados, Suites
Velho Guilherme e Serra dos Carajas, respectivamente, e difere daqueles granitos oxidados
(Suite Jamon) da Provincia Carajas e também do Matok. Levando em consideracdo apenas 0s
parametros de cristalizacdo e ambientes geologicos, os granitos Planalto diferem
significantemente de alguns exemplos classicos de granitos tipo-A paleoproterozoico e
mesoproterozoéico. Por outro lado, mesmo se formando em diferente fugacidade de oxigénio,
eles se aproximam em muitas caracteristicas dos granitoides neoarqueanos Fe-K e Mg-K do
Limpopo Belt, como exemplificado pelos granitoides Matok. O fato do Planalto e granitos
similares de Carajas terem sido possivelmente formados em um ambiente colisional similar
aqueles geralmente admitidos para Limpopo Belt e a intima associagdo em ambas provincias
com tais granitos e rochas charnockiticas, indicam que o ambiente geoldgico pode ter uma

forte influéncia na natureza dos magmas granitoides neoargueanos.

Finalmente, a composicdo mineralégica de anfibolio e biotita obtida tanto por EDS em
MEV, quanto por WDS em Microssonda, sdo de maneira geral muito similar, levando em
consideracdo apenas os elementos maiores. Si e Al'Y sdo os elementos com variagdes mais
significantes. O Si apresenta teores mais elavados nas analises de EDS em MEV e
consequentemente menores contelidos de Al'Y. Entretanto, essa pequena variagdo no sitio

octaédrico ndo provoca mudancas na classificacdo mineraldgica de anfibolio e biotita,
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demonstrando que, os contetdos dos elemetos maiores obtidos por EDS em MEV sdo

proximos daqueles obtidos por WDS em Microssonda, portanto, confiaveis (Apéndice D e E).
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APENDICE A - COORDENADAS DOS PONTOS AMOSTRADOS E ESTUDOS
REALIZADOS

TABELA Al - COORDENADAS UTM DOS PONTOS AMOSTRADOS DA SUITE
PLANALTO COM SUAS RESPECTIVAS FACIES E ESTUDOS REALIZADOS.

GR1 Amostra Lat (utm) Long (utm) Fécies Petrografiaa Geoquimicaa EDS* WDS**

AMR-162A 9277660 638533 BHMzG X
AMR-168A 9279020 637230
AMR-168B 9279020 637230
AMR-117G 9278502 628513
AMR-164A 9277992 638005

AMR-138 9292562 636407 X

AMR-149* 9289065 635459 HBMzG X X X X
AMR-98A 9278352 635470 BHLSG X

AMR-96 9278407 634664

AMR-179 9275100 633100

AMR-120A 9278935 628526

ARC-147* 9274442 606358 BHMzG X X X X
AMR-117L 9278502 628513
AMR-166A 9270664 637370
AMR-133A 9291443 634670
AMR-137B 9292242 636202 HBSG
AMR-158 9276353 640662

x

AMR-116* 9278486 628384 BHSG X X X X
AMR-136 9292978 635682

AMR-209 9279300 628526 BHMzG X X X
AMR-167 9278953 637335

AMR-118H 9278962 628454 HBSG X X
AMR-142 9293020 637472

AMR-97 9278220 635079

ARC-110 9277068 613291 BHSG X

AMR-151A 9290599 635933 X

AMR-118A 9278962 628454 BHMzG X

AMR-145 9274074 605851 BHSG X X
AMR-166B 9270664 637370

AMR-94A 9278263 633657 HLMzG X

AMR-117] 9278502 628513 BHSG X

ARC-147 0274442 606358 BHMzG X X
ARF-24 9276960 613129 BHSG X

AMR-135 9293026 635620 BHMzG X

ARF-20 9276459 614188 HBSG X

ARC-144 9273578 605787 BHMzG X X X
ARF-25 9277290 612216 X

Em negrito, amostras com analise quimica e raz8es FeOt/(FeOt+MgO) em rocha total; * analises por
**Microssonda Eletronica e *Microscopia Eletronica de Varredura. GR 1 = Granitos do Grupo 1.
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GR2 Amostra Lat (utm) Long(utm)  facies Petrografia Geoquimica EDS* WDS**
ARF-19 9276322 614338 X
AMR-170A 9280061 637472
AMR-151B 9290599 635933 BHMzG X
ARF-22 9277142 614067 HBMzG X
AC-4b 9292002 637683 HBSG X
AMR-140* 9292743 636790 BHMzG X X X
AC-16 9290700 638551 BHSG X
AMR-91B 9277978 631883
AMR-142A 9293020 637472
AMR-150 9288802 635498 HBLSG X
ARF-17 9274390 614912 HBSG X
AMR-141B 9293020 637472 BHMzG X
AMR-151D 9290599 635933 X
AMR-85B 9275609 631255 HSG X
AER-82A 9290425 636606 BHMzG X
AMR-134A 9291590 634898
ARC-109* 9275089 612681 HBSG X X X X
AMR-171C 9280270 637474 BSG
GFMF-06 9278170 610082 HBSG
AMR-172B 9280852 637330
AMR-155A 9290473 637546 HBAG
AMR-177 9276120 631990 HAG X X X
AMR-153A 9290489 636557
AMR-152A 9290767 636356 BHMzG X X X
ARC-141B 9272693 605534 BMzG
AMR-85A* 9275609 631255 HSG X X X X
AMR-141A 9293020 637472
AMR-171 9280270 637474 BSG X X
AC-6A 9291837 636908 BHMzG X
ARC-77 9291660 618604 BSG X X
AMR-146 9290069 635479 BHMzG X
AMR-152B 9290767 636356 BHMzG X
AMR-155B 9290473 637546 BHMzG X
AER-72A 927437 638281 BMzG X
AMR-137A* 9292242 636202 BHSG X X X
ARF-18 9276202 614553 HBSG X
AMR-154A 9290459 637354 BHSG X
ARC-104 9276039 614340 BMzG X X
ARC-112B 9278376 609428 BMzG X
ARC-148 9276313 606238 HBMzG X

Em negrito, amostras com anélise quimica e razdes FeOt/(FeOt+MgO) em rocha total; * andlises por
**Microssonda Eletronica e *Microscopia Eletrénica de Varredura. GR 2 = Granitos do Grupo 2.



APENDICE B - TABELAS COM ANALISES QUIMICAS POR EDS EM MICROSCOPIA ELETRONICA DE VARREDURA DA
SUITE PLANALTO.

APENDICE B.1 - ANALISES QUIMICAS DE ANFIBOLIO DA SUITE PLANALTO EM MICROSCOPIA ELETRONICA DE

VARREDURA.

Amostra AMR-147

Andlise ci111 C112 C113 Cl114 C1 15 Cl1 16 C221 C222 C231 C232 (C233 (C234 (C235 C236 C111 cC1.12
Mineral Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg
SiO2 49,452 49,073 49,751 49,086 49,255 49,204 48,953 49,471 49,493 48,956 49,073 49,159 49,155 49,435 49,054 49,020
TiO2 0,939 0,696 0,947 0,891 0,872 0,911 0,782 0,824 0,976 0,797 0,862 0,852 0,867 0,907 0,912 0,792
AlO3 14,579 14,814 14,536 14,322 14,587 14,579 14,421 14,224 14,663 14,842 14,627 14,583 14,646 14,336 14,982 14,836
FeO 36,615 36,640 36,302 36,293 36,328 36,005 36,337 36,309 35823 36,200 35897 35985 35940 36,341 36,825 36,901
MgO 2,304 2,248 2,426 2,363 2,435 2,416 2,187 2,237 2,540 2,447 2,543 2,329 2,285 2,301 1,635 1,621
MnO 0,425 0,548 0,548 0,567 0,560 0,567 0,469 0,501 0,557 0,573 0,514 0,513 0,504 0,548 0,564 0,501
CaO 13,778 13,756 13,478 13,697 13,600 13,777 13,736 13557 13,478 13,767 13,623 13,568 13,458 13,765 13,806 13,750
Na20 1,411 1,182 1,570 1,467 1,514 1,336 1,340 1,212 1,445 1,387 1,397 1,283 1,367 1,236 1,122 1,153
K20 3111 3,202 3,013 3,048 3,050 3,085 3,184 2,997 3,095 3,054 3,045 3,049 3,080 3,045 3,287 3,115
TOTAL 122,616 122,157 122,572 121,733 122,203 121,879 121,409 121,332 122,068 122,022 121,581 121,321 121,300 121,914 122,187 121,689
NUmero de cations baseado em 23 4&tomos de oxigénio

Si 6,318 6,285 6,339 6,319 6,303 6,317 6,327 6,369 6,325 6,273 6,304 6,328 6,330 6,344 6,307 6,322
Al'vV 1,682 1,715 1,661 1,681 1,697 1,683 1,673 1,631 1,675 1,727 1,696 1,672 1,670 1,656 1,693 1,678
SomaT 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AM 0,513 0,521 0,522 0,492 0,503 0,523 0,524 0,527 0,534 0,515 0,518 0,541 0,553 0,513 0,578 0,577
Fe3* 0,360 0,469 0,401 0,372 0,423 0,357 0,332 0,409 0,400 0,435 0,416 0,402 0,389 0,376 0,316 0,347
Ti 0,090 0,067 0,091 0,086 0,084 0,088 0,076 0,080 0,094 0,077 0,083 0,083 0,084 0,088 0,088 0,077
Mg 0,439 0,429 0,461 0,453 0,465 0,462 0,421 0,429 0,484 0,467 0,487 0,447 0,439 0,440 0,313 0,312
Mn 0,046 0,059 0,059 0,062 0,061 0,062 0,051 0,055 0,060 0,062 0,056 0,056 0,055 0,060 0,061 0,055
Fe2* 3,552 3,454 3,467 3,534 3,465 3,508 3,595 3,500 3,428 3,444 3,440 3,471 3,481 3,524 3,643 3,633
SomaC 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Ca 1,886 1,887 1,840 1,889 1,865 1,895 1,902 1,870 1,845 1,890 1,875 1,871 1,857 1,893 1,902 1,900
Na 0,114 0,113 0,160 0,111 0,135 0,105 0,098 0,130 0,155 0,110 0,125 0,129 0,143 0,107 0,098 0,100
Soma B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Na 0,235 0,181 0,228 0,255 0,240 0,227 0,238 0,172 0,204 0,235 0,222 0,192 0,198 0,200 0,181 0,188
K 0,507 0,523 0,490 0,500 0,498 0,505 0,525 0,492 0,504 0,499 0,499 0,501 0,506 0,499 0,539 0,512
Soma A 0,742 0,704 0,717 0,755 0,738 0,733 0,763 0,665 0,708 0,734 0,721 0,692 0,704 0,699 0,721 0,700

Fe/(Fe+Mg) 0,890 0,889 0,883 0,886 0,882 0,884 0,895 0,891 0,876 0,880 0,876 0,886 0,888 0,889 0,921 0,921
Mg/(Mg+Fe) 0,110 0,111 0,117 0,114 0,118 0,116 0,105 0,109 0,124 0,120 0,124 0,114 0,112 0,111 0,079 0,079
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(Continuacéo)

Amostra AMR-149

Analise Cil21 Cl.22 C1.23 Ci2-4 Cl 25 Cil_26 C2.11 Cc2 31 C2_32 C2_33 C2_34 C235 C3 11 C3.12 C3_13
Mineral Fprg Fprg Fprg Fprg Fprg Fprg Hst Fprg Fprg Hst Fprg Fprg Fprg Fprg Fprg
SiO2 48,175 48,637 48,519 48,705 49,512 49,199 49,880 49,478 48,288 49,585 49,768 48,883 48,577 48,502 48,453
TiO2 0,500 0,454 0,435 0,427 0,804 0,904 1,121 1,288 0,642 1,268 1,181 0,973 1,216 1,213 1,036
Al20s 15,957 15,432 15,330 15,460 14,814 14,474 12,340 12,937 15,095 13,015 12,934 13,996 14,678 14,538 15,016
FeO 37,369 37,544 37,455 37,152 37,274 37,249 37,966 37,839 37,736 38,282 37,405 37,460 36,965 36,688 37,364
MgO 1,179 1,461 1,464 1,399 1,489 1,575 1,905 1,631 1,355 1,698 1,926 1,499 1,084 1,459 1,379
MnO 0,502 0,575 0,650 0,535 0,542 0,589 0,568 0,594 0,557 0,691 0,677 0,537 0,213 0,222 0,319
CaO 13,791 13,683 13,645 13,655 13,674 13,721 13,695 13,579 13,732 13,638 13,529 13,841 13,306 13,104 13,164
Na20 0,984 1,208 1,316 1,049 1,196 1,109 1,256 1,294 1,039 1,228 1,336 1,134 1,228 1,698 1,417
K20 3,623 3,398 3,356 3,489 3,183 3,248 2,683 2,784 3,503 3,063 2,889 3,003 3,314 2,985 3,237
TOTAL 122,080 122,390 122,169 121,870 122,487 122,068 121,414 121,424 121,946 122,467 121,645 121,325 120,581 120,409 121,384
Numero de cations baseado em 23 atomos de oxigénio

Si 6,214 6,246 6,247 6,278 6,346 6,337 6,463 6,415 6,240 6,382 6,430 6,347 6,347 6,331 6,268
Al'V 1,786 1,754 1,753 1,722 1,654 1,663 1,537 1,585 1,760 1,618 1,570 1,653 1,653 1,669 1,732
Soma T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AM 0,639 0,582 0,573 0,627 0,584 0,534 0,347 0,392 0,538 0,356 0,399 0,489 0,607 0,568 0,557
Fe3* 0,396 0,461 0,451 0,405 0,342 0,357 0,411 0,384 0,457 0,446 0,386 0,341 0,218 0,271 0,436
Ti 0,049 0,044 0,042 0,041 0,077 0,088 0,109 0,126 0,062 0,123 0,115 0,095 0,119 0,119 0,101
Mg 0,227 0,280 0,281 0,269 0,284 0,302 0,368 0,315 0,261 0,326 0,371 0,290 0,211 0,284 0,266
Mn 0,055 0,063 0,071 0,058 0,059 0,064 0,062 0,065 0,061 0,075 0,074 0,059 0,024 0,025 0,035
Fe2* 3,634 3,571 3,582 3,600 3,654 3,655 3,703 3,718 3,620 3,674 3,655 3,726 3,820 3,734 3,605
Soma C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Ca 1,906 1,883 1,882 1,886 1,878 1,893 1,901 1,886 1,901 1,881 1,873 1,925 1,863 1,833 1,824
Na 0,094 0,117 0,118 0,114 0,122 0,107 0,099 0,114 0,099 0,119 0,127 0,075 0,137 0,167 0,176
Soma B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Na 0,152 0,183 0,211 0,148 0,175 0,170 0,217 0,211 0,161 0,187 0,207 0,211 0,174 0,262 0,180
K 0,596 0,557 0,551 0,574 0,520 0,534 0,443 0,460 0,577 0,503 0,476 0,497 0,552 0,497 0,534
Soma A 0,748 0,740 0,762 0,721 0,695 0,704 0,660 0,672 0,739 0,690 0,683 0,708 0,726 0,759 0,714

Fe/(Fe+Mg) 0,941 0,927 0,927 0,930 0,928 0,924 0,910 0,922 0,933 0,919 0,908 0,928 0,948 0,929 0,931
Mg/(Mg+Fe) 0,059 0,073 0,073 0,070 0,072 0,076 0,090 0,078 0,067 0,081 0,092 0,072 0,052 0,071 0,069
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(Continuacéo)

Amostra AMR-118-H AMR-140

Anélise C4 21 C4 .22 C4.23 C4 24 C121 Cl1.22 C1.23 Cl 24 C1.25 C5 11 C5.12 C5.13 C411 C4.12 C4.13
Mineral Fprg Fprg Fprg Fprg Hst Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg Fprg
SiO2 48,695 47,542 47,738 47,554 46,587 47,272 47,770 47,655 48,106 50,658 49,424 49,411 48,408 48,215 49,542
TiO2 0,927 0,726 0,757 0,724 1,056 0,842 0,907 0,916 1,124 0,956 0,754 0,692 0,410 0,527 0,817
Al20s 16,049 17,245 16,325 16,240 15,509 15,913 14,594 15,857 14,893 13,342 13,920 14,105 15,656 15,838 13,994
FeO 36,170 35,914 36,492 36,903 37,961 37,666 37,986 37,845 37,386 36,935 37,054 36,947 36,402 35,681 36,471
MgO 1,328 1,184 1,180 0,907 0,912 1,096 1,154 0,736 1,311 2,086 1,900 1,890 1,679 1,651 1,993
MnO 0,261 0,240 0,195 0,252 0,284 0,252 0,283 0,238 0,336 0,575 0,599 0,589 0,642 0,669 0,581
CaO 13,221 13,067 13,262 13,066 13,137 13,368 13,393 13,613 13,098 13,497 13,614 13,361 13,378 13,123 13,470
Na20 1,339 1,312 1,270 1,150 1,015 1,281 1,519 1,047 1,593 1,391 1,297 1,148 1,167 1,076 1,225
K20 3,189 3,839 3,613 3,638 3,531 3,599 2,902 3,723 3,083 2,137 2,706 2,937 3,163 3,119 2,773
TOTAL 121,178 121,068 120,832 120,434 119,992 121,290 120,510 121,630 120,930 121,576 121,267 121,081 120,906 119,899 120,866
Numero de cations baseado em 23 atomos de oxigénio

Si 6,283 6,155 6,207 6,203 6,117 6,145 6,249 6,197 6,254 6,483 6,379 6,375 6,252 6,259 6,402
Al'V 1,717 1,845 1,793 1,797 1,883 1,855 1,751 1,803 1,746 1,517 1,621 1,625 1,748 1,741 1,598
SomaT 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8

AM 0,724 0,786 0,708 0,700 0,518 0,583 0,499 0,627 0,535 0,495 0,497 0,519 0,635 0,682 0,532
Fe3* 0,299 0,329 0,323 0,407 0,611 0,464 0,450 0,323 0,431 0,443 0,443 0,508 0,517 0,518 0,414
Ti 0,090 0,071 0,074 0,071 0,104 0,082 0,089 0,090 0,110 0,092 0,073 0,067 0,040 0,051 0,079
Mg 0,255 0,228 0,229 0,176 0,179 0,212 0,225 0,143 0,254 0,398 0,366 0,364 0,323 0,320 0,384
Mn 0,029 0,026 0,021 0,028 0,032 0,028 0,031 0,026 0,037 0,062 0,065 0,064 0,070 0,074 0,064
Fe2* 3,604 3,559 3,644 3,618 3,558 3,631 3,706 3,792 3,633 3,510 3,556 3,478 3,414 3,355 3,527
Soma C 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

Ca 1,828 1,812 1,847 1,826 1,848 1,862 1,877 1,896 1,824 1,850 1,883 1,847 1,851 1,825 1,865
Na 0,172 0,188 0,153 0,174 0,152 0,138 0,123 0,104 0,176 0,150 0,117 0,153 0,149 0,175 0,135
Soma B 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Na 0,162 0,142 0,167 0,117 0,106 0,184 0,262 0,160 0,226 0,196 0,207 0,134 0,143 0,096 0,172
K 0,525 0,634 0,599 0,605 0,591 0,597 0,484 0,618 0,511 0,349 0,445 0,483 0,521 0,516 0,457
Soma A 0,687 0,776 0,766 0,722 0,698 0,781 0,747 0,778 0,737 0,544 0,652 0,617 0,665 0,612 0,629
Fe/(Fe+Mg) 0,934 0,940 0,941 0,954 0,952 0,945 0,943 0,964 0,935 0,898 0,907 0,905 0,913 0,913 0,902
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APENDICE B.2 - ANALISES QUIMICAS DE BIOTITA DA SUITE PLANALTO EM MICROSCOPIA ELETRONICA DE

VARREDURA

Amostra ARC-140 AMR-118H

Analise C121 C1.22 Cl23 Cl24 c2_1.1 C2.1.2 c2.13 C3_1.1 C3.1.2 C3.1.3 c411 c4.12 c4.13 Ccl11 C112 C1.13 Cl.14
Mineral Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt
SiO, 20,961 21,138 21,351 21,448 21,511 21,266 21,172 20,76 20,49 20,656 20,57 20,69 20,624 19,37 20,6 19,69 20,2
TiO, 1,206 1,284 1,591 1,569 1,586 1,394 1,468 2,308 2,199 2,056 2,335 2,338 2,306 1,926 2,531 2,489 2,282
Al,O3 10,132 10,657 10,428 10,279 10,259 9,853 10,093 9,078 9,191 9,321 9,216 9,274 9,139 9,13 8,731 8,653 8,848
FeO 28,521 27,522 28,190 27,963 27,565 28,725 28,205 30,65 30,3 30,046 30,62 30,13 30,32 32,38 32,07 31,86 31,54
MgO 2,214 2,257 2,223 2,066 2,296 2,218 2,429 1,394 1,345 1,435 1,322 1,541 1,364 1,296 1,181 1,194 1,266
MnO 0,301 0,338 0,328 0,375 0,330 0,365 0,312 0,161 0,139 0,188 0,127 0,114 0,169 0,191 0,213 0,206 0,224
CaO 0,077 0,064 0,024 0,034 0,047 0,064 0,039 0,059 0,125 0,053 0,065 0,046 0,046 0,11 0,06 0,049 0,029
Na,O 0,098 0,151 0,205 0,078 0,151 0,134 0,203 0,094 0,222 0,14 0,061 0,117 0,049 0,083 0,137 0,052 0,116
K0 9,773 9,971 10,335 10,116 10,193 10,219 10,153 9,405 9,599 9,533 9,257 9,486 9,468 7,897 9,722 9,022 9,229
TOTAL 73,283 73,382 74,675 73,928 73,938 74,238 74,074 73,910 73,617 73,428 73,571 73,732 73,485 72,381 75,243 73,210 73,741
Numero de cétions baseado em 22 4&tomos de oxigénio

Si 5,776 5,758 5,755 5,816 5,816 5,809 5,766 5,782 5,747 5,7749 5,752 5,754 57728 5,599 5,734 5,653 5717
AV 2,224 2,242 2,245 2,184 2,184 2,191 2,234 2,218 2,253 2,2251 2,248 2,246 2,2272 2,401 2,266 2,347 2,283
Soma T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AM! 0,682 0,780 0,681 0,717 0,703 0,610 0,628 0,414 0,43 0,4877 0,435 0,439 0,4358 0,347 0,265 0,24 0,323
Fe 3,953 3,771 3,822 3,813 3,748 3,946 3,864 4,293 4,274 4,2248 4,307 4,214 4,2684 4,709 4,491 4,6 4,489
Ti 0,195 0,205 0,251 0,249 0,251 0,223 0,234 0,377 0,362 0,3371 0,383 0,381 0,3785 0,327 0,413 0,419 0,379
Mg 0,705 0,710 0,692 0,647 0,717 0,700 0,764 0,449 0,436 0,4635 0,427 0,495 0,4411 0,433 0,38 0,396 0,414
Mn 0,042 0,047 0,045 0,052 0,046 0,051 0,043 0,023 0,02 0,0269 0,018 0,016 0,0242 0,028 0,03 0,03 0,032
Soma C 5577 5,513 5,492 5479 5,465 5,530 5,534 5,556 5521 554 5,570 5,546 5,5479 5,843 5,58 5,685 5,637
Ca 0,015 0,012 0,005 0,006 0,009 0,012 0,007 0,012 0,025 0,0104 0,013 0,009 0,009 0,022 0,012 0,01 0,006
Na 0,033 0,050 0,068 0,026 0,050 0,045 0,068 0,032 0,076 0,0478 0,021 0,04 0,0168 0,029 0,047 0,018 0,04
K 1,935 1,951 2,001 1,971 1,98 2,005 1,9865 1,882 1,934 1,9146 1,86 1,895 1,9038 1,64 1,945 1,861 1,876
Fe/(Fe+Mg) 0,849 0,841 0,847 0,855 0,839 0,849 0,835 0,905 0,907 0,9011 0,910 0,895 0,9063 0,916 0,922 0,921 0,916
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(continuacéo)

Amostra AMR-149 AMR-147

Anélise c111 €112 C113 C114 Cl21 Cl22 Cl23 Clz24 Cl25 C221 C222 C223 C224 Cl121 Cl22 Cl23 Cl24 Cl25 C221 C222 C223
Mineral Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt
SiO, 21,07 20,896 21,06 20,81 20,46 19,587 20,57 20,969 20,271 20,26 20,933 20,566 20,941 21,62 21,589 21,38 21,68 21,55 21,508 21,75 21,62
TiO, 1,641 1,539 1,609 1,474 1,455 1,266 1,436 1,447 1,324 1,361 1,602 1,412 1,46 1,815 1,669 1,966 1,786 1,837 1,391 1,457 1,39
Al,O3 9,095 9,167 8,874 9,055 8,992 9,213 9,06 8,955 8,98 9,182 8,901 9,399 9 9,353 9,401 9,168 9,219 8,9 9,407 9,016 9,18
FeO 30,73 30,305 30,72 31,05 31,81 33,528 31,78 31,507 32,582 31,95 31,016 30,967 31,188 27,51 27,403 28,8 27,98 28,47 27,921 28,01 28,45
MgO 2,097 1,952 2,041 2,057 2,101 2,116 2,124 1,952 1,879 2,262 2,146 2,505 2,205 2,995 3,061 3 3,145 3,052 3,164 3,224 3,151
MnO 0,437 0,331 0,316 0,352 0,347 0,407 0,291 0,355 0,393 0,368 0,354 0,349 0,329 0,256 0,235 0,276 0,403 0,275 0,294 0,267 0,199
Ca0 0,01 0,095 0,019 0,04 0,069 0,112 0,106 0,048 0,07 0,218 0,109 0,068 0,049 0,091 0,069 0,056 0,083 0,04 0,047 0,055 0,126
Na,0 0,125 0,102 0,095 0,109 0,144 0,061 0,073 0,041 0,054 0,104 0,055 0,301 0,118 0,072 0,069 0,105 0,14 0,076 0,159 0,097 0,167
K0 9,56 9,742 9,573 9,29 9,242 7,702 9,248 9,636 8,522 8,578 10,116 8,902 9,698 10,23 9,95 10,43 10,08 10,26 9,853 9,981 9,763
TOTAL 74,765 74,129 74,306 74,234 74,618 73,992 74,681 74,910 74,075 74,281 75232 74,469 74,988 73,942 73,446 75,179 74,515 74,455 73,744 73,858 74,051
Numero de cétions baseado em 22 4&tomos de oxigénio

Si 5,803 5,804 5,839 5,789 5,717 5,5643 5,728 58085 57161 5,669 57821 56883  5,7849 5,86 58696 5,783 5,851 5,86 58522 5913 5,876
AlY 2,197 2,196 2,161 2,211 2,283 2,4357 2,272 2,1915 22839 2,331 22179 23117  2,2151 2,14 2,1304 2,217 2,149 2,14 2,1478 2,087 2,124
Soma T 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AM 0,41 0,4547 0,401 0,411 0,333 0,2889 0,355 0,3908 0,3521 0,344 03415 03945 0,373 0,498 0,5303 0,366 0,44 0,38 05168 0,465 0,473
Fe 4,256 4,2335 4,285 4,343 4,472 4,7904 4,451 43895  4,6208 4,496 43088 43077  4,3331 3,748 3,7471 3,918 3,797 3,894 38209 3,83 3,889
Ti 0,265 0,2507 0,262 0,24 0,238 0,2109 0,235 0,235 0,2189 0,223 0,2595 0,229 0,2365 0,288 0,2661 0,312 0,283 0,293 02219 0,232 0,221
Mg 0,667 0,6264 0,654 0,661 0,678 0,6945 0,683 06247 06122 0,731 0,6849  0,8005 0,7038 0,938 0,9615 0,938 0,981 0,959 0,9947 1,013 0,989
Mn 0,062 0,047 0,045 0,05 0,05 0,0591 0,041 0,0503  0,0567 0,053 0,05 0,0494  0,0465 0,035 0,0327 0,038 0,056 0,038 0,0409 0,037 0,028
Soma C 5,66 5,6122 5,645 5,705 5771 6,0437 5,766 56903 58607 5847 56447 57811 5,6929 5,508 55377 5572 5,556 5,564 55952 5577 56
Ca 0,002 0,0185 0,004 0,008 0,014 0,0223 0,021 0,0093 0,0138 0,043 00211  0,0132  0,0095 0,017 0,0131 0,011 0,016 0,008 0,009 0,01 0,024
Na 0,042 0,0346 0,032 0,037 0,049 0,0212 0,025 0,0139 0,018 0,036 0,0186  0,1017  0,0398 0,024 0,0229 0,035 0,046 0,025 0,0529 0,032 0,055
K 1,891 1,9439 1,907 1,856 1,856 15718 1,85 19175  1,7263 1,724 2,0073  1,7688  1,9246 1,992 1,9434 2,028 1,954 2,005 1,9259 1,949 1,906
Fe/(Fe+Mg) 0,864 0,8711 0,868 0,868 0,868 0,8734 0,867 0,8754 0,883 0,86 08629 08433 0,8603 0,8 0,7958 0,807 0,795 0,802 0,7934 0,791 0,797
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APENDICE C - TABELAS COM ANALISES QUIMICAS POR WDS EM MICROSSONDA ELETRONICA DA SUITE PLANALTO.

APENDICE C.1: ANALISES QUIMICAS DE PLAGIOCLASIO DA SUITE PLANALTO EM MICROSSONDA ELETRONICA.

Amostra AMR-140 AMR-149 ARC-109 AMR-85A ARC-147 AMR-137A
Andlise C6_1.3 C6 1.4 C5 13 C5 5 C5.1.3 C4 14 C6_1.1 C6_2 C3 11 C4 1.2 C5.1.4
tipo olig olig alb albR olig oligR olig oligR olig olig olig
SiO; 64,84 64,62 64,84 64,84 63,87 62,21 64,37 64,60 64,21 63,64 64,91
Al,O; 21,99 21,89 20,81 20,27 22,12 23,28 22,03 22,00 22,10 22,43 21,69
FeO 0,09 0,03 0,03 0,00 0,08 0,03 0,00 0,03 0,00 0,00 0,08
Ca0 2,23 2,11 1,21 0,81 3,06 441 2,92 2,76 2,71 3,08 2,33
Na;O 10,76 10,51 11,35 11,49 9,90 9,27 10,47 10,22 10,19 10,16 10,43
K20 0,06 0,08 0,10 0,12 0,15 0,21 0,16 0,15 0,22 0,13 0,15
TOTAL 99,96 99,24 98,34 97,52 99,18 99,41 99,94 99,76 99,43 99,44 99,58
Si 11,43 11,46 11,60 11,68 11,36 11,09 11,38 11,41 11,39 11,30 11,48
Al 4,57 4,57 4,38 4,30 4,63 4,89 4,58 4,58 4,62 4,69 4,52
Fe 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,01 0,00 0,00 0,01
Ca 0,42 0,40 0,23 0,16 0,58 0,84 0,55 0,52 0,52 0,59 0,44
Na 3,68 3,61 3,93 4,01 3,41 3,20 3,59 3,50 3,50 3,50 3,58
K 0,01 0,02 0,02 0,03 0,03 0,05 0,04 0,03 0,05 0,03 0,03
Cétions 20,12 20,07 20,20 20,19 20,04 20,08 20,13 20,07 20,07 20,11 20,06
Sitio T 15,99 16,03 15,98 15,98 16,00 15,98 15,96 15,99 16,00 15,99 16,00
Sitio M 4,13 4,04 4,19 4,20 4,04 4,10 4,17 4,06 4,07 4,11 4,06
Albita 89 90 94 96 85 78 86 86 86 85 88
Anortita 10 10 6 4 15 21 13 13 13 14 11
Orthoclésio 0 0 1 1 1 1 1 1 1 1 1

*Complementam as analises apresentadas no Capitulo 2.
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APENDICE C.2 - ANALISES QUIMICAS DE ILMENITA E MAGNETITA DA SUITE PLANALTO EM MICROSSONDA

ELETRONICA.

Sample AMR149 AMR-85A ARC-109 AMR-140 AMR-85A

Mineral lIm IIm IIm lIm Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt Mgt
SiO2 0,03 0,05 0,02 0,01 0,11 0,05 0,05 0,05 0,08 0,12 0,08 0,03 0,03 0,07 0,03
TiO2 53,14 50,68 51,10 48,46 0,00 0,16 0,53 0,25 0,00 0,00 0,13 0,01 0,00 0,00 0,00
Al203 0,00 0,00 0,00 0,00 0,04 0,05 0,07 0,07 0,10 0,11 0,07 0,17 0,09 0,10 0,11
FeO 41,24 47,37 47,49 47,59 90,42 92,06 91,74 92,04 92,17 92,12 91,82 92,47 92,07 92,37 92,53
Cr20s 0,00 0,02 0,00 0,00 0,00 0,00 0,02 0,01 0,00 0,03 0,00 0,00 0,02 0,02 0,05
MnO 5,96 2,65 2,89 4,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
MgO 0,01 0,01 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02 0,00
Ca0 0,11 0,00 0,00 0,00 0,06 0,05 0,08 0,00 0,00 0,00 0,05 0,00 0,01 0,02 0,04
Na20 0,00 0,02 0,00 0,03 0,00 0,00 0,03 0,08 0,02 0,04 0,00 0,01 0,04 0,02 0,02
K20 0,00 0,01 0,00 0,00 0,00 0,00 0,02 0,03 0,00 0,00 0,00 0,01 0,00 0,00 0,03
Total 100,49 100,80 101,49 100,09 90,63 92,38 92,53 92,52 92,37 92,41 92,15 92,69 92,26 92,62 92,80
Si 0,00 0,00 0,00 0,00 0,01 0,01 0,01 0,01 0,01 0,02 0,01 0,00 0,00 0,01 0,00
Al 0,00 0,00 0,00 0,00 0,01 0,01 0,01 0,01 0,02 0,02 0,01 0,03 0,01 0,02 0,02
Ti 3,34 3,22 3,23 3,14 0,00 0,02 0,05 0,02 0,00 0,00 0,01 0,00 0,00 0,00 0,00
Fet? 2,88 3,35 3,34 3,43 9,95 9,94 9,85 9,91 9,96 9,94 9,93 9,95 9,96 9,95 9,95
Cr 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01
Mn 0,42 0,19 0,21 0,29 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mg 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ca 0,01 0,00 0,00 0,00 0,01 0,01 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,01
Na 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,02 0,01 0,01 0,00 0,00 0,01 0,01 0,01
K 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Cétions 6,66 6,77 6,77 6,86 9,98 9,98 9,94 9,98 9,99 9,98 9,97 9,98 10,00 9,98 9,99

*Complementam as analises apresentadas no Capitulo 2.
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APENDICE D - COMPARACAO ENTRE AS ANALISES OBTIDAS POR EDS EM
MEV E WDS EM MICROSSONDA ELETRONICA, PARA OS ANFIBOLIOS DA
SUITE PLANALTO.

APENDICE D.1 - DIAGRAMA CLASSIFICATORIO DE LEAKE ET AL. (1997) PARA

ANFIBOLIOS DA SUITE PLANALTO.

APENDICE D.2 - DIAGRAMAS PARA AVALIACAO DAS SUBSTITUICOES (A)

Ca,=1.50; (Na + K),=0.50
o Ti < 0.50
- Group 1 Group 2 .
+ AMR-116 A AMR-140 pargasits.
V ARC-147 X ARC-109 (“AI> Fe*)
<O AMR-149 0O AMR-137A magnesiosadanagaita
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TSCHERMAKITICA E (B) EDENITICA EM ANFIBOLIOS DA SUITE PLANALTO.
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APENDICE D.3 - DIAGRAMAS CATIONICOS (A) FE/(FE+MG) VS. ALY E (B)
FE/FE+MG) VS. ALY + ALV UTILIZADOS PARA ESTIMATIVA,
RESPECTIVAMENTE, DE FUGACIDADE DE OXIGENIO E PRESSAO,
BASEADOS NA COMPOSICAO DO ANFIBOLIO. (FONTE DOS CAMPOS:
ANDERSON & SMITH 1995).
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APENDICE E - COMPARACAO ENTRE AS ANALISES OBTIDAS POR EDS EM
MEV E WDS EM MICROSSONDA PARA BIOTITA DA SUITE PLANALTO.

APENDICE E.1: VARIACOES COMPOSICIONAIS DAS BIOTIAS DOS GRANITOS DA SUITE
PLANALTO: (A) DIAGRAMA VAL — FE/(FE+MG) (DEER ET AL.1992); (B) DIAGRAMA
ALtota. X MG (NACHIT ET AL. 1985) PARA AS BIOTITAS, MOSTRANDO A AFINIDADE
DAS BIOTITAS DA SUITE PLANALTO COM BIOTITAS DE ROCHAS SUBALCALINAS; (C)
DIAGRAMA (FEO+MNO)-(10*T10,)-MGO COM CAMPOS DE NACHIT (1994) MOSTRANDO
A DISTRIBUICAO DAS COMPOSICOES QUIMICAS DAS BIOTITAS ANALISADAS: (A)
CAMPO DAS BIOTITAS MAGMATICAS PRIMARIAS; (B) CAMPO DAS BIOTITAS
MAGMATICAS REEQUILIBRADAS; (C) BIOTITA SECUNDARIA; (D) DIAGRAMA FEO-
MGO-AL:0s (NOCKOLDS, 1947) MOSTRANDO AS COMPOSICOES DE BIOTITAS EM

DIFERENTES ASSOCIACOES MINERAIS. CAMPOS: | — BIOTITA ASSOCIADA A
MUSCOVITA, TOPAZIO, FLUORITA ETC; Il — BIOTITA QUE NAO ACOMPANHA OUTRAS
FASES MAFICAS; Il — BIOTITA ASSOCIADA A HORNBLENDA, PIROXENIO E/OU
OLIVINA.
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C Biotite secundaria
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APENDICE E.2 - MEMBROS FINAIS DAS SERIES DE MICAS TRIOCTAEDRICAS NO
DIAGRAMA AL-MG (CF. STUSSI & CUNEY 1996): SID: SIDEROFILITA; EAST: EASTONITA;
PHLOG: FLOGOPITA; ANN: ANNITA; MTS: MICA TETRASILICICA; ZW: ZINNWALDITA;
(A), (B), (C), (D), (E) PRINCIPAIS SUBSTITUICOES QUE OCORREM NAS BIOTITAS. AS
BIOTITAS DA SUITE PLANALTO SAO ANNITAS MAS APRESENTAM ENRIQUECIMENTO
EM ALUMINIO, DAI O DESLOCAMENTO NO SENTIDO DA SIDEROFILITA.
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APENDICE E.3
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