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RESUMO

A Suite Jamon de 1.88 Ga e diques associados sdo intrusivos em granitoides arqueanos
(2.97-2.86 Ga) do Terreno Granito-Greenstone de Rio M aria a sul da Serra dos Carajas, no SE do
Craton Amazonico. Aspectos petrograficos e geoquimicos associados a estudos de
susceptibilidade magnética e aerogeofisica mostraram que os plitons da Suite Jamon sdo
normalmente zonados. Relagdes de magma mingling indicam inje¢des multiplas de magma na
construcao dos plutons. Eles foram formados, em geral, por dois pulsos magmaticos: (1) um
primeiro pulso magmatico foi fracionado in situ apo6s a colocacdo em niveis crustais rasos
gerando uma série de monzogranitos equigranulares grossos com proporc¢des variaveis de biotita
e hornblenda; (2) um segundo pulso, ligeiramente mais jovem, localizado nas porc¢des centrais
dos plutons, ¢ composto de um magma mais evoluido de onde leucogranitos equigranulares
derivaram. Intrusdes anelares sdo identificadas no pluton Redenc¢do. O zoneamento magmatico ¢
marcado por um decréscimo do conteido modal de minerais maficos, das razoes plagioclasio/K-
feldspato e anfibolio/biotita e do conteudo de anortita do plagioclasio. O conteudo de TiO,, M gO,
FeOt, CaO, P205, Ba, Sr e Zr diminuem ¢ os de SiO,, K,O ¢ Rb aumentam na mesma diregdo. A
diferenciagdo magmatica foi controlada pelo fracionamento das fases minerais cristalizadas
precocemente, incluindo anfibolio £ clinopiroxénio, andesina-oligocldsio calcico, ilmenita,
magnetita, apatita e zircado. A Suite Jamon ¢ subalcalina, metaluminosa a peraluminosa e possui
assinatura geoquimica de granitos intraplaca do tipo-A. A ocorréncia de magnetita e titanita, bem
como os altos valores de susceptibilidade magnética demonstra que os granitos da Suite Jamon
foram formados em condi¢des oxidantes. Granitos tipo-A oxidados possuem altas razdes de
FeOt/(FeOt+M gO), TiO,MgO e K,0/Na,O e baixos valores de CaO e Al,O; comparado aos
granitos célcio-alcalinos. Porém, o carater oxidado da Suite Jamon sdo similares aos granitos
mesoproterozoicos do tipo-A da série magnetita do SW da América do Norte e difere dos
granitos rapakivi reduzidos do Escudo da Fennoscandia e das suites Serra dos Carajas e Velho
Guilherme da Provincia Mineral de Carajas em varios aspectos, provavelmente pela diferenca de
fontes magmaticas. A Suite Jamon cristalizou proximo ou levemente acima do tampao 6xido
niquel-niquel (NNO) e uma fonte biotite-honblende quartzo-dioritica sanukitoid arquena foi
propostapara os magmas oxizidados da Suite Jamon.

O estudo gravimétrico indica que os plutons Reden¢do e Bannach sdo intrusdes tabulares

com ~ 6.0 km e ~2.2 km de espessura maxima, respectivamente. Estes platons possuem
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dimensdes lacoliticas e sdo similares neste aspecto aos cldssicos platons graniticos rapakivi. Os
dados gravimétricos sugerem que o crescimento da parte norte do pluton Bannach resultou da
amalgamacdo de platons tabulares menores intrusivos em seqiiéncia de noroeste a sudeste. Os
platons da Suite Jamon foram colocados em um ambiente tectonico extensional com o esforgo
seguindo o trend NNE-SSW to ENE-WSW, como indicado pela ocorréncia de enxames de diques
de diabésio e granito porfiro, de orientagdo WNW-ESE a NNW-SSE e coexistentes com a Suite
Jamon. Os plutons graniticos paleoproterozoicos e stocks de Carajas estao dispostos ao longo de
um cinturdo que segue o trend geral definido pelos diques. A geometria tabular dos batdlitos
estudados e o alto contraste de viscosidade entre os granitos e suas rochas encaixantes arquenas
pode ser explicado pelo transporte de magma via diques.

Os mecanismos responsaveis pela colocagdo dos plutons graniticos, em particular de
plutons anorogénicos do tipo-A, sdo ainda discutidos. Desse modo, estudo da trama magnética
através de medidas de anisotropia de susceptibilidade magnética (ASM) tem sido aplicado no
pliton Redencdo na tentativa de compreender a sua historia de colocagdo. Os altos valores de
suscetibilidade magnética (1 x 107 SI to 54 x 107 SI) indicam que a trama magnética €
controlada principalmente pelos minerais ferromagnéticos. Os baixos valores do grau de
anisotropia (P’) e os aspectos texturais (auséncia de feigdes deformacionais) indicam que a trama
magnética ¢ de origem magmatica. A trama magnética ¢ bem definida e caracterizada por uma
foliagdo concéntrica de alto angulo associada com lineagdes com mergulho moderado a fraco. A
falta de uma trama linear unidirecional bem definida na escala do pliton sugere uma influéncia
reduzida ou nula dos esforgos (stresses) regionais durante a colocacdo do corpo granitico. A
forma tabular e a ocorréncia de foliagdbes magnéticas de alto angulo sdo interpretadas
principalmente como resultado de: (1) ascensdao vertical de magmas através de diques
alimentadores noroeste-sudeste e acomodagdo pela translagdo ao longo dos planos da foliagdo
regional E-W; (2) mudanga do fluxo vertical para um espalhamento lateral do magma, com
subsidéncia do assoalho criando espago para injecdo de pulsos magmaticos sucessivos; (3)
expansdo in situ da cdmara magmatica em resposta as intrusdoes mais tardias na por¢ao central,

acompanhada pela injecdo do magma residual através de fraturas anelares.

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)
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ABSTRACT

The 1.88 Ga, anorogenic, A-type Jamon suite and associated dikes intruded 2.97 — 2.86
Ga-old Archean granitoids of the Rio Maria Granite-Greenstone Terrane which lies to the south
of Serra dos Carajas, in the southeastern domain of the Amazon Craton, northern Brazil.
Petrographic and geochemical aspects associated with magnetic susceptibility and gamma-ray
spectrometry data showed that the Redengdo and the northern part of Bannach plutons are
normally zoned, with mingling relationships that indicate multiple magma injections in their
construction. Both were formed by two magmatic pulses: (1) a first magma pulse which
fractionated in situ after shallow crustal emplacement and generated a series of coarse, even-
grained monzo granites with variable modal proportions of biotite and hornblende; (2) a second,
slightly younger magma pulse, localised in the center of both plutons, and composed of a more
evolved liquid from which even-grained leucogranites were derived. Seriated and porphyritic
biotite monzogranite facies intruded the coarse (hornblende)-biotite monzogranites and formed
anellar structures within the Redenc¢do pluton. The magmatic zoning is marked by a systematic
decrease in mafic mineral modal content, plagioclase/potassium feldspar and amphibole/biotite
ratios, and anorthite content of plagioclase. TiO,, MgO, FeO,, CaO, P,0s, Ba, Sr, and Zr
decreased, and SiO,, K,O, and Rb increased in the same fashion. M agmatic differentiation was
controlled by fractionation of early crystallized phases, including amphibole=clinopyroxene,
andesine to calcic oligoclase, ilmenite, magnetite, apatite, and zircon. The Jamon suie is
subalkaline, metaluminous to mildly peraluminous, ferroan alkali-calcic, and displays
geochemical affinities with within-plate A-type granites. The ubiquitous occurrence of magnetite
and titanite as well as high magnetic susceptibility values demonstrate that granites of the Jamon
suite are oxidized in character. Oxidized A-type granites have high FeOt/(FeOt+M gO),
Ti0,M g0, and K,0/Na,O ratios and low CaO and Al,O3 compared to calc-alkaline granites. The
oxidized character of the Jamon suite makes it more akin to the USA M esoproterozoic magnetite-
series A-Ftype granites but differs from the reduced rapakivi granites of the Fennoscandian
Shield, and Serra dos Carajas and Velho Guilherme suites of the Carajéds province, probably
because of different magmatic sources. The Jamon suite probably crystallized near or slightly
above the nickel-nickel oxide (NNO) buffer and an Archean sanukitoid biotite-hornblende quartz

diorite source was proposed for the oxidized Jamon magmas.

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)
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Gravity modelling indicates that the Redencdo and Bannach plutons are sheeted-like
composite laccolithic intrusions, ~6 km and ~2 km thick, respectively. These plutons follow the
general power law for laccolith dimensions and are similar in this respect to classical rapakivi
granite plutons. Gravity data suggest that the growth of the northern part of the Bannach pluton
was the result of the amalgamation of smaller sheeted-like plutons which successively intruded in
sequence from northwest to southeast. Jamon suite plutons were emplaced in an extensional
tectonic setting with the principal stress oriented approximately along NNE-SSW to ENE-WSW,
as indicated by the occurrence of diabase and granite porphyry dike swarms, orientated WNW-
ESE to NNW-SSE and coeval with the Jamon suite. The 1.88 Ga A-type granite plutons and
stocks of Carajas are disposed along a belt defined by the general trend of the dike swarms. The
inferred tabular geometry of the studied plutons can be explained by magma transport via dikes

and it is supported the high contrast of viscosity between the granites and their Archean country
rocks.

Mechanisms responsible for emplacement of granitic plutons, and in particular of
anorogenic A-type plutons, are still debated. A magnetic fabric study derived from anisotropy of
magnetic susceptibility (AMS) measurements was applied to the Redencdo pluton in order to
understand its emplacement history. High magnetic susceptibilities (K from 1 x 107 SI to 54 x 107
3 SI) indicated that magnetic fabrics are primarily carried by ferromagnetic minerals (magnetite).
Low P’ values and absence of intracrystalline deformation features indicated that the magnetic
fabric is of magmatic origin. The magnetic fabric is well organized and characterized by
concentric steep foliations associated with moderately to gently plunging lineations. The lack of a
well-defined unidirectional linear fabric at pluton scale suggests the reduced or null influence of
regional stresses during granite emplacement. Three stages are proposed for construction of the
Redencao pluton, which reconcile the tabular shape of the intrusion with the occurrence of steep
magnetic foliations: (1) ascent of magmas in vertical, northwest-striking feeder dikes and
accommodation by translation along east-west-striking regional foliation planes; (2) switch from
upward flow to lateral spread of magma with space for injection of successive magma pulses
created by floor subsidence; and (3) in situ inflation of the magma chamber in response to the
central intrusion of late facies, accompanied by evacuation of resident magmas through ring

fractures.
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CAPITULO-1

INTRODUCAO
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INTRODUCAO

1.1 — APRESENTACAO E LOCALIZACAO DA AREA

A Provincia Mineral de Carajas (PMC), de idade arqueana, ¢ caracterizada pela sua
grande variedade de recursos minerais, destacando-se os depodsitos de ferro, ouro, manganés,
niquel e cobre (DOCEGEO 1988). O conhecimento sobre a geologia da PMC deve-se em grande
parte a trabalhos de mapeamento geolégico e prospeccdo executados pelas equipes da
DOCEGEO e CPRM. O Grupo de Pesquisa Petrologia de Granitoides (GPPG) e o Laboratodrio de
Geologia Isotopica do Centro de Geociéncias - UFPA destacaram-se nos ultimos anos pelos
trabalhos de detalhe na regido, em particular sobre as rochas granitoides.

O GPPG tem concentrado suas atividades na por¢do sul da Amazonia Oriental,
visando o estudo da evoluc@o das rochas granitdides, bem como sua caracterizagdo petroldgica e
geoquimica. Paralelamente, o grupo tem desenvolvido o estudo sistematico de suscetibilidade
magnética e dos minerais 6xidos de Fe e Ti, através da linha de pesquisa Petrologia M agnética e
suas aplicacoes praticas e tedricas, registradas em vdrios trabalhos (Dall’Agnol et al. 1988,
Magalhdes 1991, Magalhdes & Dall’Agnol 1992, Magalhaes et al. 1994, Oliveira 1998,
Figueiredo 1999, Oliveira 2001, Oliveira et al. 2002, Figueiredo et al. 2003, Nascimento 2006).
Os granitos anorogénicos presentes na provincia de Carajas tém sido sistematicamente estudados
pelo GPPG. Um conhecimento expressivo foi acumulado sobre macigos que constituem as suites
Jamon (granitos Jamon, M usa e Redeng¢ao), Serra dos Carajas (granitos Central, Cigano e Pojuca),
Velho Guilherme (granitos Anténio Vicente e Velho Guilherme), entre outros. Outros macigos
foram até entdo estudados de maneira menos detalhada. Entre eles inclui-se o batélito granitico
Bannach, situado junto a cidade homoénima no sul da provincia, que foi estudado de maneira mais
detalhada durante a realizagdo deste trabalho, por meio do desenvolvimento da dissertagdo de
mestrado de José de Arimatéia Costa de Almeida (Almeida 2005) e o pluton Marajoara, um
pequeno stock situado entre Rio Maria e Redencdo, cujo estudo foi desenvolvido vinculado ao
Trabalho de Conclusdao de Curso de Gerson Luiz Dias da Rocha Jr (Rocha Jr. 2004). Véarios desses
granitos foram datados e forneceram idades proximas de 1,88 Ga (M acambira & Lafon 1995).

Com o objetivo de contribuir para o avanco do conhecimento da Suite Jamon, a partir
de um estudo integrado dos principais macigos graniticos, foi realizada esta pesquisa no nivel de

doutorado, iniciada em Dezembro de 2001 e vinculada ao programa de Pos-Graduagdo em
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Geologia e Geoquimica da Universidade Federal do Para. A éarea selecionada para pesquisa esta

situada no Terreno Granito-Greenstone de Rio M aria, estendendo-se entre as cidades de Rio M aria

e Redencdo, e prolongando-se para oeste até os dominios do municipio de Bannach (Figura 1).
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Figura 1 - Mapa de localizag@o da regido de ocorréncia dos principais corpos graniticos da Suite Jamon.
os retangulos assinalam as areas onde se situam os corpos estudados.
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A presente tese de doutorado, intitulada “Modelos de Evolugdo e Colocagédo dos
Granitos Paleoproterozéicos da Suite Jamon, SE do Craton Amazénico”, foi estruturada na
forma de integracdo de artigos cientificos de acordo com as normas gerais definidas pela
Comissao da Pds-Graduagdo em Geologia e Geoquimica da Universidade Federal do Para. Este
trabalho inclui um capitulo introdutoério, onde ¢ abordado o contexto geoldgico regional,
destacando-se os principais aspectos geoldogicos e geocronologicos da Provincia Mineral de
Carajas e a caracterizagdo do magmatismo anorogénico paleoproterozédico. Em seguida sdo
definidos os principais problemas geol6gicos que motivaram esta proposta de trabalho, a partir
dos quais foram definidos os objetivos da pesquisa. As atividades e procedimentos metodologicos
que viabilizaram alcangar os objetivos propostos serdo descritos e discutidos nos capitulos
subseqiientes. Os resultados alcangados neste trabalho sdo apresentados e discutidos na forma de

quatro artigos cientificos (Capitulos 2, 3,4 e 5), e abordados de forma integrada no capitulo final
(Capitulo 6).

Capitulo 2 - Artigo 1 - GEOCHEMISTRY AND MAGMATIC EVOLUTION OF THE
PALEOPROTEROZOIC, ANOROGENIC A-TYPE REDENCAO GRANITE OF THE JAMON SUITE,
EASTERN AMAZONIAN CRATON, BRAZIL. Submetido a revista CANADIAN MINERALOGIST.
Apresenta os dados de campo, petrograficos e geoquimicos, bem como discute as relagdes entre
as variedades facioldogicas e os processos envolvidos na evolugdo magmatica do Granito
Redengdo. Os dados geoquimicos também foram utilizados para discutir a tipologia e estabelecer

o carater oxidado do Granito Redengdo e compard-lo com outros granitos tipo-A de carater

redutor.

Capitulo 3 - AI’tigO 2 - OXIDIZED, MAGNETITE-SERIES, RAPAKIVI-TYPE GRANITES OF CARAJAS,
BRAZIL: IMPLICATIONS FOR CLASSIFICATION AND PETROGENESIS OF A-TYPE GRANITES. Aceito
para publicacdo na revista LITHOS. Apresenta as caracteristicas geoquimicas e petrogenéticas
que podem ser usadas para distinguir granitos tipo-A oxidados da série magnetita de outros
grupos de granitos tipo-A e daqueles da série de granitdides célcico-alcalinos. Para isto, os
granitos tipo-A da Provincia Carajads sdo comparados com granitos tipo-A do Escudo
Fennoscandiano (granitos rapakivi), do Craton Norte-Americano, do Lachlan Fold Belt e com

granitos célcico-alcalinos tipo-I.
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Capitulo 4 - Artigo 3 - GRAVIMETRIC, RADIOMETRIC, AND MAGNETIC SUSCEPTIBILITY STUDY
OF THE PALEOPROTEROZOIC REDENCAO AND BANNACH PLUTONS: IMPLICATIONS FOR
ARCHITECTURE AND ZONING OF A-TYPE GRANITES. Submetido para publicagdo ao JOURNAL
SOUTH OF AMERICAN EARTH SCIENCES. Discute com base em dados geofisicos € no
zoneamento interno dos granitos paleoproterozodicos Redenc¢do e Bannach, a forma tridimensional
e processos envolutivos das intrusdes, assim como o ambiente tectdonico responsavel pela

colocacdo dos corpos da Suite Jamon.

Capitulo 5 - Artigo 4 - ANISOTROPY OF MAGNETIC SUSCEPTIBILITY OF THE REDENCAO
GRANITE, EASTERN AMAZONIAN CRATON: IMPLICATIONS FOR THE EMPLACEMENT OF A
PALEOPROTEROZOIC ANOROGENIC A-TYPE PLUTON. Submetido para publicacdo a revista
PRECAMBRIAN RESEARCH. Discute os mecanismos de colocagdo envolvidos na construgao do
Granito Redencdo com base em estudo de anisotropia de suscetibilidade magnética, aliado aos

dados petrograficos, geoquimicos e gravimétricos.

1.2 — CONTEXTO GEOLOGICO REGIONAL

A Suite Jamon esta localizada na Provincia Carajas, borda sudeste do Craton
Amazodnico (Dall’Agnol et al. 2005). A Provincia Carajas faz parte da Provincia Amazonia
Central (Tassinari & Macambira 2004; Figura 2) e ¢ dominada por terrenos arqueanos intrudidos
por granitos anorogénicos do Paleoproterozdico. Esta provincia ¢ limitada a norte pela Provincia
M aroni-Itacaiinas (Figura 2) formada durante o Evento Trans-Amazonico (2.2-2.1 Ga); a leste, €
bordejada pelo Cinturdo Araguaia do Neoproterozoico, relacionado ao Ciclo Brasiliano (Pan-
Africano), o qual ndo afetou significativamente o Craton Amazonico; a oeste, ¢ limitado por um
terreno dominado por granitdides paleoproterozoicos e assembléias vulcanico-piroclasticas do
Supergrupo Uatuma, com idades proximas de 1.88 Ga (Teixeira et al. 2002; Figura 2).

A Provinica Carajas ¢ subdividida atualmente em dois dominios tectdnicos
arqueanos: o Terreno Granito-Greenstone de Rio Maria com idade de 3.0 — 2.86 Ga (M acambira
& Lafon 1995, Dall’A gnol et al. 2006) e a Bacia tipo riff de Carajds composta dominantemente
de rochas matavulcanicas, formagdes ferriferas bandadas e granitoides com idades de 2.76 — 2.55

Ga (Machado et al. 1991, M acambira & Lafon 1995, Barros et al. 2001). A Suite Jamon ¢
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intrusiva em granitoides arqueanos e greenstone belts do Terreno Granito-Greenstone de Rio
Maria, que corresponde a parte sul da Provincia Metalogenética de Carajas (Figura 3). Esta
regido corresponde a um terreno arqueano cortado por granitos anorogénicos paleoproterozoicos
(Figura 3; Ramo et al. 2002, Dall’A gnol et al. 2005, 2006), onde predominam granitoides e
supracrustais do tipo greenstone belts com idades U/Pb - Pb/Pb em cristais de zircdo de 2.97 —
2.86 (M acambira & Lafon 1995, M acambira & Lancelot 1996, Leite et al. 2004, Dall’ A gnol et al.
2006) cobertas por rochas sedimentares, mais jovens, porém ainda arqueanas, da Seqiiéncia Rio
Fresco. Os greenstone belts do Supergrupo Andorinhas sdo as rochas mais antigas da regido e sao
compostos por komatiitos e basaltos toleiticos (Souza & Dall’A gnol 1995). Baseado em critérios
petrograficos, geoquimicos e geocronoldgicos (Tabela 1), Macambira & Lafon (1995), Althoff et
al. (2000), Leite et al. (2004), Dall’Agnol et al. (2006) e Oliveira et al. (Submetido a), dividiram
os granitoides arqueanos da regido de Rio Maria em quatro grupos principais: (1) Granitdides da
série tonalitica -trondhjemitica- granodioritica (tipo TTG) mais antiga (2.97 —2.93 Ga; Tabela 1),
sendo representada pelo Tonalito Arco Verde e Complexo Tonalitico Caracol; (2) Granitdides
com alto-M g, do tipo sanukitoide (2.87 Ga), representados pelo Granodiorito Rio Maria e rochas
maficas e intermediarias associadas, os quais s@o intrusivos na seqiiéncia greenstone € no
Tonalito Arco Verde; (3) Série TTG mais jovem (~2.87 Ga), representada pelos trondhjemitos
Mogno e Agua Fria que exibem fortes similarides petrograficas e geoquimicas com a Série TTG
mais antiga, porém com idades ndo coincidentes (Tabela 1). As relagdes de campo mostram que o
Trondhjemito Mogno secciona o Granodiorito Rio Maria; (4) Leucogranitos potdssicos de
afinidade calcico-alcalina, representados pelos granitos Xingura, Mata Surrdo, Guarantad e
correlatos. O Granito Guaranta possui idade de cristalizagdo em torno de 2,93 Ga (Althoff et al.
2000) diferenciando-se neste aspecto dos granitos Xinguara e Mata Surrdo (Tabela 1), que
apresentam idade de 2.86 Ga e sdo intrusivos no Tonalito Arco verde e Granodiorito Rio Maria.
Na tabela 2 estdo sintetizados os principais dados geocronold gicos sobre as rochas arqueanas do
Terreno Granito-Greenstone de Rio Maria. Corpos graniticos anorogénicos de idade
paleoproterozodica (1,88 Ga; Machado et al. 1991; Barbosa et al. 1995; Dall'A gnol et al. 1999a),
exemp lificados principalmente pelos macicos Jamon, Musa, Redenc¢do, Marajoara e Bannach,
cortam as unidades arqueanas deste dominio e sdo enquadrados na Suite Jamon (Gastal 1987,

Dall’Agnol et al. 2005, Oliveira et al. 2005, Dall’A gnol et al. 2006, Almeida et al. submetido).
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Tabela 1 - Dados geocronoldgicos das rochas arqueanas do Terreno Granito-Greenstone de Rio Maria.

Unidades Estatigraficas Tipo de Rocha Método  Material Analisado  Idade/Referéncia

Leucogranitos

Célcico-Alcalinos

Granito Xinguara Leucogran%to Pb-Pb Z@rce:lo 2865+ 1 Ma (1)
Leucogranito Pb-Pb Zircao 2875 £ 11 Ma (2)

. - Leucogranito (area tipo)  Pb-Pb Rocha total 2872 £10 Ma (3)
Granito Mata Surro Leucogranito (Marajoara) Pb-Pb Zircao 2868 + 5 Ma (4)
Granito Guaranta Leucogranito Pb-Pb Zircdo 2930 Ma (5)
Granitoids Sanukitdides

Granodiorito U-Pb Zircdo 2874 + 9/-10 Ma (6)
Granodiorito Rio Mari Granodiorito U-Pb Zircdo, Titanita 2872 + 5 Ma (7)
raﬁlo tonto d 10 ana ¢ Quartzo-diorito Pb-Pb Zircao 2878 + 4 Ma (8)
rochas associadas Granodiorito Pb-Pb Zircao 2879 + 4 Ma (2)

2877 + 6 Ma (9)
Série TTG Jovem

Trondhjemito Mogno Trondhjemito U-Pb Titanita 2871 £ 2?2 Ma (7)
Trondhjemito Agua Fria Trondhjemito Pb-Pb Zircao 2864 +21 Ma (1)
Série TTG Antiga
Tonalito Pb-Pb Zircao 2948 + 5 Ma (1)
C lexo Tonalitico C | Tonalito Pb-Pb Zircdo 2936 £3 Ma (1)
omplexo 1 onalitico faraco Tonalito Pb-Pb Zircdo 2942 +2 Ma (1)

2957 + 25/-21 Ma (6)

T onalito U-Pb Zircao
+

Tonalito Arco Verde T onalito Pb-Pb Zircao gz:? ; ; ﬁa (g)

T onalito Pb-Pb Zircao - a(9)

2936 +4 Ma (4)

Greenstone Belts

Metagrauvaca U-Pb Zircdo 2971 + 18 Ma (6)

. . . L 2904+29/-22Ma (6)

Supergrupo Andorinhas Metavulcanica Félsica U-Pb Zircao 2072 + 5 Ma (7

Metavulcanica Félsica U-Pb Zircao - a(7)

Fonte dos Dados: (1) ) Leite et al. 2004), (2) Rolando & Macambira (2002), 3) Lafon et al. (1994), @) Dal’Agnol et al. (2005), (5)
Althoffet al. 2000), (6) Macambira (1992), (7)Pimentel & Machado (1994), 8) Dall’ Agnol et al. (1999a), (9) Rolando & Macambira
(2003).
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1.3 - MAGMATISM O ANOROGENICO DA PROVINCIA MINERAL DE CARAJAS

Durante o Paleoproterozoico, tanto o Terreno Granito-Greenstone de Rio M aria como
o Bloco Carajas foram palco de um magmatismo granitico anorogénico (Dall'A gnol et al. 2005,
2006) representado, entre outros, pelos granitos Jamon (Dall'Agnol 1999b, c¢), Musa (Gastal
1987, 1988), Marajoara (Rocha Jr. 2004), Bannach (Huhn et al. 1988, Duarte 1992, Almeida
2005, Almeida et al. submetido), Redengdo (M ontalvao et al. 1982, Vale & Neves 1994, Barbosa
et al. 1995, Oliveira et al. 2002, 2005, Oliveira et al. Submetido b,c), Serra dos Carajas (Javier
Rios et al. 1994a, b, Barros et al. 1995), Cigano (Gongalez et al. 1988), Antonio Vicente e Velho
Guilherme (Teixeira et al. 2002). Estes granitos anoro génicos, quando datados pelo método U/Pb
e Pb/Pb em zircoes e Pb/Pb em rocha total, forneceram idades de cristalizagdo e colocagao
proximas de 1,88 Ga (Barbosa et al. 1995, Dall'A gnol et al. 1999a). Na tabela 2 estdo sintetizados
os principais dados geocronoldgicos sobre os granitos proterozodicos da Provincia M etalogenética
de Carajas. Sao granitos ndo foliados, de alto nivel crustal, os quais sdo colocados em uma crosta
rigida e cortam discordantemente suas rochas encaixantes. Nas zonas de contato, xenélitos das
rochas encaixantes sdo comumente encontrados nestes granitos e efeitos termais nas rochas
adjacentes alcancam metamorfismo de contato na ficies hornblenda hornfels (Soares 1996,
Dall’Agnol et al. 2006). Diques félsicos a maficos, de modo geral contemporaneos dos granitos,
ocorrem sob forma de corpos subverticais, tabulares, com espessuras de até 10 a 20 metros,
cortando as unidades arqueanas, bem como localmente os granitos proterozoicos (Gastal 1987,
Huhn et al. 1988, Rivalenti et al. 1998, Souza et al. 1990, Silva Jr. et al. 1999).

Os granitos anorogénicos da Provincia Mineral de Carajas possuem caracteristica
metaluminosa a peraluminosa e assinatura tipo-A. Entretanto, mostram diferencas significativas
em termos de geoquimica, suscetibilidade magnética (SM) e mineralizagdes associadas. Com
base nestes critérios, trés suites ou grupos de granitos puderam ser distinguidos (Dall’A gnol et
al. 2005): 1 — Suite Jamon formada por granitos da série magnetita que possuem alta razdo
Fe/(FetMg), alto valor de SM e localmente, mineralizagdes de wolframita associada; ¢
representada pelos plutons Jamon, Musa, Redenc¢ao, M arajoara, Banach e M anda Saia (Figura 3);
2 — Suite Serra dos Carajas, formada por granitos com moderada SM, com razdo Fe/(Fe+tMg)
muito alta e, as vezes, com molibdenita e sulfeto de cobre disseminados (macicos Serra dos
Carajas, Cigano e Pojuca); 3 — Suite Velho Guilherme, formada por maci¢os mineralizados a

estanho, dominados por leucogranitos extremamente evoluidos, também com alta razdo
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Fe/(FetMg) e, geralmente, mostrando baixos valores de SM; exemplificados pelos macicos
Xingu, Mocambo, Ubim, Antonio Vicente e Velho Guilherme. Os magmas graniticos
anorogénicos sao provavelmente derivados de fusdo parcial de rochas da crosta inferior
(Dall’Agnol et al. 1994, Dall’Agnol & Magalhdes 1995, Dall’Agnol et al. 1999b,c, 2005,
Dall’Agnol & Oliveira 2006). Contrastes na natureza das fontes, bem como na temperatura de
fusdo, conteudo de agua e fugacidade de oxigénio dos magmas (Scaillet et al. 1995, Dall’ Agnol
& Oliveira 2006), podem explicar as diferengas observadas entre os grupos de granito
distinguidos. Os granitos anorogénicos e rochas afins do Craton Amazonico sdo atualmente
correlacionados com os granitos rapakivi dos escudos da Fennoscandia e da América do Norte
(Bettencourt et al 1995, Rdmo & Happala 1995, Dall’A gnol et al. 1999a, Dall’A gnol & Oliveira
20006).

Tabela 2 — Dados geocronoldgicos dos granitos proterozdicos da Provincia Metalogenética de Caraj as.

Unidade Estratigrafica Método Material Analisado Idade/Referéncia

Bloco Carajas

Suite Serra dos Carajas

Granito Cigano U-Pb Zircao 1883 £2 Ma (1)
Granito Serra dos Carajas  U-Pb Zircao 1880 £2 Ma (1)
GranitoPojuca U-Pb Zircao 1874 £2 Ma (1)

Terreno Granito-Greenstone de Rio Maria

Suite Jamon

Granito Musa U-Pb Zircao 1883 +5/-2 Ma (1)
Granito Jamon Pb-Pb Zircao 1885 £32 Ma(2)
Granito Redengao Pb-Pb Rocha Total 1870 68 Ma (3)
Granito Seringa Pb-Pb Zircao 1892 +30 Ma (4)
Granito Marajoara Rb- Sr Rocha Total 1724 £50 Ma (6)
Regido Xingu

Suite Velho Guilherme

Granito Velho Guilherme Pb-Pb Rocha Total 1873 £13 Ma(5)
Granito Antonio Vicente = Pb-Pb Zircao 1867 £4 Ma (7)
Granito Mocambo Pb-Pb Zircao 18652 (7)

Rio Xingu Pb-Pb Zircao 186613 (7)

Fonte dos Dados: (1)— Machado et al. (1991);, (2) — Dall’ Agnol et al. (1999b); (3) - Barbosa et al. (1995); (4) -
Avelar (1996); (5) - Rodrigues et al. (1992); (6) - Macambira (1992); (7) - Teixeira (1999).
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1.4 - APRESENTACAO DO PROBLEMA E JUSTIFICATIVA

O magmatismo anorogénico proterozoico do Craton Amazonico ¢ um dos mais
expressivos do mundo. Ele encerra um grande volume de rochas granitdides e vulcanicas
maficas, intermediarias e félsicas, com subordinadas variedades plutonicas maficas (Issler &
Lima 1987, Bettencourt et al. 1999, Dall’A gnol et al. 1999b, Dall’Agnol et al. 2005, 2006). Esse
magmatismo se assemelha, em idades, caracteristicas geoquimicas e evolugdo magmatica,
aqueles que ocorrem na Provincia Proterozoica Norte Americana e no Escudo Fennoscandiano
(Anderson & Bender 1989, Haapala & Rdmo 1990, Emslie 1991, Ramo & Haapala 1995).

O estdgio atual de conhecimento sobre corpos graniticos anorogénicos
paleoproterozoicos do Craton Amazodnico deve-se, em grande parte, a estudos realizados em
maci¢os que constituem a Suite Jamon, em especial aos maci¢os Jamon, Musa e Redencao,
principalmente no que diz respeito ao mapeamento geologico, estudos petrograficos,
geoquimicos, geocronoldgicos, petrologia magnética e isotopos de Nd, Sr e Pb. Entretanto, o
grande niimero de informagdes obtidas sobre os batdlitos Redengao (Oliveira 2001, Oliveira et al.
2002, Oliveira et al., 2005), principalmente quanto ao zoneamento e diferenciacdo do corpo,
demonstrou a necessidade de reavaliar as interpretagdes anteriores sobre a evolu¢ao magmatica
da Suite Jamonos, baseado sobretudo nos dados existentes sobre os macigos Jamon e Musa. Além
disso, paralelamente a este trabalho foram realizados estudos em detalhe em corpos ainda
pobremente estudados (granitos Bannach e M arajoara). A caracteriza¢do facioldgica, geoquimica
e de petrologia magnética do Granito Bannach foram realizados durante o desenvolvimento da
dissertacdo de mestrado de José de Arimatéia Costa de Almeida (Almeida 2005, Almeida et al.
submetido) e o mapeamento das facies e estudo petrografico do Granito Marajoara foram
efetuados durante o Trabalho de Conclusdo de Curso de Gerson Luiz Dias da Rocha Jr. (Rocha
Jr. 2004). Contudo, tais maci¢os carecem ainda de estudos detalhados para a resolu¢do de uma
série de problemas e questdes, ligados, sobretudo, a processos de geragdo, evolucdo, interacdo e
colocacdo dos liquidos. Para isso ¢ necessario levar em consideragcdo: a) relacdo de diques
maficos e intermediarios com o magma granitico; b) presenca ou nao de magmatismo bimodal; c)
processos de mixing ou mingling; d) interacdo entre magmas félsicos; ) processos magmaticos

envolvidos na diferenciagdo e colocacao das facies dos corpos da suite.
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Além do aspecto acima, uma das principais questdes ainda ndo esclarecidas em
termos da evolucao dos granitos anorogénicos da Provincia Carajds diz respeito aos mecanismos
de sua colocacdo e arquitetura dos corpos. Procurou-se responder a estas questdes no presente
trabalho, em termos da Suite Jamon, a partir de levantamentos geofisicos efetuados nos batolitos
Redencdo e Bannach, aliados a estudos de anisotropia de suscetibilidade magnética (ASM)
realizados no primeiro. A introdu¢do de métodos geofisicos no estudo da arquitetura e colocacdo
dos granitos anorogénicos representa um aspecto inovador, capaz de permitir um salto qualitativo
no conhecimento pois tais métodos ainda ndo haviam sido empregados no estudo de granitos
paleoproterozodicos. Da mesma forma, os métodos de ASM revelaram-se uma ferramenta de
grande valia, pois permitiram a determinacdo de feigdes estruturais (foliagdo e lineacdo
magnéticas), no platon Redeng¢do, um granito anorogénico, isotropico, em que as feicdes

deformacionais classicas como foliagdes e lineagdes sdo pouco desenvolvidas ou ausentes.

A pesquisa desenvolvida visou aprofundar a caracterizagdo da Suite Jamon,
aprimorando o conhecimento de determinados aspectos da sua evolu¢do ndo aprofundados em
trabalhos anteriores. Estima-se que o preenchimento dessas lacunas represente uma contribui¢do

importante para a compreensdo deste tipo de magmatismo, ndo s6 na Provincia Mineral de

Carajas e no Craton Amazonico, mas também a nivel internacional.

1.5 - OBJETIVOS

O objetivo principal deste trabalho ¢ ampliar e integrar os dados sobre os granitos
paleoproterozodicos da Suite Jamon, avaliar a forma tridimensional e condi¢des de colocagdo e
reavaliar os processos magmaticos responsaveis pela distribui¢do das facies e zoneamento dos
corpos. Deste modo, os estudos realizados durante o desenvolvimento da tese visaram aos

seguintes objetivos:

1- Mapeamento geoldgico do corpo Bannach na escala 1:100.000, definindo suas
relacdes de contato, e levando a identificacdo de suas facies e da distribuicao espacial de cada uma
delas (tema da dissertacdao de J. A. C Almeida, desenvolvida em colaboragao com a presente tese).

2— Reavaliar os dados geoldgicos, petrograficos e geoquimicos disponiveis sobre o
pluton Redencdo, efetuar a sua caracterizacdo geoquimica e propor um modelo para explicar a

sua evolugdo magmatica;
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3- Propor modelos sobre a forma tridimensional dos corpos Redencdo e Bannach e
definir a natureza de seus contatos, bem como estimar as condigdes de colocacdo dos magmas
graniticos com base em relagdes de campo, dados de anisotropia de suscetibilidade magnética
(corpo Redencdo), distribuicdo espacial e caracteristicas petrograficas e geoquimicas das
diferentes facies;

4- Estabelecer comparagdes entre os diversos corpos graniticos da Suite Jamon e destes
com associacoes analogas de outros continentes;

5- Estabelecer um modelo de colocagdo para os corpos graniticos que constituem a
Suite Jamon e procurar esclarecer os mecanismos € processos magmaticos responsaveis pela

distribuicdo espacial das facies, bem como pelo zoneamento dos corpos.
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Abstract

The Paleoproterozoic anorogenic Redencao batholith is located in the Amazon Craton to
the south of Serra dos Carajas where it had intruded Archean rocks of the Rio Maria Granite-
Greenstone Terrane. The granitic pluton is comprised of essentially of monzo granites disposed in
near-concentric zones. The less evolved facies is a coarse biotite-hornblende monzogranite,
locally enriched in cumulatic amphibole + clinopyroxene, which occurs in the southern part of
the pluton. The main facies of the pluton is a coarse (hornblende)-biotite monzogranite and the
central portion comprises evolved leucogranites. Seriated and porphyritic biotite monzogranite
facies intruded the coarse (hornblende)-biotite monzo granite forming an annular structure located
in the central and southern areas of the pluton. Locally, in coarse or porphyrtic rocks, rapakivi
and anti-rapakivi textures are present. The magmatic zoning is marked by a systematic decrease

in mafic mineral modal content, the ratios of plagioclase/potassium feldspar and
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amp hibole/biotite, and anorthite content of plagioclase. TiO,, M gO, FeO,, CaO, P,Os, Ba, Sr, and
Zr decrease, and SiO,, K,O, and Rb increase in the same fashion. The magmatic evolution of the
pluton involved several distinct processes. The clinopyroxene-amphibole rich facies was derived
from a hornblende-biotite monzogranite liquid locally enriched in cumulatic amphibole and
clinopyroxene. The biotite-hornblende monzogranites and biotite monzogranites were probably
linked by fractional crystallization processes predominantly controlled by the early crystalization
of andesine-calcic oligoclase, amphibole, magnetite, ilmenite, zircon, and apatite. The
leucogranites were probably derived from an independent magma. The pomphyritic facies is
considered a hybrid product the result of mingling processes involving coarse biotite
monzogranites and leucogranites. The Reden¢do pluton is subalkaline, metaluminous to
peraluminous and shows high FeOt/(FeOt+MgO) (0,83 a 0,95) and K,0O/Na,O (1 to 2) and
moderate K/Rb (100-300) ratios. These granites are typical ferroan alkali-calcic A-type granites
and display geochemical affinity with withinplate granites. The oxidized character of the
Redengdo pluton is revealed by the ubiquitous occurrence of magnetite and titanite, and
geochemical features, such as relatively lower FeO/(FeO+M gO) ratios, which distinguish it from
reduced A-type granites, and allow it to be considered more akin to the Paleoproterozoic Jamon
suite granites of the Amazon Craton. Broadly speaking, the petrographic and geochemical
characteristics and magmatic evolution of the Redengdo pluton is similar to that of other plutons

within the Jamon suite.

Keywords: A-type granite; oxidized; geochemistry; Paleoproterozoic; Amazonian craton

1. Introduction

The end of the Paleoproterozoic Era and the entire Mesoproterozoic Era were
characterized by intense magmatic activity in different cratonic areas of the world. The rapakivi
granite suites and associated rocks of the Fennoscandian Shield (Haapala and R&md, 1992; RAmo
and Hapala, 1995; Ahill et al., 2000; Amelin et al., 1997; Eklund and Shebanov, 1999) and North
American continent (Emslie, 1991; Frost et al., 1999; Anderson and M orrison, 2005) are typical
examples of the rocks formed during these Proterozoic magmatic events. Similar magmatic

events have also been identified in the Amazonian craton (Dall’Agnol et al.,, 1999a, 2005;
Bettencourt et al., 1995).
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Since the introduction of the term A-type granite (Loiselle and Wones, 1979), numerous
papers have discussed their petrographic and geochemical features, source characteristics,
petrogenesis, and tectonic setting (Collins ef al., 1982; Clemens et al., 1986; Whalen et al., 1987,
1996; Rogers and Greenberg, 1990; Eby 1990, 1992; Creaser et al., 1991; King et al., 1997;
Dall’Agnol et al., 2005; Dall’Agnol and Oliveira, 2006). A-type granites were defined as
relatively anhydrous, reduced, anorogenic granites (Loiselle and Wones, 1979) and rapakivi
granites were redefined by Haapala and Ramo (1992) as A-type granites characterized by the
presence of rapakivi texture. Their origin is most commonly associated with anorogenic settings,
such as rifted continental crust. Origins associated with crustal anatexis promoted by magmatic
underplating have also been suggested (Huppert and Sparks, 1988; Rd&mo and Haapala, 1995;
Dall’Agnol et al., 1999a, b, ¢). These rocks are, however, also found in postcollisional settings
(Whalen et al., 1987; King et al., 1997), and there is increasing evidence of oxidized A-type
granites (Anderson and Bender, 1989; Anderson and Smith, 1995; Dall’Agnol et al., 1997,
1999b, c¢; Anderson and Morrison, 2005; Dall’ Agnol and Oliveira, 2006). Proposed sources vary
from granodiorite, tonalite (Anderson and Cullers, 1978; Anderson, 1983; Creaser et al., 1991),
and quartz diorite (Dall’A gnol et al., 1999 b, c) to tholeiites and their differentiates (Frost and
Frost, 1997; Frost et al., 1999). Fractional crystallization from alkaline basalts (Eby, 1992) or
other mantle-derived magmas (Bonin, 1996) and melting of residual granulitic sources (Collins et
al., 1982; Clemens et al., 1986) have also been proposed for the origin of A-type granites.

The Redengao granite belongs to the Paleoproterozoic, oxidized A-type Jamon suite of the
Archean Rio Maria Granite-Greenstone Terrane in the eastern Amazonian craton (Dall’ Agnol et
al., 1999b, c; 2005). The granites of that suite have been dated at 1.88 Ga (Machado et al., 1991;
Dall’Agnol et al., 1999b, 2005 and references therein) and were intruded into a ~3.0 to 2.86-Ga-
old crust composed of greenstone belts and granitoids rocks which comprise the Rio Maria
Granite-Greenstone Terrane. The A-type granites of the Jamon suite show many similarities with
the Mid-Proterozoic granites of the western United States. They are metaluminous to mildly
peraluminous, magnetite-bearing, oxidized granites, displaying high K,O and HFSE (Dall’ A gnol
and Oliveira, 20006).

The aim of this paper is to present field, petrographic, and geochemical data and to
discuss the magmatic evolution on the Redencdo pluton, which is representative of the

Paleoproterozoic anorogenic, oxidized A-type granites of the Jamon Suite. The good exposure
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and extensive sampling allowed for a better understanding of the relationships between different
granite varieties of the pluton and their magmatic evolution. Geochemical data was employed to
discuss the typology of the Redengdo Granite and the criteria applied in order to establish its

oxidized character in contrast with reduced A-type granites.

2. Geological setting

The Redencdo granite is situated in the eastern border of the Central Amazonian province
of the Amazon Craton (Tassinari and M acambira, 2004; Fig 1a) within the Archean Rio Maria
Granite-Greenstone Terrane, comprising the southern part of the Carajds metallogenic province
(DOCEGEQO, 1988). This province is limited in the north by the M aroni-Itacaitinas province (Fig.
la) which formed in the 2.2-2.1 —Ga Trans-Amazonian event. To the east, it is bordered by the
Neoproterozoic Araguaia Belt which is related to the Brasiliano (Pan-African) cycle that did not
significantly affect the Amazon Craton.

The Rio Maria Granite-Greenstone Terrane is an Archean terrane intruded by
Paleoproterozoic anorogenic granites (Fig. 1b; Dall’Agnol et al., 1999b, 2005; Rimé et al.,
2002). The area is dominated by granitoids and supracrustal greenstone belts with zircon ages of
2.97 to 2.86 Ga (M acambira and Lafon, 1995; M acambira and Lancelot, 1996; Leite et al., 2004)
and younger, yet Archean, sedimentary rocks of the Rio Fresco sequence. The greenstone belts
(Andorinhas Supergroup) are composed dominantly of komatiites and tholeiitic basalts (Souza
and Dall’Agnol, 1995) and three principal groups of Archean granitoids have been distinguished
(Althoff et al., 2000; Leite, 2001; Oliveira et al., submitted a, Dall’Agnol et al., 2006): (1)
Granitoids of the tonalitic-trondhjemitic series (TTG) represented by the Arco Verde and Caracol
tonalites (2.96 to 2.93 Ga) and M ogno trondhjemite (2.87 Ga); (2) 2.87 Ga sanukitoid Rio M aria
granodiorite and associated intermediate rocks, which had intruded the greenstone sequence; and
(3) Potassic leucogranites of calc-alkaline affinity, represented by the Xinguara, M ata Surrao, and
Guaranta granites.

The eastern part of the Amazon Craton was stabilized in the Archean and remained stable
until 1.88 Ga when an episode of distension and underplating led to the generation and
emplacement of oxidized A-type granites of the Jamon suite and associated coeval mafic and
felsic dikes (Dall’Agnol et al., 1994, 1999b, 2005). The Redenc¢do pluton intruded the Arco

Verde tonalite and potassic leucogranites (Vale and Neves, 1994; Oliveira, 2001 ; Oliveira et al.,

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)



32

Modelos de Evolugio e Colocagdo dos Granitos Paleoproterozdicos da Suite Jamon, SE do Grdton Amazénico

(dnosSradng seyuriopuy) syjog auoysudaigy [0

xajdwoy) s1ss1oun nury _H_

xo]dwo)) anijeuo], [00eIR) (V) N[BUOL IpIdA 001y (1Y) _H_
SPIONUEID) O | PAACOUIPIPUL [ oo *«

21LI01pOURID) BLIRIA ony [
apwafypuol ery endy (zg) onwalgpuoi] oudow (1) I

sonueiSoana1-y _H_
(dnoin) 00sa1,] 01Y) 19A0)) AIRIUIWIPISEIDN E
uedYIIYy

SNEpRIN) -1 J0B0[ 0BS - ‘BULIdG -5 (RIS BPUBIA -

vreoleIe -2 {yoruURE -p (0BIUIPIY -0 BSNJA -q ‘UOIR[ e
(e0 g8'[ 'B9) sajueln) ouaforouy

soia [

s10zoadjoadoajeg

wog erenSery .-/
210Z013)01d0dN

1m0y fpwed

lzeag

1129 apiqow drozoimoidoan .

sooutosg 1oy [

(80 9'7 - £°€) Yoo|g BoRIEW - ¥
(e0 S6'1 - 97°7) seunteoeyj-orey [

(B0 §'7 <) UBILOZEWY [ROUID H

"(U12191]) S20UIIJAI puUL *g()()T “BPIAWI[Y WO PILJIPOLL) NS UOWR( Y1 JO SI)IULRIT
ad -y o10Z019101d02]RJ 2Y1 JO UONQLISIP A1) SUIAMOYS UBIII] QUOISUIIN-NIULIN) BLIB]A]
ory ay jo dewt [eo130[020) (q) "YINOS Y} UT PIAIYS [IZBIE] [BIUDY) Y] PUE YLIOU I UT PIIYS
BURINGD 3] UOJRIO uelUOZEWY 24 Jo sued pasodxa omy dew uoneoso| ur ‘urewop nsury
-z oouraoad owadoqelaw selere) -1 :aoutaoad uetuozeury [enua) ($007) wlquIedey
% ueuisse] jo [esodoxd o1 Surpiosoe soouraord [eaiSojouonyooad Suimoys uojeId
uetuozewy 2 jo dew yo1ays payijduns ay) ul eaie paipnis ayl jo uonedo  (v) - "8

$.00.8 — -

$.00.2 — /.

Z

T . . 1
$.00.05 S.00.15

Tese de Doutorado (CPGG-UFPA)

- 2006 -

Davis Carvalho de Oliveira



Modelos deEvolugio e Colocagdo dos Granitos Paleoproterozoicos da Suite Jamon, SE do Craton Amazénico 33

2005). In addition to the Redencdo pluton, the Jamon Suite comprises the Jamon, M usa, Bannach,
M arajoara, M anda Saia, Seringa, Sdo Jodo, and Gradaus plutons (Fig. 1b; Dall’Agnol et al., 2005;
Almeida et al., submitted).

Nd isotope data for the Jamon Suite show that their €y4 (at 1880 M a) values are strongly
negative ranging generally from -10.5 to — 8.1 (mean value -9.4) and showing relatively little
variation. On the other hand, Tpy ages are all Archean but show considerable variation (~2.60 to
3.02 Ga; Dall’Agnol et al., 1999b, 2005; Ramo et al., 2002). The Nd evolution lines of Archean
granitoids suggest that the Paleoproterozoic A-type granites of the Jamon Suite were derived
from deeper parts ofthe Archean crust.

Unlike other anorogenic granites of the Carajas metallogenic province, the Redengdo
granite is not mineralized. Wolframite mineralization is associated, however, with quartz veins
emplaced in metasedimentary and metavolcanic rocks of the Pedra Preta greenstone belt has been

described in the western border of the Musa Pluton (Javier Rios, 1995).

3. Redencéo granite

3.1. Field relationships with country rocks

The Redengdo and other plutons of the Jamon Suite are generally unfoliated and, excepting local
magmatic foliation developed on the border, deformational structures are restricted to fracturing
and faulting. The Reden¢ao pluton cross-cuts the E-W to NW-SE structural trends of the Archean
granitoids (Fig. 2). Contacts are remarkably discordant and sharp. Angular xenoliths of the Arco
Verde tonalite are commonly observed near the border of the pluton, indicating a high viscosity
contrast between the granite magma and Archean bedrock. In the case of the Redengao pluton,
contact effects were not studied in detail, but for other plutons of the Jamon suite, Archean
country rocks are strongly affected by contact metamorphism. Hornblende hornfels contact
metamorp hism aureoles have been identified around the Jamon and Musa plutons and are well
developed in both granitoid and greenstone rocks (Dall’Agnol et al., 1994, 1999b, c). M oreover,
on the basis of Al content in hornblende from the granite and of mineral assemblages developed
in the contact aureole, Dall’Agnol et al. (1999c, 2006) suggested that these plutons were

emplaced at shallow crustal levels (~1 to 3 kbar).
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Swarms of mafic and felsic dikes are associated with the Jamon Suite. Comp osite dikes of

granite porphyry associated with diabase which cross-cut the sanukitoid Rio Maria granodiorite

have been locally described (Dall’Agnol et al., 2005). The felsic rock in the composite dike

yielded a Pb-Pb zircon age of 1885+4 and shows evidence of mingling with the associated mafic

dike, demonstrating that the mafic and felsic magmas were contemp oraneous. Another felsic dike

gave an age of 1885+2 Ma (Oliveira D.C., unpublished data). The occurrence of dike swarms that
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are coeval with the granites of the Jamon suite indicates that the granite plutons were emplaced in
an extensional tectonic regime. This is consistent with the laccolithic shape of the Redengao
pluton, suggested by gravity data (Oliveira et al., submitted b), which is dominant in rapakivi
batholiths (Vigneresse, 2005).

3.2. Petrography and facies relationships

The petrography and magmatic evolution of the Redencao Granite was discussed in detail
by Oliveira (2001). All granite varieties are isotropic and their color varies from grayish to
reddish passing to brick red in the more strongly oxidized leucogranites. Granite facies display
coarse-grained, equigranular or coarse- to medium-grained seriated textures with subordinate
porphyritic and medium, even-grained types. They are leucocratic, with mafic mineral content
normally between 15% and 6%, reaching > 25% in the less evolved facies, and decreasing to <
3% in the differentiated leucogranites (Table 1). All the granite varieties have relatively uniform
modal composition, being essentially composed of monzogranites with rare syenogranite limited
to dikes (Table 1; Figs. 3 and 4). The different facies have similar proportions of K-feldspar,
quartz, and plagioclase, associated with biotite, and, in the less evolved facies, amphibole +
clinopyroxene.
In this subcircular granitic pluton, the distribution of the different facies is relatively well ordered
with the more evolved varieties occupying the center (Fig. 4). The less evolved rocks are even-
grained coarse monzogranites (MzG) which are concentrated in the southern border of the pluton
(Fig 4). They contain variable proportions of hornblende and biotite (BHMzG, HBMzG), and are
locally enriched in amphibole + clinopyroxene (CBHMzG). The clinopyroxene-bearing facies
(Fig. 5a, b) is found only in contact with coarse amphibole-biotite monzogranite (Fig. 4). Coarse
biotite monzogranites (¢cBM z(G) are dominant in the northern, eastern, and western borders of the
pluton. Coarse- to medium-grained seriated (sBMzG) and porphyritic (pBMzG) biotite
monzogranites form annular structures in the central-southern and central parts of the pluton and
had intruded coarse-grained hornblende-biotite and biotite monzogranites. The more evolved
leucogranites are found in the central part of the pluton. The syenogranitic dikes have limited

distribution and coincident orientation with the main fracturing sy stems.
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Table 1 - Modal Compositions of the Redenc¢ido Granite.

Facies CBHMzG BHMzG HBMzG cBMzG sBMzG pBMzG sLMzG eLMzG LMcSg

Mineral 4) (6) (10) (10) (7) ®) (10) 3) (7
Plagiodase 33.0 33.0 293 29.0 31.4 27.8 24.7 27.8 21.8
Alkali-Feldspar ~ 20.3 25.9 30.5 33.7 29.8 340 39.0 40.0 42.7
Quartz 215 25.8 292 30.4 327 31.8 33.6 30.5 325
Clinopyroxene 1.4 Tr - - - - - - -

Anphibole 112 6.2 25 0.3 <0.1 0.3 - - -

Biotite 79 5.9 5.6 44 4.1 3.0 1.0 0.6 13
Chlorite - 0.1 0.2 0.4 0.7 13 04 0.6 0.7
Opaques 35 2.1 1.8 1.1 0.8 0.8 0.6 0.4 0.6
Titanite 1.1 0.8 0.8 0.8 0.6 0.4 <0.1 Tr 0.2
Allanite 0.1 - <0.1 0.1 <0.1 0.3 - - -

Fluorite - - - - - Tr <0.1 0.7 <0.1
Others AP0 02 0.1 0.1 <0.1 <0.1 0.1 0.1 0.1 <0.1
Felsic 74.8 84.7 89.1 93.0 93.8 93.6 97.3 98.3 97.0
Mafic 255 15.1 11.1 6.9 6.3 6.2 26 1.7 2.8

Note: Data sources: Oliveira (2001);( ) number of averaged samples; Tr= trace; Ap= apatite; Zr= zircon;
Abbreviations: C - clinopyroxene; B - biotite; H — hornblende ; MzG - monzogranite; L - leuco; Mc - micro; Sg — sy enogranite; ¢ - coarse, evernr
grained; s - medium- to coarse- grained seriated; p - porphyritic; e - medium-, even-grained.

Typical wiborgitic and pyterlitic textures (cf. Rdmod and Haapala, 1995) have not been
reported in the Jamon Suite, however, alkali feldspar megacrystals (2 to 5 cm) with mantles of
plagioclase are common in the Redencao (Fig. 5c) and Bannach plutons (Oliveira et al., 2005;
Almeida et al., submitted). Such rapakivi textures are more common in the coarse porphyritic
facies and display evidence of interaction between different felsic magmas. In the Redencdo
pluton, evidence of magma mingling between mafic and felsic magmas is lacking and in the case
of the entire Jamon suite is limited to local composite dikes (Dall’ A gnol et al., 2005).

The pluton is dominated by hipidiomorphic granular textures and is composed of coarse
perthitic alkali feldspar (20-43%), plagioclase (22-33%) and quartz (22-34%). In the porphyritic
and seriated varieties two generations of quartz have been recognized (Fig 5h): (1) coarse- or
medium-grained, embayed bipyramidal crystals; and (2) medium- to fine-grained anhedral
interstitial grains or fine-grained inclusions, concentrated in the K-feldspar or plagioclase outer
zones and signalizing a late stage of feldspar crystallization. In all facies, plagioclase crystals are

normally zoned, sometimes with an oscillatory character.
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Fig. 3. QAP and Q-(A+P)-M diagrams (Streckeisen, 1976), showing the modal compositions of the Redengéo
Granite and the decrease in mafic mineral content with increase in alkali-fldspar/plagioclase ratio. CBHMzG =
clinopyroxene-biotite-hornblende monzogranite;, BHMzG = biotite-hornblende monzogranite; HBMzG =
hornblende-biotite monzogranite; cBMzG = coarse, even-grained biotite monzogranite; sBMzG = medium- to
coarse- grained seriated biotite monzogranite; pPBMzG = porphyritic biotite monzogranite; sSLMzG = medium- to
coarse- grained seriated 1euco-monzogranite; eLMzG = medium-, even-grained leuco-monzogranite; LMcSg =
Leucomicro-sienogranite. Abbreviations as in Table 1.

The earlier crystallized plagioclase form euhedral to subhedral strongly zoned crystals
with andesine to calcic oligoclase cores grading to sodic oligoclase in the border zones, and
showing local albitic rims, preferentially in contact with K-feldspar. The latter crystallized
plagioclase form subhedral to anhedral crystals of sodic oligoclase to albite, generally found as
local intersticial grains or in the matrix of porphyritic varieties. In the hornblende-biotite

monzogranite, plagioclase cores have compositions between Ans, and An,o, intermediate zones
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Fig. 4. Redenco pluton showing the areal distribution of dominant facies with the average modal mineral abundance
for each facies in pie diagrams. Abbreviations as in Table 1. The mafic mineral component includes clinopyroxene,

amphibole, biotite, and opaque minerals.
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have a composition of Anys,,, and border zones of Anyg o to albite (Ang.). In the coarse- even-
grained and porphyritic biotite monzogranite, most plagioclase crystals display subidiomorphic or
idiomorp hic cores up to An,s and xenomorphic intermediate to outer zones with An;¢_ o (Fig. 5d).
In the medium- to coarse-grained seriated biotite monzogranite and leucogranites facies the
plagioclase is sodic oligoclase-albite (Fig. 5i, j) without andesine-calcic oligoclase cores.
Plagioclase crystals are weakly to intensely altered to sericitexepidote, especially in the cores
(decalcification).

Late-magmatic granophyric quartz-K-feldspar intergrowths, subsolidus quartz-plagioclase
myrmekitic textures, and K-feldspar albitization (chess board albite; Smith, 1974) are common in
the more evolved facies. In the porphyritic facies, phenocrysts of plagioclase, quartz, and alkali-
feldspar constitute about 40% of the rock (Fig. 5g) and granophyric textures are present locally in
the matrix. The syenogranite facies has a porphyritic texture, with phenocrysts of quartz,
oligoclase (An<22), and K-feldspar set in a fine-grained matrix.

In the Redencdo pluton, biotite is the dominant ferromagnesian mineral, whereas
amphibole, sometimes with relics of clinopyroxene (corona texture; Fig. 5b), is abundant only in
the less evolved facies. Hornblende average modal contents (Table 1) are 6.2% in the biotite-
hornblende monzogranite and 2.5% in the hornblende-biotite monzogranite; in the biotite
monzogranites (Fig 5e) amphibole is absent or just a relic phase (<0.5%). The clinopyroxene-
bearing biotite-amphibole monzogranite is enriched in amphibole and clinopyroxene (average
modal content of 11.2% and 1.4%, respectively). Amphiboles often contain inclusions of zircon,
magnetite, ilmenite, and apatite. In the amphibole-biotite monzo granites, clusters of amphibole
with aggregates of earlier crystallized plagioclase are common (except in biotite monzogranites)
and associated with relics of clinopyroxene, biotite, Fe-T1 oxides, and other accessory minerals.
M afic mineral clusters are commonly found associated. Inclusions of apatite, zircon, allanite, and
opaque minerals are common in the biotite. Biotite is locally altered to chlorite and fine grains of
titanite. The assemblage of accessory minerals includes zircon, apatite, magnetite, ilmenite,
sulphide phases (pyrite and chalcopyrite), allanite, and titanite (Fig. 5f). Magnetite with
subordinate ilmenite are the main opaque minerals (Fig. 5b). Sericite, epidote, chlorite, and, in
the more evolved facies, fluorite, are alteration products.

The modal compositions of the granite varieties indicate that the magmatic evolution of

the Redenc¢do pluton is marked by the systematic decrease of modal mafic mineral content,
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Fig. 5. Textural aspects of the Redencdo pluton: a) clinopyroxene-bearing hornblende-enriched
monzogranite; b) Amphibole with relic clinopyroxene core (corona texture) which is abundant only in the
less evolved facies; ¢) Ovoid alkali feldspar megacrystal with mantle of plagioclase illustrating rapakivi
texture, which is common in the Redeng¢do pluton; d) Plagioclase crystals with idiomorphic andesine-
calcic oligoclase cores showing evidence of synneusis structure (Vance, 1969) or epitaxial growth
(Dowty, 1980); e) Mafic mineral cluster from coarse biotite monzogranite comprising a single biotite
crystal with inclusions of zircon and allanite, associated with titanite, opaque minerals, and apatite; f)
accessory magmatic idiomorphic titanite crystal from biotite monzogranite. (continued in the next page)
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Fig. 5 (continued). g) Porphyritic biotite monzogranite comprising phenocrysts of plagioclase, quartz, and alkali-
feldspar set in a fine-grained matrix; h) Photomicrograph of porphyritic variety ofthe biotite monzogranite showing
embayed quartz phenocrysts set in a fine-grained matrix constituted by quartz, plagioclase, and alkali-fldspar; 1)
Hand specimen sample ofreddish seriated leucomonzogranite from the central portion ofthe pluton; j) Microscopic
aspect of the leucomonzogranite showing a plagioclase of sodic oligoclase composition, less decalcified than those
of coarse monzogranites. OP — opaque minerals; Cpx — clinopyroxene; Anf— amphibole; Pl — plagioclase; Al —
allanite; Bt —biotite; Zr — zircon; T1i — titanite; Qz — quartz; Fk — potassic fldspar.

plagioclase/K-feldspar and amphibole/biotite ratios, and anorthite content of plagioclase (Table
1). The modal proportions of plagioclase and amphibole, as well as modal mafic content (Fig. 3),
are greater in the clinopyroxene-bearing biotite-amphibole monzo granite and decrease toward the
biotite monzogranites, attaining the lowest values in the leucogranites, which form the center of
the pluton (Fig. 4). On the other hand, the abundance of alkali feldspar and quartz increases
towards the inner zone.

The crystallization sequence of the Redengdo Granite magma was deduced from
microscopic textural criteria in the clinopyroxene-bearing biotitet+hornblende monzogranites,
thought to most closely approximate the composition of the less evolved liquid. The

crystallization sequence has been discussed by Oliveira (2001) and Oliveira et al. (2005) and is
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presented in Fig 6. Apatite, zircon, ilmenite, magnetite, and clinopyroxene (found locally as
relics in amphibole; Fig 5b) are the earliest phases in the crystallization sequence. They are
followed by hornblende and andesine-calcic oligoclase (An<41), that commonly form clusters
and is associated with biotite and early crystallized accessory minerals. In these clusters,
plagioclase crystals with double idiomorphic cores (Fig. 5d; synneusis structure of Vance, 1969;
cf. also Dowty, 1980) are common, showing that the magma had a low crystal/liquid ratio at this
crystallization stage. Quartz began to crystallize relatively early and was followed by alkali
feldspar. Biotite is later in the sequence and textural relationships suggest that it replaces
hornblende. Titanite (Fig 5f) and allanite begin to crystallize a little earlier but grow in major
part synchronously with biotite. At this stage, the crystallizing plagioclase was a sodic oligoclase.
At the subsolidus stage, calcic plagioclase cores, hornblende, and biotite were partially replaced

by secondary phases (Fig. 6).

Magmatic Stage Post-magmatic Stage

Perthites + Arg min

]
l

[lm + Mt Mt » | Tit+ Hm + Goeth
1
1
ap -
I
Zr |
- |
1

Cpx - Hb Bt ‘_: Chl+ Op + Tit+ Ms + Ep + FI
]
I
Al - Ep
]
Tit !
>
|
Pl (And-Ca OI) Pl (Na Ol) .| Ab+ Ser + Ep + Carb + FI
1
Q= - E Myrmekites
AIKF - E Myrmekites + Interg alb

|
]
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>

Fig. 6. Sequence of crystallization as deduced ffom petrographical observations in the hornblende + biotite +
clinopyroxene monzogranites facies of the Reden¢do Granite (Oliveira, 2001 modified). Continuous lines mark the
principal crystallization stage of the di fferent minerals. Ilm = ilmenite; Mt = magnetite; Ap = apatite; Zr = zircon;
Cpx = clinopyroxene; Hb = homblende; Bt = biotite; Tit = titanite; All = allanite; P1= plagioclase; And = andesine;
Ca Ol = calcic oligoclase (An,.3)); Na Ol = sodic oligoclase (An;g.); Qtz = quartz, AIkF = alkali-fldspar; Hem =
hematite; Goeth = goethite; Chl = chlorite; Ab = albite; Interg. alb = intergranular albite; Ser = sericite; Ms =
muscovite; Carb = carbonate; F1 = fluorite; Ep = epidote; Arg. Min = argillic minerals. T = temperature and P =
pressure.
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Therefore, in the Reden¢do magma, as observed in the Jamon pluton (Dall’A gnol et al.,
1999b), the crystallization of hydrous silicates, and particularly that of amphibole, initiated at a
relatively earlier stage. On the contrary, in other A-type granites, biotite is often reported as an
interstitial or subsolidus phase, and, amphibole, although generally earlier than biotite in the
crystallization sequence, is also commonly interpreted as a late phase (e.g. Clemens et al., 1986;
Anderson and Bender, 1989; Emslie and Stirling, 1993; King et al., 1997; Rajesh 2000). This
indicates Reden¢ao magma amphibole and biotite crystallized at relatively higher temperatures
when compared to other A-type granites. This contrast can be explained by the oxidizing
character and the relatively higher water content of the Redeng¢do magma, when compared to
reduced, water-poor A-type magmas (Dall’A gnol et al., 1999c, 2005, Dall’A gnol and Oliveira,
20006).

In the biotite monzogranites, the magmatic crystallization sequence is similar to that
described in the biotite-hornblende monzogranites, but andesine-calcic oligoclase and amphibole
are less abundant and hornblende was almost entirely replaced by biotite. As a consequence, the
plagioclase-amphibole clusters are less common in the biotite monzogranite, where smaller and
more sodic plagioclase is dominant and hornblende is rare. In the porphyritic facies, the
crystallization sequence was similar to that described in the even-grained biotite monzogranites,
however, when the proportion of phenocrystals in the liquid was significant (40 to 60%), a
sudden change in the magmatic conditions, possibly due to open-system degassing (Dall’Agnol et
al., 1999b), which accelerated the crystallization of the liquid and generated the fine-grained
matrix of these rocks (Fig. 5g, h). Finally, the leucogranites (Fig. 51, j) are interpreted as having
been precipitated from evolved liquids, which, if proposed to have been derived from the less

evolved amphibole-biotite monzogranites, should be verified using geochemical data.

3.3. Whole-rock geochemistry

3.3.1. Analytical procedure

Thirty four representative samples of the different granite facies of the Redengdo pluton
were analyzed for major and trace elements (Table 2). The chemical analyses were performed at
the Lakefield-Geosol laboratories at Belo Horizonte, Brazil. SiO,, TiO,, ALO3, Fe,O3, MnO,
MgO, CaO, K,0,Na,O, P,0s, Rb, Sr, Ba, Zr, Y, Nb, Ga, and V were analyzed by X-ray
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fluorescence combined with atomic absorption spectrometry. Rare earth elements (REE) were
analyzed using inductively coupled plasma (ICP) atomic emission spectrometry. FeO was

analyzed by wet chemistry at the Geociences Center of the Federal University of Para.

3.3.2. Results

In the R1-R2 diagram (De La Roche et al., 1980), the samples of the Redencdo Granite
display a subalkaline trend (Fig. 7a) and, except for the clinopyroxene-bearing facies which has a
chemical granodioritic composition, plot in the fields of syenogranite and monzogranite. The
studied granites vary from metaluminous to slightly peraluminous with decreasing Fe + Mg+ Ti
content, corresponding with increasing silica (Fig. 7b; A-B diagram, Debon and Le Fort, 1983).
Average A/CNK values vary from 0.85 to 1.06 (Table 2; the average for rapakivi granites is 0.99
and they also plot close to the metaluminosity-peraluminosity boundary; Rdmo and Haapala,
1995). The varieties containing amphibole + clinopyroxene are mostly metaluminous, the biotite
monzogranites are essentialy peraluminous, and the leucogranites display the more accentuated
peraluminous character compared to the other facies. The total alkali contents display a positive
correlation with SiO, and vary from 7.0 to 8.80 wt. % (Table 2). The K,0/Na,O ratios are
between 1 and 2 (Fig. 7c) and increase from the biotite-amphibole monzogranites to the
leucogranites. The FeOy/(FeO+M gO)-SiO, diagram (Fig 7d) shows that FeO/(FeO+M gO) is
higher than 0.8 and also increases with SiO, (Table 2). These values are lower than those
dominant in typical rapakivi granites (R&mo6 and Haapala, 1995). They are, however, consistent
with those reported in oxidized A-type granites (Dall’A gnol and Oliveira, 2006).

In the Reden¢do granite, SiO, contents vary from 66.1 to 76.3 wt. % and AL,O3 from 12.0
to 14.2 wt. % (Table 2). Except for the clinopyroxene-bearing granite, the major element
compositions of the different facies overlap, but there is a general trend of increasing silica
content from the biotite-amphibole monzogranites to the leucogranites, passing through the
biotite monzogranites (Fig. 8). TiO,, AL,O3, Fe,O5, M g0, CaO, and P,0O5 decreases, and K,O
increase from the biotite-hornblende monzogranites to the leucogranites (Fig. 8). The decrease of
TiO,, Fe,03, MgO, CaO, and P,Os may be correlated with the early crystallization of
clinopyroxene, hornblende, magnetite, ilmenite, and apatite. A,O; and, in part, CaO decrease can
be explained by the early crystallization of andesine-calcic oligoclase. Na,O concentrations are

relatively uniform.
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Fig. 7. Whole-rock geochemical plots for the Reden¢do pluton: (a) Classification using the parameters R1 and R2
(De la Roche et al. 1980), calculated from millication proportions; (b) A-B diagram affer Debon and Le Fort (1983)
of Redengdo granite samples — dashed line indicates boundary between peraluminous (above the dashed line) and
metaluminous (below the dashed line) fields -; (¢) Na,O vs K, O plot, showing the samples falling between 1 and 2;
(d) FeO/(FeO, + MgO) vs SiO, plot. Symbols as in Fig 3.

Several major element chemical data features of the studied granites, including high
Fe/Mg, medium to high TiO,/MgO, and low AlL,O;, CaO, and MgO, are typical of A-type

granites (Collins et al. 1982; Whalen, 1987; Anderson and Bender, 1989; Eby, 1992; Patifio
Douce, 1997; Frost et al., 2001; Dall’Agnol and Oliveira, 2006).
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Fig. 8. Harker-variation diagrams of major element compositions (wt%) for Redencéo granite samples.
Insets illustrate the compositional gap between the clinopyroxene-bearing homblende-enriched
monzogranite and remaining facies. Abbreviations as in Table 1.
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Fig. 8 (continued). Hark er-variation diagrams ofmajor element compositions (wt%) for Redengdo granite samples.
Insets illustrate the compositional gap between the clinopyroxene-bearing hormnblende-enriched monzogranite and
remaining facies. Abbreviations as in Table 1.

Compared to the other varieties, the two analyzed samples of the clinopyroxene-biotite-
amphibole monzogranites display the lowest content of SiO, and K,O, and the highest contents
of Ti0,, Fe,O5, M gO, CaO, and, P,Os. There is a large compositional gap between these rocks
and those representative of others varieties (Fig. 8), which is a reflection of their higher mafic
mineral content of and lower modal proportions of quartz and K-feldspar of the former (Table 1;
Fig. 3). This feature, associated with field and textural evidence, is indicative of a cumulatic
nature for the mafic clusters enriched in clinopyroxene observed in this facies.

Except for the clinopyroxene-bearing monzogranites, the biotite-amphibole
monzogranites are geochemically the less evolved rocks. In spite of their textural contrasts, the
seriated and the coarse even-grained biotite monzogranites have similar compositions. The
general trends of the biotite monzogranites and leucogranites are not aligned in the TiO,, Fe,O3,
MgO, and P,Os Harker plots (Fig. 8), suggesting that the leucogranite magma is probably not a
residual liquid derived from the biotite monzogranites by fractional crystallization. The less
evolved facies are exposed in the south part and the more evolved in the central part of the pluton
(Fig. 4).

The trace element Harker diagrams show a good negative correlation of Ba, Zr, and Sr
with SiO,, and a positive correlation of Rb with SiO,. Rb displays a remarkable increase from the
biotite-amphibole monzogranites to the leucogranites (Fig 9a), having a clear incompatible

behavior during the magmatic evolution of the Redengao pluton. On the other hand, Ba, Sr, and
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Fig. 9. Representativetrace element variation diagrams for Reden¢do Granite samples. Insets illustrate the
compositional gap between the clinopyroxene-bearing homblende-enriched monzogranite and remaining
facies. Symbols as in Fig. 3.
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Zr, behave as compatible elements during the magmatic evolution (Figs. 9b, c, and d). Zr
behavior (Fig. 9d) indicates that it was strongly compatible since early crystallization stages,
which is consistent with petrographic evidence of zircon crystallization as a near liquidus phase
(Fig. 6). Y and Nb do not define clear trends in Harker diagrams, but the leucogranites are

enriched in these elements compared to the other facies (Fig 9e, f).

3.3.3. The Behavior of Rb, Sr, and Ba

The contrasting behavior of Rb, Sr, and Ba, in different mineral phases is useful in
estimating the extent of fractionation of distinct minerals and whether magmatic evolution was
controlled dominantly by fractional crystallization, partial melting or more complex processes
(Hanson, 1978, 1989; Rollinson, 1993; Dall’Agnol et al., 1999b). In addition to quartz, the most
abundant minerals in the Reden¢do Granite are plagioclase, alkali feldspar, biotite, and
amphibole. Considering the range of silica and other geochemical parameters, as well as textural
evidence, it could be expected that plagioclase had an important role in the magmatic evolution
of the granite. Hornblende was certainly also a significant phase during the early magmatic stage.
On the other hand, the influence of alkali feldspar and biotite in the evolution of liquid
composition should increase in the more felsic rocks, because in the more mafic varieties both are
relatively late phases.

Baand Sr are strongly compatible in granitic systems. They display a positive correlation
(Fig. 10a) and show large variation, decreasing in the studied granite from the more mafic to the
more felsic varieties (1498 to 32 ppm and 332 to 27 ppm, respectively; Table 2; Fig. 10a). Rb, on
the other hand, behaves as an incompatible element and increases toward the leucogranites. As a
consequence, Rb and Sr correlate negatively (Fig 10b). In the Rb/Sr — Sr/Ba plot (Fig 10c), a
rapid increase in the Rb/Sr ratio from the low-silica to the more silica-rich samples is observed,
while the Sr/Ba ratio remains almost constant. In these plots, the biotite monzogranites and the
leuco granites tend to display distinct trends, suggesting that they could be derived from different
liquids.

In the above-mentioned geochemical plots (Fig. 10), the analyzed rocks follow non linear
trends. This aspect, associated with the large variations of Rb, Sr, Ba, and Rb/Sr are indicative of
fractional crystallization with changes in the fractionating assemblage in contrast to partial

melting or equilibrium crystallization dominated processes (Hanson, 1989; Caskie, 1984; Ridmo,
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1991; Dall’Agnol et al., 1999b). An alternative hypothesis is to admit the influence of more
complex processes in the magma evolution. With the exception of local evidence for magma
mingling processes, generally involving porphyritic varieties, there is little evidence in the pluton

of processes such as magma mixing that could explain these geochemical characteristics.
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In the Sr-Ba and Rb-Sr plots (Fig. 10a, b), the clinopyroxene-bearing hornblende-enriched
monzogranites are impoverished in Rb, Sr, and Ba compared to the hornblende-biotite
monzogranites. This feature could be explained by derivation of the less evolved, mafic-enriched
varieties by cumulatic concentration of hornblende and clinopyroxene in the hornblende-biotite
monzogranite magma. The magmatic evolution from the hornblende-biotite monzo granites to the
biotite monzogranites was accompanied by decrease of Sr and Ba, and increase of Rb, resulting

fast increase of Rb/Sr ratios with little variation of Sr/Ba (Fig. 10 a, b, c). This suggests fractional
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crystallization controlled by plagioclase with the subordinate influence of hornblende and K-
feldspar. Compared to the hornblende-biotite monzogranites, the leucogranites display a similar
but apparently independent trend in the Rb/Sr vs Sr/Ba plot, while in the Sr-Ba and Rb-Sr plots
they show clearly distinct trends that indicate a dominant influence of K-feldspar in the liquid
evolution (Fig. 10a, b, c). Biotite apparently exerted a limited influence during the fractional
crystallization of the studied granites, but the effects of mica fractionation could have been
masked by the larger volume fractionation of alkali feldspar and plagioclase. Nevertheless, some
of the silica-richer samples show relatively low Rb contents which indicate a greater extent of
biotite fractionation in the more evolved liquids.

Geochemical data are not conclusive but several diagrams (Fig. 8a, c, d, e, f; 9b, c, f; 10a,
c) reinforce the hypothesis of origin of at least some of the porphyritic biotite monzogranites by
mingling between the biotite monzogranites and the leucogranites, as supported by field and

petrograp hic data.

3.3.4. Rare Earth Elements

Rare earth element (REE) analytical data (Table 2) and the corresponding chondrite-
normalized plots (Fig. 11) of representative samples of the different varieties of the Redencdo
pluton show that the studied granites display LREE-enrichment and a significant fractionation of
HREE. Average (La/Yb)y ratios are relatively high and show strong variation, from a minimum
of 16.12 in the clinopyroxene-amphibole monzogranite to a maximum of 50.23 in the
syenogranite dike facies (Table 2), with the biotite monzogranites displaying average values of
~30. The internal fractionation of HREE is also significant with (Gd/Yb)y ratio ranging from 5.59
to 2.15. All varieties display negative Eu anomaly with average Eu/Eu* ranging from 0.65 to 0.29
(Table 2), and generally decreasing from the biotite-hornblende monzogranites to the
leucogranites. The exceptions are the clinopyroxene-hornblende monzogranites which show an
accentuated negative Eu anomaly (average Eu/Eu* of 0.36) and the seriated leucomonzogranites
with a moderate anomaly, similar to that observed in the hornblende-biotite monzogranites. In
general, the negative Eu anomalies increase from the rocks with lower silica to those with higher

silica content which is consistent with important feldspar fractionation.
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Fig. 11. Chondrite normalized (Evensen et al., 1978) REE pattems for representative samples ofthe
Redencdo Granite. Abbreviations and symbols as in Table 1.
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The clinopyroxene-hornblende monzogranites are enriched in HREE and show a more
accentuated negative Eu anomaly compared to the biotite-hornblende monzogranites (Fig. 11a).
These aspects are not consistent with an origin of the latter by fractional crystallization processes
from the clinopyroxene-hornblende facies but could be explained by admitting that the mafic-
enriched rocks are derived from a biotite-hornblende monzogranite liquid modified mostly by
cumulatic concentration of clinopyroxene and amphibole. The three varieties of biotite
monzogranite display quite similar patterns (Fig. 11b) which differ from those of the hornblende-
enriched facies only by the more accentuated negative Eu anomalies of the former. These patterns
are consistent with the hypothesis of derivation of the biotite monzogranites from the biotite-
hornblende monzogranites by fractional crystallization. The leucogranites patterns are distinct
from those of other varieties of the Redeng@o pluton. They display a concave shape of the HREE
branch (Fig 11c) that is not observed in the other facies (Fig. 1la, b) and is indicative of
important hornblende fractionation during their magmatic evolution. Another relevant aspect is
the moderate negative Eu anomaly of the seriated leucomonzogranite (Fig. 11c; average Eu/Eu*
of 0.56, comparable to those of hornblende-biotite monzogranites; Table 2). This feature is not
consistent with derivation of these rocks from the biotite monzogranites by fractional
crystallization. On the other hand, the increase of negative Eu anomalies from the seriated to the
equigranular leucomonzogranites and leucomicrosyenogranites, associated with other
geochemical characteristics shown by these rocks, could suggest a derivation of the latter from
the seriated leucomonzo granites.

In summary, REE data suppott the hypothesis of a comagmatic origin for the hornblende-
biotite monzogranites and biotite monzogranites that could be related by fractional crystallization
processes. The clinopyroxene-hornblende monzogranite is more probably derived from a liquid
similar to the biotite-hornblende monzogranite but enriched in cumulatic mafic phases. The
leucomonzogranites apparently have an origin independent to that of the other facies, being
derived from a different liquid. This is not in contradiction with the hypothesis that all studied
rocks are derived from similar magmatic sources, being cogenetic, but in the specific case of the

leuco granites, not comagmatic.
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4. Discussion
4.1. Granite Typology

In the Nb-Y and Rb-(Y+Nb) diagrams (Pearce et al., 1984), Redencdo granite samples
plot inte the field of within-plate granites of attenuated continental crust (Fig. 12a). Ga/Al ratios
vary from 3.0 to 4.8 and the highest values are encountered in the leucogranite varieties. In the
diagrams proposed by Whalen et al. (1987) to distinguish geochemically A-type from S-, M-, and
I-type granites, all analyzed samples plot into the A-type granite field (Fig. 12b). Moreover, Eby
(1992) suggested that the Y/Nb ratio can be employed to distinguish A-type granites of mantle
(Y/Nb < 1.2; Al-subtype) or crustal (Y/Nb > 1.2; A2-subtype) origin. All samples of the
Redengdo pluton have Y/Nb > 1.2 and plot in the A2 field in the Rb/Nb-Y/Nb and Nb-Y-Zr/4
geochemical diagrams (Fig. 12c, d), suggesting that they are of dominantly crustal origin.

The geochemical characteristics of Redengdo are similar to other studied plutons of the
Jamon Suite, ie., Jamon, Musa, and Bannach. All these granites are classified as A-type granites
(Dall’Agnol et al., 1999a, b, 2005; Dall’Agnol and Oliveira, 2006). The Jamon suite granites do
not have calc-alkaline affinities as demonstrated by their high FeO/(FeO+M gO) ratios (Figs. 7d,
13a, b) and low Al,O3 contents (Table 2; cf. detailed discussion in Dall’Agnol and Oliveira,
2006). They are anorogenic granites emplaced in an extensional setting (Oliveira et al., submitted
b). Their origin is associated with anatexis of lower crustal rocks due to mafic underplating
(Dall’Agnol et al., 1999a, 2005). It is concluded that the Redencdo granite is an A-type granite

but its oxidized character deserves further discussion.

4.2. The oxidized character of the Redengdo A-type granites

All varieties of the Redengao pluton, as well as those found in other plutons of the Jamon
suite, are oxidized granites. This is demonstrated by the characteristic occurrence in these rocks
of magnetite as the dominant iron-titanium oxide mineral, their relatively high magnetic
susceptibility values (Oliveira et al., 2002, submitted c), and the presence of the magmatic
assemblage titanite — magnetite - quartz (Wones, 1989). It was estimated that the Jamon suite
granites crystallized at fO, conditions near NNO or HITMQ buffers (Dall’Agnol et al., 1997,
1999c, 2005) and, following the criteria of Ishihara (1981), they have been classified as magnetite
series granites (cf. Dall’A gnol et al., 2005, and references therein).
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Fig. 12. Geochemical plots for the Redencdo granite samples in: (a) Nb vs. Y tectonic discriminant diagram
illustrating that Redencdo Granite falls in the within-plate granite field afier Pearce et al. (1984) - Syn-COLG: syn-
cllision granite; VAG: volcanic arc granite; WPG: within-plate granite; ORG: ocean ridge granite; (b) Nb vs.
10000*Ga/Al diagram of Whalen et al. (1987) showing A-type granite affinity; (c) the Rb/Nb vs. Y/Nb diagram of
Eby (1992) with data from the Redencdo pluton plotting between the fields of OIB and IAB (island-arc basalt); (d)
Nb-Y-Z1/4 temary diagram for the subdivision of Al- and A2-type granites (Eby, 1992) showing that the Reden¢éo
pluton was derived from a crustal source. Symbols as in Fig 3.

Dall’Agnol and Oliveira (2006) discussed the geochemical and petrological distinction
between reduced and oxidized A-type granites and proposed some geochemical diagrams to
distinguish these two sub-types. It is beyond the scope of the present paper to reproduce this
discussion but some diagrams are presented here to illustrate the geochemical variation of the
Redengdo pluton and its oxidized A-type character (Figs. 13a, b, c). The FeO/(FeO+MgO) vs.
SiO, plot (Fig. 13a) demonstrates clearly that the Redenc@o pluton granites are ferroan granites

(Frost e al, 2001), differing from the magnesian or Cordilleran granites by their
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FeO/(FeO+MgO) ratios higher than 0.8 and increasing from the less evolved to the more
evolved varieties. The contrast between the Redencdo granites and calc-alkaline granites is also
evident in the CaO/(FeO+M gO+Ti0,) vs. CaO+Al, O3 plot (Fig. 13b). The lower CaO and Al,O3
contents of the oxidized A-type granites, compared to calc-alkaline granites allows for a clear
separation of both granites. Finally, the FeO/(FeO+M g0) vs. A,03/(K,0+Na,O) plot (Fig. 13c)
distinguishes between the oxidized and reduced A-type granites. The Redengdo samples display
AL, O3/(K,O+Na,O) ratios that are lower than those found in calc-alkaline granites and similar to
those of reduced A-type granites. Their FeO/(FeO+MgO) ratios, however, vary between 0.83
and 0.94 and are generally lower than those displayed by typical reduced A-type granites, as for

most classical rapakivi granites (Rdm6 and Haapala, 1995), allowing a clear distinction of both

A-subtypes.
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4.3. The magmatic evolution of the Redengdo granites

At a first approach it could be supposed that the different varieties of the Redenc¢ao pluton
derived from a unique magma by processes of fractional crystallization. A more detailed
examination of geochemical data, however, revealed a more complex magmatic evolution. The
restricted volume of the pluton, field relationships and the geochemical characteristics of the
clinopyroxene-amphibole monzogranite are not consistent with the hypothesis that the less
evolved primitive magma gave origin to the other varieties. The less evolved variety is
interpreted as derived from a hornblende-biotite monzogranite liquid locally enriched in
cumulatic amphibole and clinopyroxene. The biotite-hornblende monzogranites and biotite
monzogranites were probably linked by fractional crystallization processes, their differentiation
being controlled mostly by the early crystalization of andesine-calcic oligoclase, amphibole,
magnetite, ilmenite, zircon, and apatite. The leucogranites, on the other hand, do not follow the
general geochemical trends defined for the other varieties and are most probably derived from an
independent magma. The geochemical characteristics of the porphyritic facies suggest that they
could represent the hybrid product of mingling processes involving coarse biotite monzogranites
and leucogranites.

Nd isotope data also show significant variations in the different facies of the Redencao
pluton. Available data are limited to four samples, but €yy values vary from -8.8 in a coarse-
grained biotite monzogranite to -10.5 in a porphyritic biotite monzogranite, with an intermediate
value of -9.6 in the biotite-hornblende monzogranite (Rdmo et al., 2002). The observed contrast
in €yq values indicates that all the analyzed varieties are probably not comagmatic and suggests
that different Archean sources could be indicated for the Redencao granites.

The proposed scheme of magmatic evolution is consistent with the sequence of
emp lacement proposed for the Redengdo pluton by Oliveira et al. (submitted c). They admitted
that the less evolved biotite-amphibole monzogranites and associated rocks were the first to be
emplaced. The magma ascent was controlled by fractures and its transport was achieved via a
series of dike feeder channels. The less evolved rocks are concentrated in the southern domain of
the pluton, and they have been followed by the coarse biotite monzo granites that are dominant in
the eastern, western and northern domains. The leucogranites are concentrated in the center of the

pluton and should correspond to an independent intrusion of evolved magma. Finally, the seriated
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and porphyritic biotite monzogranites were emplaced later along ring fractures probably

generated by roof fracturing induce by the intrusion of the leucogranites.

5. Summary and conclusions

The 1.88 Ga Redencao pluton is anorogenic and displays a roughly circular zoned internal
structure. Less evolved facies are located in the southern domain with more evolved
leucogranites in the center of the pluton. The magmatic evolution is relatively complex involving
several distinct processes whereby mafic phases accumulated in the clinopyroxene-amphibole
rich facies; biotite monzogranites were derived from the biotite-hornblende monzogranites by
fractional crystallization; leucogranites correspond to an independent felsic magma; and
pormphyritic varieties may have resulted from mingling between the coarse biotite monzogranite
and leucogranite. The proposed models of magmatic evolution are considered consistent with the
emp lacement sequence presented for the pluton.

The geochemical characteristics of different varieties allow their classification as A-type
granite and distinguish them from calc-alkaline series. The oxidized character of the Redencao
granite is revealed, however, by some geochemical features, such as marginally lower
FeOy(FeO+M gO) ratios, that allow its distinction from reduced A-type granites. Preliminary Nd
isotope data suggest that the Redencdo granites are cogenetic but apparently not comagmatic.
This point should be further investigated in the future.

In their broad aspects, the petrographic and geochemical characteristics and magmatic
evolution of the Redenc¢do pluton are similar to those of the other plutons belonging to the Jamon
suite, e.g. the Jamon, Musa (Dall’Agnol et al., 1999b), and Bannach (Almeida et al., submitted)

granites.
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Abstract

The varying geochemical and petrogenetic nature of A-type granites is a controversial issue. The oxidized, magnetite-series A-type
granites, defined by Anderson and Bender [Anderson, J.L., Bender, E.E., 1989. Nature and origin of Proterozoic A-type granitic magmatism
in the southwestern United States of America. Lithos 23, 19-52.], are the most problematic as they do not strictly follow the original
definition of A-type granites, and approach calc-alkaline and I-type granites in some aspects. The oxidized Jamon suite A-type granites of the
Carajas province of the Amazonian craton are compared with the magnetite-series granites of Laurentia, and other representative A-type
granites, including Finnish rapakivi and Lachlan Fold Belt A-type granites, as well as with calc-alkaline, I-type orogenic granites. The
geochemistry and petrogenesis of different groups of A-types granites are discussed with an emphasis on oxidized A-type granites in order to
define their geochemical signatures and to clarify the processes involved in their petrogenesis. Oxidized A-type granites are clearly
distinguished from calc-alkaline Cordilleran granites not only regarding trace element composition, as previously demonstrated, but also in
their major element geochemistry. Oxidized A-type granites have high whole-rock FeOy/(FeO,+MgO), TiO,/MgO, and K,0/Na,O and low
AlLO; and CaO compared to calc-alkaline granites. The contrast of Al,O3 contents in these two granite groups is remarkable. The CaO/
(FeO+MgO+TiO,) vs. CaO+Al,05 and CaO/(FeO,+MgO+TiO,) vs. Al,O; diagrams are proposed to distinguish A-type and calc-
alkaline granites. Whole-rock FeOy/(FeO;+MgO) and the FeOy/(FeO;+MgO) vs. Al,O3 and FeOy/(FeO;+MgO) vs. Al,03/(K,0/Na,0)
diagrams are suggested for discrimination of oxidized and reduced A-type granites. Experimental data indicate that, besides pressure, the
nature of A-type granites is dependent of fO, conditions and the water content of magma sources. Oxidized A-type magmas are considered
to be derived from melts with appreciable water contents (=4 wt.%), originating from lower crustal quartz-feldspathic igneous sources under
oxidizing conditions, and which had clinopyroxene as an important residual phase. Reduced A-type granites may be derived from quartz-
feldspathic igneous sources with a metasedimentary component or, alternatively, from differentiated tholeiitic sources. The imprint of the
different magma sources is largely responsible for the geochemical and petrological contrasts between distinct A-type granite groups.
Assuming conditions near the NNO buffer as a minimum for oxidized granites, magnetite-bearing granites formed near FMQ buffer
conditions are not stricto sensu oxidized granites and a correspondence between oxidized and reduced A-type granites and, respectively,
magnetite-series and ilmenite-series granites is not always observed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A-type granites were defined as relatively anhydrous,
reduced, anorogenic granites enriched in incompatible
elements (Loiselle and Wones, 1979). Later, more detailed
petrographic and geochemical criteria as well as petroge-
netic models have been presented for A-type granites
(Collins et al., 1982; Whalen et al., 1987; Eby, 1990,
1992; Whalen et al., 1996; Frost and Frost, 1997; Frost et
al., 1999) and their exclusively anorogenic geotectonic
setting has been questioned (e.g., Whalen et al., 1987,
Sylvester, 1989; Whalen et al., 1996). Rapakivi granites
were redefined by Haapala and Ramé (1992) as A-type
granites characterized by the presence of rapakivi texture.
The Mesoproterozoic A-type granites of the Laurentia—
Baltica have been divided into three groups: ilmenite
granites, magnetite granites and two-mica (peraluminous)
granites (Anderson and Bender, 1989; Anderson and
Morrison, 1992; Anderson and Smith, 1995; Anderson
and Morrison, 2005). Most of the granite members of the
anorthosite—mangerite—charnockite—rapakivi granite se-
ries (AMCG series; Emslie, 1991) belong to the ilmenite-
series granites. Until recently, little attention has been
given to the magnetite-series A-type granites. These are
commonly seen with suspicion, because they do not fol-
low strictly the original definition of A-type granites, and
approach calc-alkaline and I-type granites in some as-
pects, e.g., in their oxidizing character.

Many authors have stressed the varying petrogenetic
nature of A-type granites (Sylvester, 1989; Creaser et al.,
1991; Eby, 1992; Hogan et al., 1992; Poitrasson et al.,
1994; King et al., 1997; Patifio Douce, 1999; Rajesh,
2000; Dall’Agnol et al., 2005). Geochemical contrasts
between typical peralkaline and metaluminous to mildly
peraluminous A-type granites have also been emphasized
(King et al., 1997; Patifio Douce, 1999; Costi, 2000).
There is increasing evidence that the variations shown by
A-type granites dominantly reflect contrasts in magma
sources and petrological processes and are, thus,
extremely relevant for the understanding of their
petrogenesis. On the other hand, the relevance of oxidized
A-type granites and their differences compared to ilme-
nite-series rapakivi granites were demonstrated in central
and southwestern United States (Anderson and Bender,
1989; Anderson and Smith, 1995; Barnes et al., 2002;
Anderson and Morrison, 2005) and eastern Amazonian
craton (Dall’Agnol et al., 1997a, 1999a,b,c, Rimo et al.,
2002; Dall’Agnol et al., 2005). Occurrences of oxidized,
magnetite-series A-type granites have also been described
in other continents (Rajesh, 2000; Bogaerts et al., 2003).
Several chemical and petrogenetic classifications for gra-
nites have been proposed (see summaries by Barbarin,

1999; Frost et al., 2001). However, it should be evaluated
how suitable they are for the discrimination of different A-
type granite groups.

Experimental studies direct or indirectly concerning A-
type magmas have been carried out (Clemens et al., 1986;
Skjerlie and Johnston, 1993; Patifio Douce and Beard,
1995; Patino Douce, 1997, Dall’Agnol et al., 1999c;
Scaillet and Macdonald, 2001, 2003; Klimm et al., 2003).
These studies established constraints for the origin and
evolution of different A-type granite groups.

The aim of this paper is to present the geochemical and
petrogenetic characteristics that can be used to distinguish
between the oxidized, magnetite-series A-type granites
from both other A-type granite groups, and calc-alkaline
granitoid series. To do this, the A-type granites of the
Carajas province of the Amazonian craton, Brazil, will be
compared with representative A-type granites, including
those of Laurentia—Baltica and Lachlan Fold Belt pro-
vinces, as well as with calc-alkaline, I-type orogenic gra-
nite series. In addition, major element geochemical
diagrams for A-type granite classification and discrimi-
nation will be evaluated. The petrogenesis of oxidized A-
type granites will be discussed taking into account cons-
traints established by experimental petrology. This will be
done in order to define the geochemical signature of oxi-
dized A-type granites and to clarify the processes involved
in their petrogenesis.

2. A-type granites of the Carajas province

A synthesis of the geological, tectonic, mineralogical,
geochemical, isotopic, and petrogenetic aspects of the
Paleoproterozoic A-type granites of the Carajas province
of the eastern Amazonian craton and a brief comparison
between them and the Mesoproterozoic A-type granites of
Fennoscandia and Laurentia was presented by Dall’ Agnol
et al. (2005). More detailed information on the A-type
granites of Carajas can be found in that paper and refe-
rences therein. The aspects more relevant to the present
paper will be reviewed in the following.

2.1. Geologic setting, geochronology and Nd isotope
geochemistry

The Archean Carajas province of the Amazonian
craton (Machado et al., 1991; Macambira and Lafon,
1995; Dall’Agnol et al., 1997b; Rdmo et al., 2002) is
divided into the Rio Maria Granite—Greenstone Terrane
(3.0 to 2.86 Ga), and the rift-related Carajas Basin (2.76
to 2.55 Ga), located, respectively, in the southern and
northern parts of the province. The Jamon, Serra dos
Carajas, and Velho Guilherme Paleoproterozoic A-type,
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rapakivi granite suites were recognized in the province
(Fig. 1). These three suites differ in the degree of oxidation
of their magmas and region of occurrence (see Dall’ Agnol
et al., 2005, and references therein). The oxidized granite
plutons of the Jamon suite are found in the Rio Maria
Granite—Greenstone Terrane (Dall’Agnol et al., 1997a;
Althoff et al., 2000; Souza et al., 2001; Ramo et al., 2002;
Dall’Agnol et al., 2005). The moderately reduced Serra dos
Carajas suite plutons are exposed in the Carajas Basin
(Dall’Agnol et al., 1994, 2005). The tin-mineralized,
reduced Velho Guilherme suite plutons are located in the
Xingu region, to the west of the province (Dall’Agnol et al.,

Archean
-] Velho Guilherme Suite Sedimentary Covers

Jamon Suite/Dikes [ | Undifferentiated Granitoids
@ Serra dos Carajas Suite E
‘:l Uatumi Volcanic Group

Parauari Granite

Neoproterozoic Paleoproterozoic

Araguaia Belt

Undifferentiated
Metavolcanosedimentary
sequences

52030°W

1993; Teixeira et al., 2002). The A-type granite plutons of
the Carajas province were formed at ~1.88 Ga (Machado
etal., 1991; Macambira and Lafon, 1995; Dall’Agnol et al.,
1999a,b; Teixeira et al., 2002; Dall’ Agnol et al., 2005), and
were emplaced in an extensional tectonic regime, as
indicated by dike swarms that are coeval with the granites
(Dall’Agnol et al., 2005). Lamarao et al. (2002, 2005) and
Dall’Agnol et al. (2005) postulated that the A-type granite
magmatism of the Carajas province was related to a
continental event that marks the beginning of the breakup
of the Paleoproterozoic continent formed at the end of the
Trans-Amazonian orogenic cycle.
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Fig. 1. (a) Location of the studied area in the Amazonian craton. (b) Simplified geological map of the Carajas Mining Province showing the distribution
of Paleoproterozoic A-type granites (modified from Dall’Agnol et al., 2005, and references therein). RMGGT—Rio Maria Granite—Greenstone
Terrane; CB—Carajas Basin; XR—Xingu Region. Inset in (a) shows the two exposed parts of the Amazonian craton—the Guiana shield in the north and

the Central Brazil shield in the south.
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Table 1

Modal compositions of the Paleoproterozoic A-type granites of the Jamon Suite

Bannach (4)

Musa (3)

Redencio (2)

Jamon (1)

HBMzG BMzG BMcG LMzG CBAMzG BHMzG HBMzG BMzG BMzP LMzG BHMzG HBMzG BMzG LMzG LSG CBHMzG BHMzG HBMzG BMzP LMzG

[9] [4] [14]

[11]

[3]

91
26.0

(1]

[15]

31.1

[3]

[10]

[8]

[10] [10]

(6]

33.0

[13]

25.7

345 33.6 26.1

26.4

18.2

28.0

27.8 24.7 30.9

29.0

29.3

359 30.1 33.0

30.2 28.6

Plagioclase
Alkali-

334 35.1 325 20.3 259 30.5 33.7 34.0 39.0 27.6 31.5 33.4 37.5 46.6 17.8 24.2 28.7 30.1 34.6

29.4

feldspar

Quartz

30.4 36.6 35.1

29.0

26.0
0.9

29.2 30.4 31.8 33.6 31.0 29.5 31.3 33.8 332

25.8

32.0 30.1 21.5

31.0

31.9

0.4
53

14
11.2

7.9

<0.1

1.7

Clinopyroxene
Amphibole
Biotite

1.4
3.8

0.3

16.4
7.5

0.3

1.7
3.8
0.3

4.0

0.3

<0.1 6.2 2.5 0.3

0.2

0.1

1.8

2.9

2.7
0.3

0.3

0.4
1.2

0.5

52
0.4

32
0.1

1.0
0.4
0.6

3.0
1.3

0.8

44

5.6
0,2

5.9
0.1

0.9

4.5

4.6
0.3

1.5
1.4

0.6
0.2

0.1

0.1

1.0
0.4
1.0

0.4

1.5 0.1

0.6

0.5

Chlorite
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0.7
0.2

0.3

1.9
0.1

3.8
0.4

0.2

0.6
0.5

1.7 0.8

0.6
0.1

1.8
0.8

2.1

35

0.7

0.8

0.8
0.5

Opaques
Titanite

0.3

0.8

0.4 <0.1

0.3

0.8

0.8

0.1 0.4

0.3

0.2
0.2
0.1

<0.1
0.1

0.1

0.1

0.1

0.1

<0.1

0.1

n.d.
n.d.

0.2

n.d.
n.d.

0.5

n.d.
n.d.

0.5

n.d.

Allanite

0.1

<0.1 <0.1 0.1
0.1

0.2

<0.1
0.1

Fluorite

<0.1
93.3
6.7

0.1

0.5

0.2 0.1

0.3

0.1

0.1 <0.1
93.0
6.9

0.1

0.2

0.4

OthersP ™2
Felsic

96.4
3.6

93.1
6.9

88.7

97.2 98.0 70.2
2.0

2.8

92.7
7.3

92.1
7.7

97.3 89.6

2.6

89.1 93.6
6.2

84.7

96.4 98.5 74.8
1.5

3.6

93.0
6.9

91.5
8.4

11.3

29.8

10.4

15.1 11.1

255

Mafic

clinopyroxene; H = hornblende; B =

zircon; C =

apatite; Zr =

not determined; Ap

(1) Dall’Agnol et al. (1994); (2) Oliveira (2001); (3) Gastal (1987) and Oliveira D.C. (unpubl. data); (4) Almeida et al., submitted for publication; [ ] number of averaged samples; n.d.

biotite; MzG

leuco.

porphyritic; L

microgranite; SG = syenogranite; P

monzogranite; McG =

Whole-rock Nd isotope data for the Jamon (Dall’ Ag-
nol et al., 1999b; Ramo et al., 2002), Velho Guilherme
(Teixeira et al., 2002), and Serra dos Carajas (Dall’ Agnol
et al., 2005) suites imply remarkably similar eng (at
1880 Ma) values, ranging generally from —10.5 to —7.9.
Data for the Jamon suite (R4mo et al., 2002) also indicate
that the plutons were not disturbed and have retained their
initial magmatic Nd isotope composition. The Nd isotope
composition of the Archean country-rock granitoids com-
plies with the idea that the Paleoproterozoic A-type Cara-
jas granites were derived from deeper parts of the Archean
crust (Dall’Agnol et al., 1999b; Rdamo et al., 2002;
Teixeira et al., 2002; Dall’Agnol et al., 2005).

2.2. Petrography and mineral chemistry

All three suites are composed essentially of granites
sensu stricto (monzogranite to syenogranite with rare
alkali feldspar granite; Dall’Agnol et al., 2005; modal
compositions of the oxidized Jamon Suite granites are
given on Table 1), with biotite or, in the less evolved facies,
biotite and hornblende as the major mafic phases. Locally
relict clinopyroxene crystals are associated with amphibole.
Muscovite is present only in evolved, hydrothermally
altered leucogranites. Isotropic, equigranular, coarse- or
medium-grained and seriated rocks are dominant in most of
the plutons. However, plagioclase mantled K-feldspar
megacrysts are observed in every pluton and are quite
common in some of them (e.g., Redencao, Bannach, and
Serra dos Carajas). Nevertheless, the texture of the
porphyritic facies of these plutons differs from typical
wiborgitic rapakivi textures (cf. Rimo and Haapala, 1995)
by the fact that tabular megacrysts are as common as ovoid
megacrysts and that mantled K-feldspar megacrysts are
subordinate relative to those unmantled by plagioclase.

The Fe/(Fe+Mg) in amphibole (0.47 to 0.73) and biotite
(0.6 to 0.70), Fe—Ti oxide mineral data, and experimental
studies (Dall’Agnol et al., 1997a, 1999¢, 2005) demon-
strate that the Jamon and associated felsic dike magmas
evolved in relatively oxidizing conditions, above the NNO
buffer. This is consistent with the presence of significant
modal magnetite and titanite in all the facies of this suite.

In the Antonio Vicente complex of the Velho Guil-
herme suite (Teixeira, 1999; Dall’ Agnol et al., 2005), the
amphibole and biotite of the less evolved monzogranites
have Fe/(Fe+Mg) between 0.74 and 0.85. In the alkali—
feldspar granite, Fe/(Fe+Mg) in the amphibole and asso-
ciated biotite are higher (0.95-0.98) than in the monzo-
granites. The biotite of the syenogranite has Fe/(Fe+Mg)
0f0.85-0.89 and in the more evolved leucogranites of this
suite, the mica is a siderophyllite with a Fe/(Fe+Mg)
higher than 0.9. Except in the amphibole-bearing
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monzogranite, where magnetite is found associated with
ilmenite and titanite, magnetite and titanite are absent or
very scarce. These data indicate that the dominant facies
of the Velho Guilherme suite evolved under reducing
conditions (Dall’Agnol et al., 2005). The amphibole-
bearing monzogranite evolved in moderately reducing
conditions, probably similar to those prevalent in the Serra
dos Carajas suite (see below).

In the Cigano pluton, representative of the Serra dos
Carajas suite, amphibole and biotite have, respectively,
Fe/(Fe+Mg) in the range 0.85-0.94 and 0.78—0.88. The
dominant Fe—Ti oxide mineral is magnetite, demonstrat-
ing that these granites crystallized at /O, above the FMQ
buffer. However, their high whole-rock, amphibole, and
biotite Fe/(Fe+Mg) ratios are compatible with those of
reduced granites. This was interpreted to imply oxygen
fugacity just a little above the FMQ buffer (Dall’ Agnol
et al., 2005).

2.3. Elemental geochemistry

Representative chemical compositions of the major
facies of some Jamon Suite plutons are given in Table 2.
Previous works (Dall’Agnol et al., 1993, 1994; Barros
et al., 1995; Dall’Agnol et al., 1999b; Dall’ Agnol et al.,
2005) have shown that granites from the three Carajas
suites plot in the A-type field in the geochemical
classification of Whalen et al. (1987) and in the within-
plate field of Pearce et al. (1984). They also show
geochemical affinity with Finnish rapakivi granites
(Figs. 2, 3; see Dall’Agnol et al., 1999a). Compared to
the oxidized Jamon suite granites, the reduced and
moderately reduced granites of the Velho Guilherme and
Serra dos Carajas suites show a geochemical signature
more similar to that of the A-type rapakivi granites.
These have higher FeOy/(FeO,+MgO), K,0/Na,O
(Fig. 2d,e), and HFSE contents than the Jamon Suite
granites. The granites have silica content >65 wt.%,
generally >70 wt.%, and are metaluminous to mildly
peraluminous, ferroan granites according to the termi-
nology of Frost et al. (2001; see Fig. 2c,d).

2.4. Magnetic susceptibility and Fe—Ti oxides

Magnetic susceptibility (MS) decreases from the
oxidized Jamon suite (1.05% 10 > to 54.73 x 10>, most
values >5.0x 10~ >; MS in International System volume
units) to the moderately reduced Serra dos Carajas suite
(1.0x107% to 5.0x107%); the lowest values are found
in the syenogranites of the Velho Guilherme suite
(<1.0x107%). The Jamon suite granites are typical
magnetite-series according to the terminology of Ishi-

hara (1981) with modal contents of Fe—Ti oxide min-
erals generally between 0.5 and 2% and magnetite
dominant over ilmenite. Compared to Jamon, the Serra
dos Carajas suite granites and the amphibole-bearing
monzogranite of the Antonio Vicente complex (Velho
Guilherme suite) have lower contents (<1%) of mag-
netite and ilmenite. It is important to realize that the
moderately reduced Serra dos Carajas granites and the
amphibole-bearing monzogranite of the Velho Guil-
herme suite have more than 0.1% modal magnetite and
thus belong to the magnetite-series (Ishihara, 1981). The
Velho Guilherme suite syenogranites, with opaque
mineral contents generally <0.1%, and magnetite absent
in most of the studied samples, classify as ilmenite-series.

3. Comparison with the Proterozoic A-type granites
of Fennoscandia and Laurentia

The country rocks and probably also the sources of
the Paleoproterozoic, A-type granites of Carajas region
are all Archean and the three studied granite suites are
practically coeval (~1.88 Ga; Dall’Agnol et al., 2005).
In contrast, in Fennoscandia and Laurentia the granite
magma sources, with the exception of the Salmi ba-
tholith (R&mo6 and Haapala, 1995; Amelin et al., 1997),
are essentially Paleoproterozoic to Mesoproterozoic and
the ages of the granites show significant variation (~ 1.7
to 1.1 Ga). The three Carajas suites evolved in varying
/O, conditions, but do not exactly correspond to the
three main granite groups identified in Laurentia by
Anderson and Bender (1989). The oxidized Jamon suite
granites crystallized at fO, conditions near the NNO
and HITMQ (Wones, 1989) buffers and are similar to
the magnetite-series granites of Laurentia (Anderson
and Morrison, 2005). The dominant syenogranites of the
Velho Guilherme Suite are ilmenite-series. The amphi-
bole-bearing monzogranite of the Antonio Vicente
complex (Velho Guilherme suite) and the Serra dos
Carajas granites are magnetite-bearing granites but are
also relatively reduced. The Serra dos Carajas and Velho
Guilherme granites evolved in /O, conditions similar to
those of the rapakivi granites of Laurentia and Fenno-
scandia and thus have affinities with the classic rapakivi
series (R&mo and Haapala, 1995). Peraluminous two-
mica granites, similar to those in Laurentia (Anderson
and Morrison, 2005), have not been found in Carajas.

4. Granite classifications and their applicability to
A-type rapakivi granites

The alphabetic classification, developed initially for
I- and S-type granites of the Lachlan Fold Belt of
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Table 2
Chemical compositions of representative samples of the Paleoproterozoic A-type granites of the Jamon Suite

Jamon (1) Redencdo (2) Musa (3)

HBMzG BMzG LMzG CBAMzG BHMzG HBMzG BMzG BMzP  LMzG BHMzG

AU 391 AU375 AU397 AU376 DCR34 DCR63A JCR09 JCROID JCRO7 DCRO07 KM 144B
Si0, (wt.%) 71.12 75.97 66.10 71.10 70.70 74.20 74.40 76.00 69.18
TiO, 0.72 0.10 1.20 0.60 0.44 0.30 0.22 0.12 0.64
AlLO; 12.42 13.70 13.10 13.50 14.20 13.30 13.10 13.10 13.21
Fe,03 4.52% 0.28 3.47 2.19 1.24 1.31 1.01 0.65 4.69*
FeO n.d. 0.38 3.36 1.54 2.03 0.62 0.53 0.31 n.d.
MnO 0.07 0.01 0.13 0.07 0.06 0.05 0.04 0.03 0.06
MgO 0.68 0.04 1.10 0.60 0.46 0.22 0.18 <0.10 0.88
CaO 2.40 1.00 2.80 2.10 1.60 1.10 0.67 0.55 2.37
Na,O 3.37 3.87 3.70 3.70 3.50 3.50 3.40 3.10 3.59
K,0 3.70 4.06 3.90 4.20 4.80 5.10 5.30 5.40 4.01
P,0s5 0.32 0.01 0.42 0.22 0.14 0.05 0.04 0.01 0.32
LOI 0.30 0.57 0.32 0.38 0.35 0.31 0.73 0.17 0.53
Total 99.62 99.99 99.60 100.2 99.52 100.1 99.62 99.44 99.48
Ba (ppm) 1320 99 919 1498 1310 909 489 32 1056
Rb 100 159 151 139 193 204 281 396 172
Sr 246 41 241 332 271 196 122 27 232
Zr 397 57 686 377 353 258 240 126 299
Nb 19 17 29 16 20 21 24 21 16
Y 65 14 80 50 43 71 62 30 47
Ga 26 n.d. 26 26 25 23 27 27 19
Sc 13 n.d. 14 <10 15 10 <10 <10 9.3
Th 9 n.d. <5 <5 <5 <5 <5 <5 23
U 3.7 n.d. <10 <10 <10 <10 <10 <10 n.d.
\% 23 n.d. 53 22 14 <10 <10 <10 44
Cr 8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 15
Co 5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 14
Ni 5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 13
Cu 11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 11
Zn 69 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 58
La 89.75 n.d. 102.9 60.5 82.0 71.8 56.8 11.9 88.13
Ce 154.6 n.d. 196.5 120.9 146.7 139.7 114.4 319 152.3
Nd 71.77 n.d. 84.5 48.4 46.6 51.7 36.3 9.2 65.87
Sm 14.53 n.d. 14.9 8.1 8.4 9.3 6.6 1.8 12.99
Eu 2.65 n.d. 1.6 1.5 1.4 1.4 0.7 0.2 2.12
Gd 11.88 n.d. 11.8 6.3 6.0 7.6 5.0 1.3 10.43
Dy 10.71 n.d. 7.9 4.4 38 5.0 3.9 0.8 8.77
Er 6.14 n.d. 3.7 2.3 1.7 3.6 2.1 0.4 4.89
Yb 5.98 n.d. 2.9 1.8 1.2 2.8 1.9 0.4 4.71
Lu 0.87 n.d. 0.4 0.3 0.2 0.4 0.3 0.1 0.76
FeO/(FeO,+MgO) 0.86 0.94 0.87 0.87 0.88 0.90 0.90 0.92 0.83
K,0/Na,0O 1.10 1.05 1.05 1.14 1.37 1.46 1.56 1.74 1.12
Eu/Eu* 0.62 n.d. 0.35 0.61 0.57 0.49 0.37 0.29 0.56
(La/Lu)y 10.71 n.d. 26.70 20.94 42.59 18.63 19.66 12.37 12.04

(1) Dall’Agnol et al. (1994); (2) Oliveira (2001); (3) Dall’Agnol et al. (1999b); (4) Almeida et al. (submitted for publication); n.d. = not determined;
* = Fe,05 as total; C = clinopyroxene; H = hornblende; B = biotite; MzG = monzogranite; McG = micro-granite; SG = syenogranite;
P = porphyritic; L = leuco.

Australia (Chappell and White, 1974, 2001), was
expanded (Collins et al., 1982; King et al., 1997,
2001) to include A-type granites (originally defined by
Loiselle and Wones, 1979). This classification has been
largely adopted around the world; it has, however, been
more commonly used as a geochemical rather than

genetic classification. There has also been dispute
regarding the source of the granite magmas and tectonic
settings inherent in this classification (e.g., Whalen et al.,
1987; Pitcher, 1993; Frost et al., 2001).

In the Lachlan Fold Belt, A-type granites are sub-
ordinate relative to I- and S-type granites (Collins et al.,
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Bannach (4)

HBMzG BMzG LMzG LSG CBHMzG BHMzG HBMzG BMzP LMzG
KM 32 CRE 37A CRE 37B CRE 140E ADR 1361 ADR 67 ADR 241 ADR 45B ADR 28B
71.80 72.62 74.97 76.20 58.12 70.39 72.36 75.70 76.86
0.45 0.38 0.20 0.08 241 0.56 0.42 0.33 0.15
13.08 12.66 12.35 12.28 9.17 13.09 12.75 11.11 11.45
3.41% 2.86* 1.95% 1.18% 6,87 2.71 2.09 1.90 1.23
n.d. n.d. n.d. n.d. 8.86 1.00 0.95 0.64 0.10
0.04 0.07 0.02 n.d. 0.29 0.06 0.05 0.03 0.03
0.56 0.36 0.20 0.04 2.48 0.46 0.35 0.25 0.09
1.85 1.53 0.85 0.60 3.31 2.01 1.66 0.85 0.64
3.52 341 347 3.44 1.92 3.38 3.20 2.60 2.88
4.57 4.62 5.05 5.30 3.10 4.14 4.56 4.61 5.14
0.29 0.22 0.13 0.13 0.79 0.16 0.11 0.06 0.03
0.54 0.68 0.60 0.59 1.00 0.90 0.60 0.80 0.40
100.01 99.41 99.79 99.84 99.31 98.97 99.21 98.95 99.01
1053 698 216 282 427 1373.40 988.20 641.20 237.70
170 210 179 259 202 150.30 168.40 183.50 180.80
181 142 66 50 107 211.20 166.60 117.20 46.10
278 212 126 90 1683 394.70 317.60 276.40 125.40
14 20 19 12 65 21.90 21.30 10.10 17.20
34 46 22 7 234 55.00 57.50 27.50 22.20
23 23 23 14 26 20.30 19.40 18.60 18.70
7.9 54 3.7 1.7 33 9.00 8.00 3.00 2.00
25 35 75 39 15 18.90 22.50 41.20 13.00
n.d. n.d. n.d. n.d. 7 2.80 3.30 4.20 2.40
26 16 5 5 129 21.00 11,00 6.00 <5

18 7 17 12 n.d. n.d. n.d. n.d. n.d.
16 13 19 20 n.d. n.d. n.d. n.d. n.d.
14 7 11 8 n.d. n.d. n.d. n.d. n.d.

8 5 5 11 n.d. n.d. n.d. n.d. n.d.
54 56 38 12 n.d. n.d. n.d. n.d. n.d.
61.15 87.91 173.6 33.61 157.90 88.90 99.70 197.00 35.60
108.1 140.1 198.5 54.72 378.90 185.30 210.20 409.80 66.40
44.28 47.20 46.15 14.30 206.80 70.40 75.50 103.90 23.40
9.0 8.76 6.75 2.85 43.80 12.20 13.20 11.80 4.00
1.55 1.28 0.81 0.52 2.43 2.32 1.80 1.29 0.60
8.45 6.79 5.21 3.22 39.32 10.26 10.17 6.70 3.51
5.84 5.98 3.48 1.44 36.72 9.08 9.45 4.51 3.57
3.34 3.76 2.48 1.15 21.53 5.42 5.57 2.62 2.22
3.37 431 3.33 1.49 17.90 4.84 4.54 2.53 2.35
0.65 0.86 0.71 0.34 2.58 0.74 0.69 0.44 0.38
0.85 0.88 0.90 0.96 0.86 0.88 0.89 0.90 0.93
1.38 1.35 1.46 1.54 1.61 1.22 1.43 1.77 1.78
0.54 0.51 0.42 0.52 0.18 0.63 0.47 0.44 0.49
9.77 10.61 25.38 10.26 6.33 13.18 15.75 55.85 10.87

1982; Whalen et al., 1987; King et al., 1997, 2001). King
et al. (1997) emphasized the geochemical contrasts
between true peralkaline and other A-type granites of
the Lachlan Fold Belt and designated the latter as ‘alu-
minous A-type granites’ based on their metaluminous to
weakly peraluminous character. However, King et al.

(2001) suggested the abandon of this terminology. They
also stated that the Lachlan A-type granites are distin-
guished from felsic I-type granites by a greater abundance
of high-field-strength elements and that they were
produced by high-temperature, partial melting of quartz-
feldspathic crustal sources, with limited H,O content,
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relatively low fO, and relatively high (TiO,+ FeO,)/
MgO. Magnetite found in some of the Australian A-type
granites was interpreted as secondary, and most of the
Wangrah Suite granites evolved under reduced condi-
tions, below the FMQ buffer (King et al., 2001). The A-
type granites of Lachlan show relatively limited variation
and, except for the Watergums granite that contains 0.2%
modal magnetite (Clemens et al., 1986), magnetite-series
granites were not generally described from the area.
Accordingly, the White and Chappell classification can be
useful to distinguish between I-, S-, and A-type granites of
Lachlan, but it does not discriminate different A-type
granite groups described from elsewhere.

Ishihara (1977, 1981) proposed a non-genetic classi-
fication for granites on the basis of magnetite content
and magnetic susceptibility. The magnetite-series granites
have more than 0.1 vol.% of magnetite and the ilmenite-
series granites are magnetite-free. This classification was
developed for the granites of Japan and has been extended
to the circum-Pacific orogenic belt and also to anorogenic
environments (Takahashi et al., 1980; Ishihara, 1981;
Anderson and Bender, 1989; Dall’Agnol et al., 1997a).
The contrasts between these series are considered to be
related to differences in oxygen fugacity during magma
evolution, the magnetite-series granites being oxidized
and the ilmenite-series reduced. This classification has
been applied to the Mesoproterozoic A-type granites of
Laurentia and Fennoscandia (Anderson and Cullers,
1999; Anderson and Morrison, 2005). It presents,
however, some contradictory aspects that need discussion.
As observed in the Carajas region, some A-type granites
that clearly classify as oxidized magnetite-series accord-
ing to the terminology of Ishihara can also have high FeO/
(FeO+MgO) ratios in whole-rock, amphibole, and
biotite; this indicates that they evolved at relatively
reducing conditions, probably not far from the FMQ
buffer. On the other hand, granites which formed at
moderately reduced conditions, on or a little above FMQ,
can have significant modal contents of magnetite. These
granites were formed in /O, conditions between those of
the ilmenite-series granites and the typical oxidized
magnetite-series granites. Even granites and rhyolites
with the classic fayalite+magnetite+quartz assemblage,
that were unequivocally formed under low oxygen fuga-
city (FMQ; e.g., Frost, 1991), can have significant modal
contents of magnetite (Galindo et al., 1995; Dall’Agnol
et al., 1999d; McReath et al.,, 2002). These granites
display magnetic susceptibility values that are higher than
those of the ilmenite-series granites, which are devoid of
magnetite. Hence not all magnetite-series granites of
Ishihara (1981) have been evolved in oxidizing conditions
and thus other aspects than Fe—Ti oxide minerals should

be used to distinguish them from the calc-alkaline or
oxidized A-type magnetite-series granites.

Eby (1990, 1992) scrutinized the trace element com-
position of A-type granites and identified significant
differences in their signatures. He proposed to divide the
A-type granites into two subgroups (Al and A2) with
contrasting petrogenesis. The oxidized A-type granites
(see Anderson and Bender, 1989, for Laurentia;
Dall’Agnol et al., 1999b, for Amazonia), the rapakivi
granites of Fennoscandian shield, and the A-type granites
of Lachlan, all display the geochemical characteristics of
the A2 subgroup. In contrast, the White Mountain Series
and the Shira Nigerian Younger A-type granites are both
classified as A1 (see Dall’Agnol et al., 1999b).

Barbarin (1999) proposed tectonic, geological, and
geochemical criteria to distinguish between different
granite series. He identified strongly peraluminous (S-
types and their variants), calc-alkaline orogenic, and arc
or mid-ocean tholeiitic granitoids. However, on that
classification, A-type granites are represented only by
peralkaline granites of inferred mantle origin. The
metaluminous to mildly peraluminous A-type granites,
represented by the rapakivi and similar A-type granites
of crustal origin (Ramo and Haapala, 1995; Dall’Agnol
et al., 1999a; Bettencourt et al., 1999) are not clearly
represented in Barbarin’s classification.

Patifio Douce (1999) distinguished six groups of
felsic ‘granitic’ rocks on the basis of major element
composition, petrogenesis, and tectonic setting: peralu-
minous leucogranites, S-type granites, peraluminous
Cordilleran granites, calc-alkaline granites, metalumi-
nous alkali-rich granites (MAGS), and rhyolites associ-
ated with continental flood-basalt provinces (FBRS).
The MAGS are predominantly metaluminous A-type
granites and rhyolites, including rapakivi granites. Strong-
ly peralkaline granites and their volcanic equivalents as
well as strongly peraluminous topaz rhyolites are ex-
cluded from MAGS by Patifio Douce (1999). The FBRS
are distinctly metaluminous Fe-rich rocks that share some
characteristics with MAGS. The clear differences be-
tween MAGS and peralkaline granites (Patifio Douce,
1999) require a refined classification of these two A-type
granite groups. Patiflo Douce’s criteria to distinguish
strongly peraluminous topaz rhyolites from MAGS are
less evident, not least in view of the fact that topaz-bearing
granites, similar in mineralogy and geochemistry to topaz
rhyolites (Christiansen et al., 1986; Christiansen, 2003),
are commonly associated with the more evolved facies of
rapakivi granites (Haapala, 1977, 1995; Dall’ Agnol et al.,
1999a; Bettencourt et al., 1999; Lenharo et al., 2002).
According to Patifio Douce (1999), peraluminous leuco-
granites are the only group that represents pure anatectic
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crustal melts™ the other groups correspond to crystal-rich
magmas with residual phases or hybrid melts resulting
from interaction of crustal rocks with mafic mantle-
derived magmas.

Frost et al. (2001) proposed a non-genetic classification
for granitic rocks considering their major element
compositions. Their classification scheme uses three
major element chemical parameters, the Fe-number (Fe
or Fe*), the modified alkali-lime index (MALI) and the
aluminum saturation index (ASI) to distinguish 16
different kind of granites independent of their magma
sources or tectonic environment. The Fe* parameter [FeOy/
(FeO+MgO)] is a good discriminant between A-type and
Cordilleran granites and also quite useful for a preliminary
identification of A-type granites. In the FeOy/(FeO,+MgO)
vs. Si0O, diagram proposed by Frost et al. (2001) (Fig. 2d),
A-type granites plot systematically in the ferroan field
(high Fe*). However, in the Na,0O+K,0—CaO (MALI)
vs. SiO, diagram (Fig. 2b), A-type granites spread across
several fields. This is probably due to the fact that whole-
rock Al,O5 content, commonly employed as a discrimi-
nating parameter (Irvine and Baragar, 1971; Ringwood,
1975; Wilson, 1989) is not considered in MALL

Most of the classifications reviewed above do not
discriminate the different A-type granite groups and some
of them are unable to distinguish oxidized, magnetite-
series A-type granites from the orogenic calc-alkaline and
I-type granites.

5. Geochemical distinction of oxidized A -type granites

As emphasized by Patifio Douce (1999) and Frost
et al. (2001), it is profitable to use major element
chemical composition for granite classification, whereas
genetic connotations should be left out. We will take the
classification scheme of Frost et al. (2001) and the group
of metaluminous, alkali granites (MAGS) of Patifio
Douce (1999) as a starting point for our refined geo-
chemical characterization of A-type granites. The
scheme of Patifio Douce (1997) will also be used, main-
ly to differentiate between A-type and calc-alkaline
granitoids.

In search of distinctive geochemical characteristics of
oxidized, rapakivi A-type granites, we have employed a
data set (available on request from the authors) with
representative geochemical data from (1) the Carajas
region granites (Jamon, Serra dos Carajas, and Velho
Guilherme suites, Dall’Agnol et al., 2005); (2) the Fin-
nish rapakivi granites (Wiborg area, Rdmo, 1991, Ramo
and Haapala, 1995; Bodom and Obbnis plutons,
Kosunen, 1999—the Bodom and Obbnas plutons were
chosen because they dominant facies show significant

differences in whole-rock FeO./(FeO;+MgO) ratios);
(3) the Mesoproterozoic magnetite-series granites of
Laurentia (Anderson and Bender, 1989); (4) the A-type
granites of the Lachlan Fold Belt (King et al., 1997,
2001); (5) the Ambalavayal A-type granite (Rajesh,
2000); (6) calc-alkaline Cordilleran granitoids (Sierra
Nevada and Tuolumne batholiths; samples with more
than 60 wt.% of SiO, from the data set of Frost et al.,
2001). Peralkaline granites have not been included,
because they form an independent group of A-type
granites. In the plots presented here, the Jamon suite
samples, corresponding to the oxidized A-type granites
of Carajas, are represented individually. The other suites
are represented as fields, except for the average compo-
sitions of the main granite facies of the Bodom and
Obbnis plutons (Kosunen, 1999).

The data are shown in a selection of the diagrams
proposed by Patifio Douce (1997) and Frost et al. (2001)
in Fig. 2. In the CaO vs. SiO, plot (Fig. 2a), the selected
A-type granites have lower CaO contents than calc-
alkaline granites but define fields that are almost parallel
to the calc-alkaline field. In general, the Jamon suite
granites plot in the area of overlap between the calc-
alkaline and A-type fields, and extend into the A-type
field (silica-rich samples) and the calc-alkaline field
(silica-poor samples). They also plot almost in the same
area as the Finnish rapakivi granites and the magnetite-
series granites of the United States. The reduced Velho
Guilherme suite granites of Carajas plot in the A-type
field of Patifio Douce (1997). In the Na,O+K,O—CaO
vs. Si0, diagram (Fig. 2b), the A-type granite suites plot
preferentially in the calc-alkalic and alkali-calcic fields
(Frost et al., 2001). The Jamon suite samples are
concentrated in the calc-alkalic field. The magnetite-
series granites of the United States are enriched in
alkalies compared to the Jamon granites and in part fall
into the alkali field. In the A/CNK vs. SiO, diagram
(Fig. 2c), the fields of A-type granites and calc-alkaline
granites are partially superposed. It is clear that these
diagrams do not clearly discriminate A-type granites
and calc-alkaline granites.

On the other hand, in the FeO,/(FeO;+MgO) vs. SiO,
(Frost et al., 2001) and K,0/Na,O vs. SiO,, TiO,/MgO
vs. SiO, (Patifio Douce, 1997) diagrams (Fig. 2d,e,f),
the selected A-type granites are concentrated in the A-
type and ferroan fields, and are better discriminated
from calc-alkaline and Cordilleran granites. Compared
to the latter, A-type granites show generally higher
FeO/(FeO;+MgO), K,0/Na,O, and TiO,/MgO. Some
of the differences in the selected A-type granite fields
and the fields of Patifio Douce (1997) relate to the fact
that some peralkaline granites are included in the

77



10 R. Dall’Agnol, D.C. de Oliveira / Lithos xx (2006) xxx—xxx

indicated A-type field (Patifio Douce, 1997; see NK/A The oxidized Jamon suite granites display geochem-
plot, his Fig. 1) and that dispersed samples with less than ical trends that are similar to those of the magnetite-
70 wt.% SiO, are not represented in our schematic field. series granites of Laurentia (Fig. 2a to f), however the
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Fig. 3. Whole-rock CaO/(FeOt+MgO+TiO,) vs. CaO+ Al,03 (a), CaO/(FeOt+MgO+TiO,) vs. Al,O; (b), FeOt/(FeOt+MgO) vs. Al,O3 (c), and
FeOt/(FeOt+MgO) vs. Al,O5/(K,0/Na,0) (d) diagrams showing composition of representative oxidized and reduced A-type granites compared with
calc-alkaline granites. Calc-alkaline fields are based on Sierra Nevada and Tuolumne granitoids with >60 wt.% of SiO, (Frost et al., 2001). Data
sources from A-type granites as in Fig. 2.

lower K,O/Na,O and higher SiO, of Jamon distinguish granites show the lowest FeOy/(FeO+ MgO) and fall in

this suite from the Laurentian granites in some of the plots. both the magnesian and ferroan fields (Fig. 2d). The
The fields of rapakivi granites and the reduced Velho Ambalavayal granites display also the lowest TiO,/MgO
Guilherme and Serra dos Carajas granites are similar to ratios (Fig. 2f).

those of the oxidized granites, but their FeO,/(FeO,+MgO) Patifio Douce (1999) compared Cordilleran granites,
and TiO,/MgO ratios are generally higher than in the A- metaluminous A-type granites and basalt plateau
type oxidized granites (Fig. 2d,f). The Ambalavayal rhyolites with the composition of experimental melts
granites and some samples of the Lachlan Belt A-type from varied sources. He showed that the CaO/(FeO,+

Fig. 2. Whole-rock (a) CaO vs. SiO,, (b) Na,0+K,0—CaO vs. SiO,, (c) [Al,03/(CaO+Na,O+K,0)]vor vs.Si0,, (d) FeOt/(FeOt+MgO) vs. SiO,,
(e) K»O/Na,O vs. SiO,, and (f) TiO,/MgO vs. SiO, diagrams showing composition of representative A-type granites compared with calc-alkaline
granites. A-type and calc-alkaline granite fields in (a), (e), and (f) from Patifio Douce (1997); alkalic, alkalic-calcic, calc-alkalic, and calcic fields in
(b) and Fe* divide line, magnesian Cordilleran granites and ferroan A-type granites fields in (d) are from Frost et al. (2001a). Data sources: Rdmo and
Haapala (1995) [Finnish rapakivi plutons from the Wiborg area]; Kosunen (1999) [Bodom and Obbns rapakivi plutons, southern Finland]; Anderson
and Bender (1989) [Mesoproterozoic magnetite-series granites of the United States]; King et al. (1997, 2001) [Lachlan Fold Belt A-type granites];
Rajesh (2000) [Ambalavayal granites]; Dall’Agnol et al. (2005, and references therein) [Carajas A-type granite suites?Jamon (oxidized), Serra dos
Carajas (moderately reduced), and Velho Guilherme (reduced); Frost et al. (2001) (calc-alkaline field in (c), Sierra Nevada and Tuolumne granitoids
with >60 wt.% of SiO,].
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MgO+TiO,) ratio and CaO+ Al,O; contents are useful
in discriminating A-type and calc-alkaline granites. Ac-
cordingly, we have plotted the selected granites in the
CaO/(FeO,+MgO+TiO,) vs. CaO+Al,0O5 diagram
(Fig. 3a). Clearly distinct fields for the calc-alkaline
granites and A-type granites emerge—this reflects the
lower CaO and Al,O5 contents of A-type granites and
stresses the contrast in Al,Os content between these
granite types. In fact, Al,O; content is a critical
parameter in the characterization of calc-alkaline series
(Irvine and Baragar, 1971; Ringwood, 1975; Wilson,
1989) and it should be considered in the geochemical
distinction of these two granite series. It turns out that
the CaO/(FeO,+MgO+TiO,) vs. Al,O5 diagram (Fig. 3b)
offers a good discrimination between A-type and calc-
alkaline granites. However, in these diagrams (Fig. 3a,b),
the fields of oxidized and reduced A-type granites are
largely superposed, and these diagrams are not useful in
distinguishing these two A-type granite groups.

As the next step, Al,O5 was plotted against FeOy/(FeOy
+MgO) (Fig. 3c), a parameter for evaluation of the oxi-
dizing character of magmatic rocks (Frost, 1991; Emslie,
1991; Frost et al., 2001; Anderson and Morrison, 2005;
see Fig. 2d). This plot discriminates A-type and calc-
alkaline granites, and allows a clear distinction between
oxidized and reduced A-type granites. Due to their rela-
tively low FeO¢/(FeO,+MgO) ratios, the Jamon suite
samples and the magnetite-series granites of the United
States are partially superposed with the calc-alkaline gra-
nite field. The FeOy/(FeO;+MgO) vs. Al,05/(K,0/Na,O)
diagram (Fig. 3d) employs some prominent geochemical
parameters for the distinction of A-type granites (high in
FeO/(FeO;+MgO) and K,O/Na,O) and calc-alkaline
granites (high in Al,O3). This diagram discriminates calc-
alkaline and A-type granites and also allows a good
distinction between oxidized and reduced A-type
granites.

It is concluded that: (1) the FeO/(FeO;+MgO) vs.
Si0,, K,0/Na,O vs. SiO,, and TiO,/MgO vs. SiO,
diagrams (Fig. 2d,e,f), as well as the new proposed
CaO/(FeO+MgO+TiO,) vs. CaO+Al,O; and CaO/
(FeO;+ MgO+TiO,) vs. Al,O3 diagrams (Fig. 3a,b),
are well suited to distinguish between A-type and calc-
alkaline granites; (2) the oxidized A-type granites are
geochemically distinct from I-type, calc-alkaline or
Cordilleran granitoids and similar in most geochemical
aspects to typical A-type, including rapakivi, granites;
and (3) the FeO/(FeO;+MgO) vs. Al,O3; and FeO/
(FeO+MgO) vs. Al,03/(K,0/Na,0) diagrams (Fig. 3c,
d) can be used to distinguish oxidized and reduced A-
type granites, as well as for general discrimination of A-
type from calc-alkaline granites.

6. FeO./(FeO.+MgO) ratio vs. magnetite-series
and ilmenite-series

Anderson and Morrison (2005) stated that whole-
rock FeOy/(FeO;+MgO) ratios of magnetite-series gran-
ites of Laurentia typically range between 0.80 and 0.88,
while those of ilmenite-series granites are generally
higher (>0.88). Similar values (Figs. 2d, 3c,d) are
shown by, respectively, the oxidized Jamon granites
(0.83 to 0.94; Dall’Agnol et al., 1999c; Oliveira, 2001;
Dall’Agnol et al., 2005) and the reduced Velho Guilherme
and moderately reduced Serra dos Carajas granites (0.89
to 0.99; Teixeira, 1999; Dall’Agnol et al., 2005). How-
ever, some ilmenite-series granites of Laurentia (Ander-
son and Morrison, 2005; their Fig. 2) and some Finnish
rapakivi granites (Fig. 3c,d) display whole-rock FeOy/
(FeO+MgO) ratios lower than 0.88 and can not be
distinguished from magnetite-series by this parameter.
The Bodom and Obbnis plutons are good examples of the
contrasts in whole-rock FeOy/(FeO;+MgO) ratios ob-
served in rapakivi granites (Fig. 2d). The Bodom granites
have higher whole-rock, biotite, and amphibole FeOy/
(FeO+MgO) compared to Obbnds (Kosunen, 1999,
2004; see Dall’Agnol et al., 2005). The dominant granitic
facies of Obbnis contains primary titanite and undefined
iron oxide minerals as accessory minerals (Kosunen,
1999) and has whole-rock FeO,/(FeO,+MgO) similar to
those of Jamon and magnetite-series granites of Laurentia
(Fig. 3c,d). However, FeOy/(FeO,+MgO) in biotite and
amphibole from Obbnis is high (~0.85-0,80; Kosunen,
2004) and similar to what is observed for moderately
reduced A-type granites. This suggests that whole-rock
and mafic mineral FeOy/(FeO;+MgO) ratios must be
employed with caution to define the reduced or oxidized
character of A-type granites. There is a partial overlap
between the fields of rapakivi granites, representative of
the ilmenite-series, and oxidized, magnetite-series gran-
ites (Fig. 3c,d). This indicates that, for granites with
whole-rock FeOy/(FeO,+MgO) ratios near the limit for
both series (0.88, as proposed by Anderson and Morrison,
2005), other aspects besides this ratio need to be
considered in search of magmatic /O, values. The iden-
tities and modal contents of Fe—Ti oxide minerals will be
extremely relevant in this respect (see Ishihara, 1981;
Frost, 1991; Dall’Agnol et al., 1997a).

Another aspect of the same problem is illustrated by
some A-type granites of Carajas, e.g., the Cigano granite
(Dall’Agnol et al., 2005), which contain magnetite and
are classified as magnetite-series, but also display very
high whole-rock, biotite, and amphibole FeO/(FeO,+
MgO) ratios, indicating crystallization in relatively
reducing conditions. This suggests that the magnetite-
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series and ilmenite-series granites, as originally defined
by Ishihara (1977, 1981), and, respectively, oxidized
and reduced A-type granites, cannot always be consid-
ered strictly equivalent.

The A-type granites of the Lachlan Fold Belt have
been generally interpreted as reduced (see King et al.,
1997, 2001). However, whole-rock FeO/(FeO,+MgO)
ratios in these granites tend to be lower than in other A-
type granites (see Frost et al., 2001) and their fields (Fig.
3c,d) are superposed with both ilmenite-series and mag-
netite-series granites. This suggests that the Lachlan A-
type granites were crystallized from both reduced and
oxidized magmas. This hypothesis is reinforced by the
content (0.2% modal) of early magmatic magnetite in
the Watergums granite (Clemens et al., 1986; see their
Fig. 1).

The Ambalavayal granites contain primary titanite
and magnetite and whole-rock FeOy/(FeO,+MgO) ratios
similar or even lower than those of oxidized A-type
granites (0.76 to 0.90; Rajesh, 2000; Fig. 3c,d). They
evolved in oxidizing conditions, around or above NNO
(Rajesh, 2000), and should also be classified as magne-
tite-series (Ishihara, 1981). However, the FeO/(FeO,+
MgO) ratios in amphibole and biotite are extremely high
(>0.95; Rajesh, 2000) and coincident with those shown
by ilmenite-series granites (Anderson and Bender, 1989;
Anderson and Smith, 1995; Ramé and Haapala, 1995;
Frost and Frost, 1997; Frost et al., 1999; Anderson and
Morrison, 2005). The reason for this ambiguous behav-
ior is not clearly understood.

It is concluded that: (1) all magnetite-bearing granites
are not necessarily oxidized and there is not a strict
equivalence between the magnetite-series and ilmenite-
series classification of Ishihara (1981) and, respectively,
reduced and oxidized granites in general; (2) whole-rock
and mafic mineral FeOy/(FeO;+MgO) ratios must be
employed with caution to define the reduced or oxi-
dizing character of A-type granites near the boundary of
ilmenite and magnetite-series granites; (3) definition of
nature and modal contents of Fe—Ti oxide minerals of
A-type granites, coupled with mineralogical and geo-
chemical data, are relevant for estimation of /O, con-
ditions during magma crystallization.

7. Experimental constraints on the origin of oxidized
A-type granites

Clemens et al. (1986) carried out crystallization ex-
periments on the Watergums A-type granite at a pressure
of 1 kbar, £ O, at FMQ+0.3 and variable water contents in
melt. The studied rock is a low-CaO (1.24 wt.%)
syenogranite containing modal biotite, amphibole, and

magnetite (1.5, 0.7, and 0.2 vol.%, respectively). The low
pressure favored water saturation at relatively low water
content in melt (~4 wt.% H,0) and, associated with low
CaO content (see experimental results at 2 kbar in the
AB422 granite of Wangrah Suite with similar CaO
content; Klimm et al., 2003), inhibited amphibole
crystallization in experiments. The liquidus phases were
magnetite or quartz, depending on the water content, both
followed by plagioclase and at lower temperature
clinopyroxene. Clemens et al. (1986) estimated high
temperatures (>830 °C) and appreciable water contents
(2.4 to 4.3 wt.%) for the Watergums granite magma.

Patifio Douce and Beard (1995) performed vapor-
absent dehydration melting and some coupled crystal-
lization experiments of a biotite gneiss and a quartz
amphibolite from 3 to 15 kbar. The low pressure experi-
ments (3 to 5 kbar) were performed at fO, above NNO
and those at higher pressures (7 to 15 kbar) at O, below
FMQ. In the dehydration melting experiments with the
biotite gneiss (2.1 wt.% of CaQO), the major mafic
residual phase for pressures between 3 and 10 kbar is
orthopyroxene, accompanied by garnet at 12.5 kbar, and
by garnet and clinopyroxene at 15 kbar (Patifio Douce
and Beard, 1995). In similar experiments, the quartz
amphibolite (7.6 wt.% of CaO) contained orthopyrox-
ene and clinopyroxene as the major residual phases for
all pressures, accompanied by garnet at 12.5 and
15 kbar. These results indicated that, independent of
pressure, orthopyroxene and clinopyroxene are impor-
tant residual phases for CaO-enriched sources, while for
low-CaO compositions, clinopyroxene is found as a
major residual phase only at high pressure (~ 15 kbar). It
is also worth noting that at low pressure (3 to 5 kbar) and
fO, above NNO, the molar Al,O5/(MgO+FeO) ratio
decreased with increasing pressure (Patifio Douce and
Beard, 1995, their Fig. 13). This suggests that, in oxi-
dizing conditions, melts generated by dehydration melt-
ing at low pressures (<4 kbar) should contain higher
Al,O3 than those formed at more elevated pressures. If
an origin by dehydration melting of crustal igneous
sources is true for oxidized, metaluminous A-type gran-
ites, this indicates that the low Al,O3 contents (Fig. 3b,
c¢) shown by these A-type granites will probably not be
favored by low pressure melting.

Patifio Douce (1997) performed dehydration melting
experiments at 950 °C, fO, 1 log unit below FMQ, and
pressures of 4 and 8 kbar on calc-alkaline hornblende—
biotite granitoids from Sierra Nevada. Generated melt
volume decreased from tonalite (~40 to 30%) to
granodiorite (~20 to 15%) and with increasing pressure.
At 4 kbar, melting reactions produced neoblastic Ca-rich
plagioclase, abundant orthopyroxene, and scarce
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clinopyroxene. At 8 kbar, clinopyroxene was abundant,
orthopyroxene rare, and plagioclase growth negligible.
Melt compositions are similar to A-type granites, but
those obtained at 4 kbar have more definite A-type
characteristics than those formed at 8 kbar (Patifio
Douce, 1997). This difference was attributed to the
presence of plagioclase+orthopyroxene as dominant
residual phases at shallow pressure (<4 kbar) dehydra-
tion melting, in contrast to the dominance of clinopyr-
oxene at higher pressure (~8 kbar). Patifio Douce
concluded that low pressure dehydration melting of
calc-alkaline granitoids is a likely origin for ‘high-silica
metaluminous A-type granites’, including rapakivi
granites, and that the A-type chemical characteristics
are lost in melts generated in the deep crust.

Patifio Douce (1999) presented a similar reasoning to
explain the origin of his group of metaluminous, alkali-
rich granites (MAGS). These A-type granites and
rapakivi granites were discussed together with the
rhyolites associated with continental flood-basalt pro-
vinces (FBRS). Patifio Douce (1999) emphasized that
these ‘silicic igneous rocks of shallow origin’ have
several geochemical characteristics in common. He
presented geochemical diagrams where MAGS and
FBRS are compared, among others, to calc-alkaline
granitoids and compositional ranges of experimental
metasediment-derived melts, and low pressure melts of
calc-alkaline granitoids. Patifio Douce (1999) concluded
that metaluminous A-type and rapakivi granites and
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rhyolites associated with continental flood-basalts may
be the products of low pressure melting of calc-alkaline
rocks and that varying degrees of hybridization with
basalts played an important role in their origin.

The MAGS, FBRS, and CAGS (calc-alkaline gran-
ites) of Patifio Douce (1999) are plotted together with A-
type granites on the CaO/Al,O3 vs. CaO+Al,0O5 and
CaO/(FeO,+MgO+Ti0O,) vs. CaO+FeO,+MgO+TiO,
diagrams (Fig. 4a,b). The A-type granite fields are
disposed parallel to the FBRS field, partially superposed
with the MAGS field, and clearly separated from the
CAGS field. Oxidized and reduced A-type granites
(e.g., the Jamon, Serra dos Carajas, and Velho Guil-
herme suites) do not define distinct fields in these dia-
grams and the fields of rapakivi granites, magnetite-
series from the United States and Jamon are largely
coincident. A-type granites follow the reaction curves
for low pressure hybridization of calc-alkaline granites
with high-Al olivine tholeiites and also the low pressure
(<5 kbar) reaction curves for melt compositions pro-
duced by hybridization of high-Al olivine tholeiite with
metagraywacke (Patifio Douce, 1999) (Fig. 4a,b). This
suggests that plagioclase and orthopyroxene should be
dominant residual phases of A-type magma sources. At
the same time, it does not favor the formation of reduced
and oxidized A-type granites at different pressures.

Dall’Agnol et al. (1999¢) performed crystallization
experiments on a hornblende—biotite monzogranite
(2.2 wt.% CaO) of the Jamon suite at 3 kbar, varying
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Fig. 4. Whole-rock CaO/Al,05 vs. CaO+ALO; (a) and CaO/(FeOt+MgO+TiO,) vs. CaO+FeOt+MgO+TiO, (b) diagrams showing composition of
representative oxidized and reduced A-type granites compared with calc-alkaline granites (CAGS), metaluminous alkali-rich granites (MAGS), and rhyolites
associated with continental flood-basalts provinces (FBRS) (fields from Patifio Douce, 1999). Data sources for A-type granites as in Fig. 2. The dashed lines
are reaction curves for low pressure hybridization of calc-alkaline granites with high-Al olivine tholeiites, with production of plagioclase+orthopyroxene.
The solid lines labeled LP and HP imply melt compositions that would be produced by hybridization of high-Al olivine tholeiite with metagraywacke, at low
pressure (LP, <5 kbar) or at high pressure (HP, 12 to 15 kbar) (Patifio Douce, 1999).
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SO, (at NNO+2.5 and NNO—1.5) and water content in
melt. In reducing conditions, clinopyroxene and ortho-
pyroxene were the liquidus phases independent of water
content. In oxidizing conditions, orthopyroxene was
stable only at low H,O content (<4 wt.%) and high
temperatures. At higher water contents, clinopyroxene
and plagioclase were the liquidus phases. Amphibole was
stable only for liquids containing >4 wt.% of water, and
its crystallization was thus strongly dependent on melt
water contents (see Naney, 1983; Dall’Agnol et al.,
1999c; Klimm et al., 2003). The amphibole probably
derived from peritectic reactions between clinopyroxene +
orthopyroxene and melt. The results obtained by
Dall’Agnol et al. (1999c¢) indicate that, besides pressure,
O, and water content in the melt also exert a strong
influence on the nature of liquidus phases and, therefore,
on the residual phases of A-type magmas produced by
dehydration melting. Moderately high water contents

, Ca0/(FeO+MgO+TiO,) wi.%

(>4 wt.%) and oxidizing conditions should inhibit the
presence of orthopyroxene in the residue and favor that of
clinopyroxene. In consequence, the A-type magmas
generated under these conditions should be oxidized
and have similar geochemical characteristics to the high
pressure (~8 kbar) magmas derived from calc-alkaline
sources of Patifio Douce (1997, 1999). Dall’Agnol et al.
(1999c) also verified that Fe/(Fe+Mg) in experimental
mafic phases decreases with increasing temperature and
fO,. They estimated a 4 to 6 wt.% of water content for the
Jamon hornblende—biotite monzogranite and dacite
porphyry magmas and a crystallization at NNO+0.5
and temperatures between 900 and ~ 700 °C. Dall’Agnol
et al. (1999b,c) also suggested that the Jamon magma
could have been derived by relatively high pressure
(>6 kbar) dehydration melting of an Archean source
geochemically similar to a sanukitoid biotite—hornblende
quartz diorite.
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Fig. 5. Whole-rock CaO/(FeOt+MgO+TiO,) vs. CaO+ Al,O5 (a), CaO/(FeOt+MgO+TiO,) vs. Al,O5 (b), FeOt/(FeOt+MgO) vs. Al,O3 (¢), and
FeOt/(FeOt+MgO) vs. AL,O3/(K,0/Na,0) (d) diagrams showing the compositional fields of calc-alkaline and A-type granites (a, b) and reduced and
oxidized A-type granites and calc-alkaline granites (c, d). All fields were defined on the basis of data presented in Fig. 3.
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Two hornblende—biotite granites (AB412 and AB422)
of the Wangrah suite of the Lachlan Fold Belt were
studied experimentally by Klimm et al. (2003) at 2 kbar,
O, between NNO and NNO — 1.05, temperature between
900 and 700 °C, and for various melt H,O contents. The
AB412 granite is enriched in CaO (1.93 wt.%) and modal
amphibole compared to the AB422 granite (CaO=
1.31 wt.%). Obtained liquidus temperatures were high
(900 to 850 °C) and orthopyroxene and plagioclase were
the liquidus phases for both compositions. Initial water
content in the original magma of AB412 was estimated to
be 2 to 3 wt.% H,0. Klimm et al. (2003) suggested that
the geologically relevant conditions for the Wangrah
granites’ crystallization were fO,<NNO-2.2. They
observed also that Fe/(Fe+Mg) in experimental orthopyr-
oxene, amphibole, and biotite decreased with increasing
/O, and temperature and, in the case of orthopyroxene,
also with increasing wt.% H,O in melt.

The absence of clinopyroxene in the experimental
phases of the Wangrah granites is noteworthy. In this
aspect, they contrast with the results obtained on the
Jamon granite. This difference could possibly be due to
the higher CaO content and more oxidizing conditions
of the Jamon granite. This indicates the relevance of
source composition and fO,, in determining the nature
of residual phases during dehydration melting.

In summary, experimental evidence suggests that the
geochemical signature of A-type granites is not dependent
only on the pressure of melting. Source composition and
O, conditions also exert a strong influence on the com-
position of generated magmas. These parameters are ex-
tremely relevant for the definition of the nature of residual
phases during dehydration melting of crustal sources.
Another important factor is water content, which is also
related to the nature of the magma source, and is deter-
minant for the crystallization of water-bearing silicates
(e.g., amphibole).

Contrasts in crustal sources (including water content)
and fO,, associated with varying pressure may explain
the geochemical characteristics of oxidized and reduced
A-type granites.

8. Conclusions

Geochemical data demonstrate that, whatever the
nature of magmatic processes involved in the origin of
oxidized A-type granites is, these processes are certainly
able to produce the dominant characteristics of A-type
granites. This is shown by the fact that oxidized A-type
granites are clearly distinguished from calc-alkaline
Cordilleran granites in several major elements diagrams
(Figs. 2d,e.f, 3a,b) and define fields largely coincident

with those of reduced A-type granites. Besides the FeO,/
(FeO+MgO) vs. SiO, (Frost et al., 2001), K,O/Na,O vs.
Si0,, TiO,/MgO vs. SiO, (Patifio Douce, 1997) diagrams
(Fig. 2d,e,f), the CaO/(FeO;+MgO+Ti0O,) vs. CaO+
Al,O3 and CaO/(FeO+MgO+TiO,) vs. Al,O3 diagrams
can be used to distinguish A-type and calc-alkaline
granites (Fig. S5a,b). Oxidized and reduced A-type granites
are better discriminated in the FeO/(FeO,+MgO) vs.
ALO; and FeO/(FeO,+MgO) vs. Al,O3/(K,0/Na,0)
diagrams (Fig. 5¢,d). We propose the two latter diagrams to
distinguish between oxidized and reduced A-type granites.
Preferentially, geochemical characterization should be
accompanied by petrographic, Fe—Ti oxide, and magnetic
susceptibility studies.

It is also concluded that all magnetite-bearing gran-
ites are not necessarily oxidized and a strict correspon-
dence between oxidized and reduced A-type granites
and, respectively, magnetite-series and ilmenite-series
granites is not observed.

We have argued that oxidized granites like those of the
Jamon suite and the Mesoproterozoic magnetite-series of
the United States are better classified as A-type. It is also
suggested that the classic rapakivi granites are more com-
monly ilmenite-series, reduced A-type granites. However,
the relationship between oxidized A-type and rapakivi
granites remains unresolved. In a classification scheme
proposed for Laurentia—Baltica, the magnetite-series and
ilmenite-series granites are spatially separated, implying
broad regional changes in the composition of the lower
crust sources of these granites (Anderson and Morrison,
2005). However, the A-type granites of Carajas region
display near identical ages, occur in the same crustal
province, and the processes involved in their origin are
considered to be similar. These granites are stratigraphy-
cally correlated and are considered to differ as a function of
contrasts in their sources. Furthermore, the porphyritic
facies of Jamon granites commonly contains plagioclase-
mantled K-feldspar megacrysts. For these reasons, we
prefer to consider the Jamon granites as a distinct member
of the rapakivi assemblage, but this point needs further
discussion.

Experimental data indicate that the characteristics of
A-type granites are strongly dependent on fO, conditions
and water content in magma sources. Besides pressure,
these parameters, which are related to the nature of
magma sources, should also be considered to explain the
contrasts between different A-type granites. Oxidized A-
type granites are considered to crystallize from magmas
with appreciable water contents (=4 wt.%). Such con-
ditions favor the presence of clinopyroxene as a important
residual phase during dehydration melting (Dall’ Agnol
et al., 1999c) and can explain the less typical A-type
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geochemical signature of oxidized A-type granites (see
Anderson and Morrison, 2005).

An Archean, sanukitoid biotite—hornblende quartz
diorite source was proposed for the oxidized Jamon
magmas (Dall’Agnol et al., 1999b,c) and lower crustal
calc-alkaline plutons for Laurentia magnetite-series
granites (Anderson and Bender, 1989; Anderson and
Morrison, 2005). In general, oxidized A-type granites
probably derived from oxidized lower crustal quartz-
feldspathic igneous sources. Reduced A-type granites
could be derived from quartz-feldspathic igneous sources,
with a reduced character (Anderson and Morrison, 2005)
or, possibly, with a metasedimentary rock contribution
(Dall’Agnol et al., 2005), or, alternatively, from differen-
tiated tholeiitic sources (Frost and Frost, 1997; Frost et al.,
1999). The imprint of these different magma sources is
largely responsible for the geochemical and petrological
contrasts between distinct A-type granite groups.
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Abstract

The 1.88 Ga, anorogenic, A-type Reden¢do and Bannach granites, representative of the
Jamon suite, and associated dikes, are intrusive in Archean granitoids of the Rio Maria Granite-
Greenstone Terrane in the eastern Amazonian craton in northen Brazil. Petrographic and
geochemical aspects associated with magnetic susceptibility and gamma-ray spectrometry data
showed that the Redengdo and the northern part of Bannach plutons are normally zoned. They
were formed by two magmatic pulses: (1) a first magma pulse was fractionated in situ after
emplacement at shallow crustal level generating a series of coarse, even-grained monzogranites
with variable modal proportions of biotite and hornblende; (2) a second, slightly younger magma
pulse, located to the center of the plutons, was composed of a more evolved liquid from which
even-grained leucogranites derived. Gravity modelling indicates that the Reden¢do and Bannach
plutons are sheeted-like composite laccolithic intrusions, ~6 km and ~2 km thick, respectively.
These plutons follow the general power law for laccolith dimension and are similar in this respect

to classical rapakivi granite plutons. Gravity data suggest that the growth of the northern part of
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the Bannach pluton results of the amalgamation of smaller sheeted-like plutons that intruded in
sequence from northwest to southeast. The Jamon suite plutons were emplaced in an extensional
tectonic setting and the stress was oriented approximately along NNE-SSW to ENE-WSW, as
indicated by the occurrence of diabase and granite porphyry dyke swarms, orientated WNW-ESE
to NNW-SSE and coeval with the Jamon suite. The 1.88 Ga A-type granite plutons and stocks of
Carajas are disposed alonga belt that follows the general trend defined by the dikes. The inferred
tabular geometry of the studied plutons and the high contrast of viscosity between the granites

and their Archean country rocks can be explained by magma transport via dikes.

Keywords: Gravity ; M agmatic zoning; Laccolith; Anorogenic; Amazonian craton

1. Introduction

During the last two decades, Proterozoic, A-type granites, dominantly rapakivi, have been
described from many Precambrian shield areas, e.g, North America (Anderson and Bender,
1989; Emslie, 1991; Barnes et al., 1999; Anderson and Morrison, 2005), Fennoscandia (Haapala
and Rdamo, 1990; Ramo and Haapala, 1995; Kosunen, 2004), and the Amazonian craton
(Dall’Agnol et al., 1994, 2005; Bettencourt et al., 1995). In the Amazonian craton, felsic volcanic
rocks, as well as mafic and charnockitic plutonic rocks, are also associated with rapakivi granites
(Bettencourt et al., 1995; Dall’Agnol et al., 1999a; Fraga, 2002; Fraga et al., 2003).

A-type, rapakivi granites show a pronounced peak in the Proterozoic (~1.88 to 1.0 Ga),
and show a bimodal mafic-felsic magmatic association (Rdmo, 1991; Ramo and Haapala, 1995).
The Proterozoic A-type granites also show quite a large variation in their redox behavior, ranging
from reduced to oxidized (Haapala and Rdmd, 1990; Anderson and M orrison, 1992; Anderson
and Smith, 1995; Frost and Frost, 1997; Frost et al, 1999; Elliot, 2001; Dall’ Agnol and Oliveira,
submitted), and thus show evidence for substancial variation in crystallization conditions and
protolith composition.

The tectonic setting of the Proterozoic A-type, rapakivi granites has remained an issue of
controversy. The classic Proterozoic rapakivi granites are associated with mafic dike swarms,
listric shear zones, and thinned crust (Rd&mo6 and Haapala, 1995). They were intruded into a crust
that predates them by some hundred million years (e.g, Rdm6 and Haapala, 1995; Ramo et al.,

2002; Dall’A gnol et al., 2005), and are found as discordant multiple plutons. This indicates an
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extensional tectonic setting and anorogenic origin (lack of direct association to convergent
processes and resulting mountain building; Haapala and Ramo, 1999, and references therein).
However, others authors suggested that rapakivi granites could be related to distal orogenesis
(Ahill et al., 2000). Rapakivi granites and related “anorogenic” granites have become an
important tool for modelling Precambrian intraplate crustal processes and global-scale
lithospheric evolution. An origin associated with crustal anatexis promoted by magmatic
underplating is generally admitted (Huppert and Sparks, 1988; Ramo and Haapala, 1995;
Dall’Agnol et al., 1999a).

Another common feature of the A-type granite plutons is their internal compositional
zoning (Paradella et al., 1998; Costi et al., 2000; Rajesh, 2000; Teruiya, 2002; Richardson, 2004);
generally they are more mafic at the margins and grade inward, with or without discontinuities, to
more felsic zones (near normal zoning). Reverse zoning (more mafic core than outer zones) may
also be observed (Ceci and Frederick, 2002), but is most common in calc-alkaline granitoid
plutons (Zomi et al., 1989; Paterson and Vernon, 1995). Generally, the zoned plutons are
interpreted as having been intruded in a continuous series of magmatic pulses leading to an in situ
growing of the pluton (Bateman and Chappel, 1979; Pitcher, 1979; Zorpi et al., 1989; Petford,
1996). Their cores are formed by later emplaced, more mobile, differentiated rocks. In the case of
‘anorogenic granites’, nor the mechanisms neither the timing for zoning development are entirely
understood.

Deep seismic sounding studies in the classical Wiborg rapakivi batholith indicated that it
is a shallow laccolith-type intrusion having associated mafic intrusions in deeper crustal levels
(Ramo et al., 1994, and references therein). The common occurrence of granite intrusions as
laccoliths is now recognized (Rocchi et al., 2002; Aranguren et al., 2003; Ponz et al., 2006) and
models for laccolith formation have been discussed (Roman-Berdiel et al., 1995). The classic
diapiric models for granite intrusion (Ramberg, 1970; Weinberget al., 1996) have been criticized
and the role of dikes in the ascent of felsic magmas was emphasized (Clemens and M awer, 1992;
Petford et al;. 1994; Petford, 1996).

Proterozoic A-type granites have been described from the Archean Rio Maria region in
the eastern Amazonian Craton in Brazil (Dall’Agnol et al., 1994, 1999a, 2004). The Jamon
Paleoproterozoic A-type granite suite has been dated at 1.88 Ga and was intruded into a ~3-Ga-

old crust characterized by greenstone belts and granitoid rocks. The Archean crust remained
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stable to the point when the 1.88 Ga granite magmatism commenced. The Jamon suite is formed
by the Reden¢do, Bannach, Jamon, Musa, Marajoara, Manda Saia, Seringa, Sdo Jodo, and
Gradats plutons (Fig 1b). These granites are usually non-deformed, shallow-level plutons that
are associated with bimodal dyke swarms, locally forming composite mafic-felsicdikes. They are
high-K granites with subalkaline A-type chemistry, show a pronounced oxidized character
(Dall’Agnol et al, 1997b, 1999a; Dall’Agnol and Oliveira, submitted) and display many
characteristics of the oxidized, mid-Proterozoic A-type granites of the western United States
(Anderson and Bender, 1989; Barnes et al., 2002; Anderson and M orrison, 2005).

The mineralogy, geochemistry, and petrology of the Jamon suite granites are relatively
well studied (Dall’Agnol et al., 1999, 2005; Dall’A gnol and Oliveira, submitted). However the
internal zoning, tridimensional shape and emplacement history of its plutons needed additional
investigation. Airborne magnetic and radarsat image analysis provided an integrated view of the
regional geological features of the area of occurrence of the Redencdo and Bannach plutons,
selected for study. Aeroradiometric (gamma ray) surveys and magnetic susceptibility data were
associated with field, petrographic, and geochemical data to put in evidence their internal zoning,
In parallel, it was carried out a gravity survey on the mentioned plutons. Tridimensional
modeling provided an estimate of the mass distribution at depth and allowed estimation of the
shape and thickening of the plutons. The new geophysical data acquired in the Redengdo and
Bannach plutons enable a re-interpretation of their magmatic evolution and is employed as a

basis for an initial discussion about the mechanisms of their emplacement.

2. GeologicSetting

The Jamon Suite is situated in the Carajas province of the eastern Amazonian craton
(Dall’Agnol et al., 2005, and references therein). The Carajas province has been included into the
Central Amazonian province (Tassinari and Macambira, 1999; Fig. 1a) and it is dominated by
Archean terrains intruded by Paleoproterozoic anorogenic granites. To the west, it is limited by a
terrane dominated by Proterozoic granitoids and Uatuma volcanic-pyroclastic assemblages; to the
east, by the Neoproterozoic Araguaia Belt, whose evolution is associated with the Brasiliano
(Pan-African) cycle that did not significantly affect the Amazonian Craton; to the north, by the

M aroni-Itacaiinas province, formed in the 2.2-2.1-Ga Trans-Amazonian event (Fig. 1a).
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The Carajas province was cratonised at the end of the Archean and remained stable until
the emplacement of A-type granites at ~1.88 Ga (Machado et al., 1991; Macambira and Lafon,
1995; Dall’Agnol et al., 1999a, b, 2005; Teixeira et al., 2002), as a direct response of the
extensional tectonic regime involvingunderplating of mafic magmas in a continental lithosphere.
In the Rio Maria terrane, this is indicated by dike swarms that are coeval with the granites and
include mafic-felsic composite dikes (Dall’Agnol et al., 2005). In the adjacent provinces,
orogenic events are significantly older (the Trans-Amazonian event in the north) or younger (the
Brasiliano event in the east) than these granites. Lamarao et al. (2002, 2005) and Dall’Agnol et
al. (2005) suggest that the A-type granite magmatism of the Carajas province was related to a
continental event that marks the beginning of the breakup of the Paleoproterozoic continent
formed at the end of the Trans-Amazonian orogenic cycle.

The Carajas province is divided into two Archean tectonic domains, the 3.0-2.86-Ga Rio
Maria Granite-Greenstone Terrane (M acambira and Lafon, 1995; Dall’A gnol et al., 1997b) and
the rift-related Carajas Basin dominantly composed of 2.76-2.55-Ga metavolcanic rocks, banded
iron formations, and granitoids (M achado et al., 1991 ; M acambira and Lafon, 1995; Barros et al.,
2001). The granite plutons of the Jamon suite are intrusive in Archean granitoids and greenstone
belts of the Rio M aria Granite-Greenstone Terrane, which corresponds to the southern part of the
Carajas Metallogenic Province (Fig. 1b). The greenstone belts (Andorinhas Supergroup) are
composed dominantly of komatiites and tholeiitic basalts (Souza and Dall’Agnol, 1995). Four
principal groups of Archean granitoids have been distinguished (Macambira and Lafon, 1995;
Dall’Agnol et al.,, 1997b; Leite et al,, 2004): (1) Older tonalitic-trondhjemitic series (TTG)
represented by the Arco Verde and Caracol tonalites (~2.97-2.93-Ga) (2) 2.87 Ga sanukitoid Rio
Maria Granodiorite and associated rocks, which are intrusive into the greenstone sequence; (3)
Younger TTGs series, represented by the Mogno and A gua Fria trondhjemites (2.87 Ga); and (4)
Potassic leucogranites of calc-alkaline affinity, represented by the Xinguara, Mata Surrdo,

Guaranta and similar granites (~2,86-Ga).

3. General aspects of the studied plutons
The Redencdo and Bannach plutons are unfoliated and deformational structures are
practically restricted to fracturing and faulting. M agmatic foliation is only locally developed on

the border. Both granite intrusions are subcircular and remarkably discordant cross-cutting the E-

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)



Modelos deEvolugio e Colocagdo dos Granitos Paleoproterozoicos da Suite Jamon, SE do Craton Amazénico 95

W or NW-SE earlier structural trends of the Archean country rocks (Fig. 2a and b). The Bannach
pluton was interpreted as composed of at least three independent near-circular intrusions,
migrating from north to south (Almeida, 2005). External contacts are sharp and angular xenoliths
of Archean rocks are commonly observed near the margin of the plutons, indicating a high
viscosity contrast between the magmas and the Archean bedrock. The country rocks are strongly
affected by contact metamorphism. Hornblende hornfels contact aureoles around the 1.88 Ga
plutons are well developed in both granitoids and greenstones (Dall’Agnol et al 1994, 1999c¢). Al-
in-hornblende barometer and mineral assemblages developed in the contact aureole suggested
that the plutons of the Jamon suite were emplaced at shallow crustal levels (~1 to 3 kbar;
Dall’Agnol et al., 1999b). Swarms of mafic, intermediate, and felsic dikes are associated with the
Jamon Suite (Silva Jr. et al., 1999). Composite mafic-felsic dikes cutting Archean sanukitoid
granodiorites have been locally described (Dall’A gnol et al., 2005). The felsic dikes yielded Pb-
Pb zircon ages of 188514 and 1885+2 Ma (Oliveira D.C., unpublished data). One of these dikes,
rhyolite porphyry, shows evidence of mingling with an associated mafic dike, demonstrating that
the mafic and felsic magmas were contemporaneous. Therefore, as indicated by dike swarms that
are coeval with the granitic magma, the granite plutons were emplaced in an extensional tectonic
regime. The Redencao and other Jamon suite plutons are disposed nearly parallel to northwest-
southeast faults in the basement, consistent with magma ascent along pre-existing deep fault
lineaments. This is consistent with the dominant WNW-ESE to NNW-SSE trends of
Paleoproterozoic dikes. It indicates also that a distensional stress disposed along NNE-SSW to

ENE-WSW strongly controlled the Jamon suite emp lacement.

4. Zoning of the plutons
4.1. Petrographic and Geochemical Data

The petrography and the magmatic evolution of the Reden¢do and Bannach granites were
discussed by Oliveira et al. (in press) and Almeida (2005), respectively. Both granites are very
similar in textures and mineralogy. These plutons consist of several intrusive phases disposed in
near-concentric zones and cut by syenogranitedikes. They are formed essentially of coarse-
grained, equigranular to porphyritic or coarse- to medium-grained seriated monzogranites with
subordinate medium, even-grained types. All facies are leucocratic with contents of mafic

minerals normally between 15% and 6%; in the less evolved facies, they reach >25% and are
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<5% in the differentiated leucogranites. Biotite is the dominant mafic mineral and is found in all
granite varieties; amphibole, sometimes with relics of clinopyroxene, is abundant only in the less
evolved facies. The assemblage of accessory minerals includes zircon, apatite, iron-ttanium
oxides (magnetite/ilmenite), sulphide phases (pyrite/chalcopyrite), allanite, titanite and, in the
more evolved facies, fluorite. Subsolidus processes were limited to alteration of plagioclase and
mafic phases; epidote, sericite, and chlorite are alteration products.

In the granitic plutons, the distribution of the different facies is relatively well ordered
(Figs. 3 and 4). In the Redengdo granite, the less evolved rocks are even-grained, coarse
biotitethornblende monzogranites, locally enriched in cumulatic amphibole+clinopyroxene,
which occurs in the southern part of the pluton. They grade to the interior of the pluton to
dominantly coarse-grained, equigranular, seriated or porphyritic biotite monzogranites. The
seriated and porphyritic biotite monzogranite facies configure annular structures in the central
and southern areas of the pluton. In the central part of the pluton, evolved leucogranites define
small circular structures (Fig. 3). Field relationships showed that the seriated and porphyritic
biotite monzogranite facies are intrusive in the coarse- even-grained (hornblende)-biotite
monzogranite. Aplitic dikes are common and coincide in orientation with the main NE-SW and
NW-SE faulting sy stem.

In the Jamon Suite, except locally in composite dikes evidences of magma mingling
between mafic and felsic magmas have not been reported (Dall’Agnol et al., 2005). However, in
the Redenc@o and Bannach plutons, evidences of ‘mingling’ of the coarse porphyritic facies with
other felsic magmas are frequently observed. In these ‘mingled’ rocks, plagioclase mantled K-
feldspar megacrysts are common but typical wiborgitic and pyterlitic rapakivi textures are absent
(cf. R&mo and Haapala, 1995).

The internal zoning of the northern intrusion of Bannach (Fig. 4) is similar to that of the
Redencao pluton. However, in the Bannach pluton, some significant differences are worthwhile:
the (clinopyroxene)-amphibole-bearing, less evolved monzogranites are more abundant and show
a regular distribution occurring along all pluton margins; the coarse-equigranular and the
medium- to coarse-grained seriated biotite monzogranites are not found; four pulses of
leucogranites, situated generally towards the central parts of the pluton, have been identified; the

pormphyritic biotite monzogranites are disposed as NE-SW elongated discordant bodies, cutting
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the other facies; felsic granitic dikes are systematically associated with the porphyritic
monzogranites (Fig. 4).
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Fig. 3. Sketch geological map ofthe Reden¢do pluton showing the areal distribution of granitic facies. The average
modal contents ofthe essential flsic minerals and mafic mineral totals of each facies are also shown in pie diagrams
(Oliveira, 2001).
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Fig. 4. Sketch geological map of the Bannach pluton showing the areal distribution of granitic facies. Average modal
contents of the essential felsic minerals and mafic mineral totals of each facies are also shown in pie diagrams

(Almeida, 2005).

The magmatic zoning is marked in both plutons by the systematic decrease of modal
mafic mineral content, plagioclase/potassium feldspar and amphibole/biotite ratios and anorthite
content of plagioclase (Ans,.;5) from the (clinopyroxene)+ amphiboletbiotite monzogranite
toward the leucogranites. On the other hand, the abundance of alkali feldspar and quartz increases
towards the inner zone. Ti0,, M g0, FeO,, CaO, P,0s, Ba, Sr, and Zr decrease, and SiO,, KO,
and Rb increase in the same way. Magmatic differentiation was controlled by fractionation of

early crystallized phases, including amphibole =+ clinopyroxene, andesine to calcic oligoclase,
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ilmenite, magnetite, apatite, and zircon. Negative Eu anomalies increased with differentiation.
Oliveira (2001) proposed that the fractional crystallization was the dominant process of magmatic
evolution of the Redencao pluton. Nevertheless, magma mingling processes had also influenced
the evolution of this granitic pluton as suggested by the relationships between porphyritic biotite
granites and leucogranites. Similar magmatic processes were proposed to explain the zoning of
the Bannach pluton (Almeida, 2005). The leucogranite facies of both plutons were interpreted as

probable late, independent injections of evolved, felsic magmas (Oliveira, 2001; Almeida, 2005).

4.2. Magnetic Susceptibility Data

In the Redenc¢@o and Bannach plutons, the bulk magnetic susceptibility (K) shows similar
values, varying between 1.05x10” and 54.72x10 SIv with an average of 11.55x107 SI in the
Redengao pluton (Oliveira et al., 2002), and between 1.07x1 0~ and 72.74x10” with an average of
9.26x10” in the Bannach pluton (Almeida, 2005). K has a unimodal and bimodal distribution,
respectively, in the Reden¢ao and Bannach plutons (Fig. 5a and b). M agnetite is always dominant
over ilmenite and modal contents of Fe-Ti oxide minerals vary between 3.5 and 0.4 % in the
Redencdo, and between 3.8 and ~0.1% in the Bannach pluton. Both granites are typical magnetite
series ferromagnetic granites (Ishihara, 1981; Ferré et al., 2002). Magnetic susceptibility (M S)
reflects essentially variations in the magnetite content of different granitic facies.

Average M S values decrease from the (clinopyroxene)-amphibole-biotite monzogranites
to the biotite monzogranites, attaining the lowest value in the leucomonzogranites. In other
words, magnetic susceptibility decreases from the facies with higher modal contents of mafic
minerals to the leucogranites. In Bannach, this implies decrease of M'S from the border to the
center of the pluton with a normal and concentric zoning (Fig. 5b; Almeida, 2005); in the
Redengdo pluton, the highest M'S values are concentrated in the southern part of the pluton,
decreasing to the NE and mid-central domains, the lowest M S values being found in the center of
the intrusion (Fig. 5a; Oliveira et al., 2002). The MS behavior is consistent with the pattern
indicated by petrographic and geochemical data. Gleizes et al. (1993) also signalized that the bulk
rock magnetic susceptibility variation in ferromagnetic granites, that are more common in
Archean and Proterozoic terranes, is a good guide to unravel their compositional variations and
can be correlated with petrographic varieties. The highest M'S values correspond to the more

mafic rocks. It increases with Fe content and can be used as a magmatic differentiation index.
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Fig. 5 Variation ofbulk magnetic susceptibility values and frequency histogram (K in Skv) ofthe (a) Redengdo and (b)
Bannach plutons rock varieties. In the Redenc¢fio pluton the bulk susceptibility was measured with the SI-1 and
Kappabridge KL'Y-3 magnetic susceptibilimeters; in the Bannach pluton all measurements were acquired with the SI-1.

4.3. Remote Sensing and Aerogamma Spectrometry

The sources of natural gamma radiation are associated with common rock-forming
minerals (feldspars, micas and clays) in the case of K, and to accessory minerals (e.g zircon and
monazite) in the case of the U and Th. The Total Count channel (CT), with a broad spectrum that
includes the contribution of K, U, and Th radiations, presents higher intensity and is statistically
more reliable for the discrimination of rock units (Paradella et al., 1998). On the other hand, U
and Th channels are more indicated for rock type identification and detection of
hidrotermal/metassomatic processes (Vasconcelos et al., 1994; Richardson, 2004). It is
worthwhile also to remember that U behaves geochemically as a mobile element, while Th is

generally immobile or less mobile as compared to U during secondary processes.
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As mentioned by Paradella et al. (1998), in interpreting the results of this integration,
certain factors which could have affected the measured values must be considered (e.g. variation
in the vegetation cover). Interpretations based on K-channel should be treated with caution due to
the possibility of false responses induced by the vegetation. This is not the case for U and Th
channels (Pereira and Nordemann, 1983). The more important effect is the spatial correlation of
higher gamma responses with the geomorphology of the area.

In the Redengdo granite, the SRTM/Gamma products revealed a strong correlation
between gamma ray anomalies and higher topographic levels (Fig. 6a). Results from Bannach
pluton obtained with orbital remote sensing and gamma integration also showed that the strongest
gamma responses are mainly related to high and moderate relief areas within the pluton (Fig. 6b).

In the interior of the studied plutons, the SRTM /U product showed clearly higher gamma
U activities in the central areas of the intrusions compared to their borders. Similar positive
gamma anomalies are also indicated by Th in the central parts of the massifs (Fig. 6a and b). The
analysis of the airborne and SRTM/Gamma TC products reinforced the results obtained through
the RADAR/U-Th products. The gamma anomalies in the plutons are coincident with the area
distribution of their more evolved, generally leucogranitic facies. These rocks are enriched in K,
Th, and U, explaining their radiometric contrast with the more mafic biotite-amphibole
monzogranites, dominant in the border of the plutons (Figs. 3 and 4). Thus, the aerogamma
spectrometry gives useful information for the understanding of the internal magmatic zoning in
the plutons.

The whole rock geochemical data on the Redenc@o and Bannach plutons (Oliveira et al.,
in preparation; Almeida et al., submitted) demonstrate that K contents are higher toward the
central sector of the plutons when compared to the borders, but the K contribution alone would
not be able to determine the main gamma patterns registered in the whole intrusions. U and Th
also increase during magmatic differentiation, explaining the observed gamma U and Th
behaviors (Fig. 6a and b). The same evolution trends and general radiometric features were
observed in the Musa, Jamon, and M arajoara plutons of the Jamon suite. A similar magmatic
evolution was also assumed for the Paleoproterozoic, tin-mineralized Antonio Vicente pluton (W

of the Carajas Province), which more evolved facies are enriched in U and Th (Dall’A gnol et al.,
1993).
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5. Gravity method

5.1. Gravity survey and corrections

5.1.1 Bannach Area

Given the importance of altimetric information and the absence of reference base-stations
in the Bannach region for the gravity survey onthe Bannach pluton, it was necessary to define a
new altimetric base in that area. To this end, a new reference base-station has been transferred
from the Brazilian Fundamental Gravity Net (Escobar, 1980), taking as altimetric reference an
IBGE base located at Rio Maria city (985 L; 7°16°18”” S/ 50°05°48°> W ), with a g value in the
system GRS-67 of 978044,87 (Carvalho, 1988). The new gravimetric base-station, with a g
value of 978010.49, was located in the Bannach town, and denominated Hotel Catarinense
(7°20°52>> S / 5024’39 W). Gravity was measured at 147 stations following approximately
north-south and east-west trending traverses on the Bannach pluton and its neighboring country
rocks. The distance between gravity stations are about 500 m and 1000 m, in the border and in
the center of the pluton, respectively. The gravity measurements were referred to the international
gravity net (IGSN 1971) at the new Bannach gravimetric base.

A Lacoste-Romberg Model G gravity meter, with a precision of +£0.01 mGal, was
employed for measurements. Geographic coordinates and elevations were obtained using a
Magellan Pro Mark X differential GPS, with average precision of ~10 m and ~0.4 m in the
horizontal and vertical directions, respectively. The altitudes relative to the sea level were
obtained with a Paulin altimeter accurate to the meter. The instrument drift, latitude, free-air, and
Bouguer corrections were applied to the observed data. A reduction density of 2.67 g/cma, was
used to perform the Bouguer corrections. The gravity response a regional field, approximated by
a first-order polynomial has been removed from the data along each traverse, where necessary, in

order to produce an anomaly falling off to zero at both ends of the profile

5.1.2 Redeng¢do Area

The results of gravity surveying of the Redenc@o pluton presented here constitute part of a
lar ger scale gravity exploration campaign accomplished by M ineracao Jenipapo (Western M ining
Company — WM C) on an area covering the border between the eastern Amazonian craton and the

Brasiliano Araguaia Belt. In that area Archean units of the Rio M aria Granite-Greenstone Terrane
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are exposed and intruded by Paleoproterozoic A—type granites, and low grade metassedimentary
rocks of the Araguaia Belt.

Between 1999 and 2000, 135 observations were collected along roads crossing the
Redencao pluton and adjacent country rocks, with a constant spacing of 1 km between the
stations. The reference base-station used is located in the city of Reden¢do. The gravity meter
was a Scintrex CG3 Autograv Meter with a precision of 0.01 mGal. The positioning was carried
out with a Trimble Geodetic Base Station System 4700 with accuracy between 5 cm and 10 cm.
The latitude, free-air, Bouguer, topographic, tide and instrument drift corrections were applied to
the data. For the Bouguer and topographic corrections, a reference density of 2.67 g/cm3 has been
assumed. The gravity response of a regional field, approximated by a first-order polynomial, has
been removed from the data along the traverses, where necessary, to produce an anomaly falling

off to zero at both ends of the profile

5.2. Density Measurements

Density measurements were carried out on selected samples considered to be
representative of both the different granite varieties and its surrounding country rocks. In the
Redencao and Bannach plutons, the average density values of each facies generally decrease
from the border to the center. The biotite monzogranites and leucogranites have density smaller
than 2.66 g/cm3, while the clinopyroxene-bearing, cumulatic monzogranites and the biotite-
amphibole monzogranites density is greater than 2.70 g/cm3 (Table 1). These plutons are
composed of approximately 80% of biotite + amphibole monzogranite (p = 2.64-2.65 g/cm3). The
denser facies occur locally as enclaves or along the borders of the plutons. The leucogranites are
less dense (p = 2.61 g/cm3) as compared to other varieties and occur either as stocks in the center
of the intrusions or as dikes. In spite of the above mentioned internal density variations, in both
plutons, the density distribution within the plutons is uniform enough to justify the adoption of a
unique average density of 2.64 g/cm3.

The density of the country rocks of the studied plutons are quite variable decreasing from
the mafic greenstone belts (p = 2.97 g/cm3), to the Rio Maria granodiorite and associated
monzonites (p = 2.74 to 2.85 g/cm3), and attaining the lowest values in the tonalites and
leucomonzo granites (p = 2.65 to 2.63 g/cm3). For a simplified, integrated modeling, taking into

account the overall dominance of granitoids, an average density of 2.73 g/cm3 was assumed for
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the country rocks. An average density contrast of 0.09 + 0.01 g/cm3 between the country rocks
and the Paleoproterozoic granites was, therefore, assumed for the gravity inversion of the

anomalies produced by both plutons.

Table 1 - Mean density values estimated for the Redencdo and
Bannach granite varieties and country rocks.

Redencdo and Bannach Plutons density, g/em’
Clinopyroxene-homblende-biotite monzogranite 2.77 +0.03
Biotite-hornblende monzogranite 2.70 £0.01
Hornblende-biotite monzogranite 2.65 £0.01
Biotite monzogranite 2.63 £0.02
Leucomonzogranite 2.61 £0.01

Country Rocks (Redencédo Pluton) density, g/em’

Rio Maria Granodiorite 2.74 £0.01

K-leucomonzogranite 2.72 £0.02

Arco Verde Tonalite 2.65 +£0.02
Country Rocks (Bannach Pluton) density, g/em’

Greenstone Belts 2.97 £0.03

Mafic Rocks/Monzonites 2.85+0.02

Rio Maria Granodiorite 2.74 £0.01

K-leucogranite 2.63 £0.02

Arco Verde Tonalite 2.65 £0.02

5.3. Inversion Methodology

The mathematical details of the gravity inversion method are presented in Silva and
Barbosa (2006). Here we present an overview of the method’s rationale. Let S be a 2D gravity
source having arbitrary shape and arbitrary density contrast distribution and assume that an
outline of this source may be defined by a combination of geometric elements consisting of axes
and points (e; and e, in Fig. 7). We discretize the subsurface region, containing the sources, into a
grid of 2D rectangular cells (Fig 7) and allow different density contrasts be assigned to each cell,
approximating, in this way the continuous distribution of density contrast by a discrete one. The
purpose of the method is to estimate density contrasts for all cells, which fit the observations and
present non-null estimates close to the geometric elements. To this end, the interpreter specifies a

set of line segments and points, which presumably outlines the true sources and assigns to each
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geometric element a target density contrast. The method then estimates the shapes of the sources
by estimating the density contrast of each cell of the grid, generating, in this way, a discrete
distribution of density contrast producing the best fit to the observed anomaly and concentrating
the non-null estimated density contrasts about the specified geometric elements. The estimated
density contrasts of the cells about a given geometric element will tend to be close to the target
density contrast assigned to the geometric element. The user may then accept the solution or
modify the target, densities, and /or the number and position of the geometric elements and start a
new inversion, repeating this interactive procedure until a satisfactory solution is obtained.
Because the interpretation model consists of a grid of prisms with different density contrasts, this
technique allows for lateral facies changes. This interpretation method has been implemented in a

user-friendly environment by means of suitable graphical interfaces, allowinga fast and efficient

interactivity.
X
AY
)
Z o
.el‘
A
o i
€,
™~
\\. Fig. 7. Outline ofa 2D gravity source (S) defined
by a combination ofgeometric elements consisting
of axes and points ( e, and e,; Silva and Batbosa,
z r 2006).
5.4. Results

The Bouguer anomaly of the Redencdo and Bannach plutons along six traverses are
presented in Figures 8 and 9, respectively. Both plutons produce gravity lows, a typical behavior
of most granite plutons, due to their lower density relative to the surrounding rocks (Aranguren,
1997; Singh et al., 2004).

Each gravity profile has been inverted using the interactive inversion procedure described
in the previous section by assuming that each pluton may be outlined by a single axis at surface

(Figs. 8b and 9b) and by assigning to each axis a density contrast of 0.09 g/cm3. Because the
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Fig. 8. Redengdo pluton. (a) Bouguer anomaly map showing the gravity stations (crosses) and contours in 1.0 mgal.
(b) Observed gravity (squares) and calculated Bouguer anomaly (continuous lines) obtained ffom the modeling ofthe
residual anomalies associated with the modeled geometry ofthe pluton. Gravity inversion profiles with the regional
field removed as computed by 2D modeling. (b1) A-A’, approximate N-S profile; (b2) B-B’, approximate SW-NE
profile; (b3) C-C’, approximate W-E profile. (¢) Contour map of the Redengdo pluton depth drawn from gravity
anomalies modeling using the method of Silva and Barbosa (2006). (d) Cross-sections through the Redengéo pluton
showing its morphology with depth; all sections obtained from 2D gravity inversion. All sections are shown at the
same horizontal and vertical scales with no vertical exaggeration. The profiles are indicated in Fig. 8a, c. Depths are
in kilometers. A density of2.64 g/cm3 was employed for the granite varieties ofthe Redengdo pluton and 2.73 g/cm3
for the country rocks.

Reden¢do and Bannach plutons outcrop, the feature of interest, which will be extracted from the
gravity data, is the spatial variation of the plutons’ thickness. The results of the inversion of the
gravity anomaly along the traverses are shown in Figures 8b and 9b for Redengdo and Bannach,
respectively.

A remarkable feature of both plutons, disclosed by the gravity inversion, is that they
exhibit a lateral extension substantially larger than vertical one, outlining a sheeted geometry. An
approximate N-S cross-section (A-A" in Figure 8a and b1) through the strongest negative residual
anomaly over the Redencdo intrusion, for example, indicates, according to the assumed density
contrast between the granite and its country rocks, that a maximum deepening of the granite’s
floor to 5.6 km is necessary to explain the gravity anomaly. Similar results were obtained along
the B-B" and C-C" cross-sections (Fig. 8a, b2, and b3). The estimates of the plutons’ depth to the
bottom indicates a progressive thinning from the center to the borders and maximum thickness
values of 5.6 km and 2.2 km, respectively, for the Redencdo and Bannach plutons (Figs. 8b, c, d,
9b, c, and d). In the former, the main concentration of granitic mass is situated in the central to
northeastern part of the intrusion. In the latter, it is located in the central-northern and southern
areas of the intrusion. Because 2D gravity inversion has been performed on data produced by 3D
sources, the maximum depths of the plutons may in fact be slightly greater than the estimated
figures of 5 km and 2 km.

A contour map of the Redencdo massif’s depth to the bottom was draw from the gravity
inversion of the isolated gravity profiles shown in Figure 8c and d. From this map, it can be seen
that the overall trend is a progressive deepening of the floor of the pluton from its border to its
center. The subcrop map of the pluton almost coincides with the outcrop area map (Fig 2a),
except at the eastern margin, where the intrusion is covered by the Araguaia belt metassediments.
Gravity data provides, therefore, strong evidence that the Redencdo intrusion has a laccolithic

shape.

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)



Modelos deEvolugio e Colocagdo dos Granitos Paleoproterozoicos da Suite Jamon, SE do Craton Amazénico 110

. XN & X " X ¥ 2 @A ¥ ¥ ¥ 3 @
= e 7 - el 9 PR W v - s r r L
T L A LT | D e fp ) rrome Doy oz
= [ [ _ 1 S e,
I : I Ll ET
T I \ ik \ 3F &
i S Ties | 13
1 =iz | ERR-
", v B5d g e
% | i SE : 3
i - o [ » |
e g t | a5 : =
i ra | |i "‘h
{ ] \ .,
',| L9 -".
\ i .
-#:'_ !f E'T_— B -: L] E :_,1 ..F'.. E
i W= ' - [ o -
- ¥ Ll H = * G L E

{ ¢
! ]
J | v
g Ed= i f
F ] | By
a - =
- 1B E H :E T
¥ 3 - i o -
X || [FEs i / !
'F ] E a _-""'; |r.
g TEROTETL.  FeSr—e— g e ion LT P R P .
: L - o - S - R - i - . - S -
L i L - A LA T LIE | BT | IITrr s ATEINTTT LT 18T
d_:||r|'.1|...1|.|.ul ITIATIE] Tuirgl el as "_:?ql BRI RN R LU || s o ™ i
= ™
= & =,

Conboie Ltersal 008 ingaal

Luvey CurvuLnu ue viLveelru - ZUUVU - 1 ee ue vvulturuuuv (\_/l vyu-uvirtr .a)



Modelos deEvolugio e Colocagdo dos Granitos Paleoproterozoicos da Suite Jamon, SE do Craton Amazénico 111

Fig. 9. Bannach pluton. (a) Bouguer anomaly map showing the distribution of the gravity stations
(crosses) and 0.5 mgal contours in the studied area of the pluton. (b) Observed gravity (squares) and
calculated Bouguer anomaly (continuous lines) obtaned from the modeling of the residual anomalies
associated with the modeled geometry of the pluton. Gravity inversion profiles with the regional field
removed as computed by 2D modeling. (bl) A-A’, approximate NE-SW profile; (b2) B-B’, approximate
E-W profile; (b3) C-C’, approximate N-S profile. (¢c) Contour map of the Bannach pluton depth drawn
from gravity anomalies modeling using the method of Silva and Barbosa (2006). (d) Cross-sections
through the Bannach pluton showing its morphology with depth; all sections obtained from 2D gravity
inversion. All sections are shown at the same horizontal and vertical scales with no vertical exaggeration.
The profiles are indicated in Fig. 9a, c. Depths are in kilometers. It was assumed a density contrast of -
0.09 g/cm’ between the granite varieties and the country rocks.

In the Bannach pluton, the gravity survey was restricted to its northern and central parts
that correspond to the first intrusion and to part of the second intrusion that compose the pluton
(Almeida, 2005). The different gravimetric cross sections suggest that the pluton is also a
laccolith. However, it differs from the Redengdo because of its smaller thickness, being only
locally thicker than 2 km. Besides, the gravity data revealed the existence of a gravity high,
approximately coinciding with the limit between the first and second intrusions. A gravity high is
also identified along the western border of the first intrusion. It reinforces the hypothesis of an
origin of the pluton by multiple sequential intrusions, evolving from the north to the south. The
steep increase of the gravity response in the limit between the first and second intrusions, also
observed in the western border of the first intrusion, is a strong evidence of a shallow contact
between the granite and the country rocks in the mentioned areas (Fig 9d; C-C’ profile). It is
concluded that the general shape of the Bannach pluton is similar to that of the Redengao pluton,
but they differ in thickness. The origin by sequential multiple center intrusion is also a distinct
aspect of the Bannach pluton not observed at Redengdo, but probably also present in the Musa

pluton of the Jamon suite.

6. Discussion

6.1. Tridimensional shape of the p lutons

A remarkable feature of the Redencao pluton and the northern intrusion of the Bannach pluton is
that they exhibit a lateral extent larger than the vertical one, outlining a sheeted geometry. They
are near circular bodies with approximate diameters of 25 km and 20 km, respectively, extending
to a maximum depth of 5.6 km in the case of Redencdo and of 2.2 km for Bannach (Figs. 10a and
b). Several granite plutons display sheeted-like geometries with fractal thickness/length ratios
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(Mcffrey and Petford, 1997). The average thickness/length ratios of the studied plutons are
similar to those indicated by the general power law for laccolith dimension (M cffrey and Petford,
1997; Rocchi et al., 2002), and to those observed in classical rapakivi granite batholiths
(Vigneresse, 2005, and references therein): Wiborg (350 km x 200 km x 5 km) from Finland;
Aland (110 km x 90 km x 8 km), and Nordingra (50 km x 20 km x 5 km), from Sweden;
Korosten ( 125 km x 100 km x 0.5 — 3 km) from Ukraine.

In general, the global shape of rapakivi granites strongly differs from that of other massifs
(Vigneresse 2005). The diagram L/W vs. W/T discriminates the three-dimensional characteristics
of intrusive plutons (Améglio et al., 1997; Mcffrey and Petford, 1997). The relation between the
length/width (L/W) and width/thickness (W/T) ratios clearly separates wedge-shaped plutons
from flat-floored ones, and reflects the control of the emplacement mechanism and shape of the
plutons by regional tectonics (Fig. 11). In this respect, the rapakivi granites are characterized by a
very large width/thickness (W/T) ratio, whereas the length/width (L/W) ratio remains close to 1,
reflecting a quasi-square shape at the surface. This indicates the anisotropic character of the crust
at the time of emplacement (Hogan et al., 1998; Vigneresse et al., 1999).

The Bannach pluton reaches in all its extension a length of 45 km in the NW-SE direction
(Fig. 2b). However, it should be take into account that this pluton is a composite intrusion formed
by at least three coalescent plutons (Almeida et al., submitted; Figs. 2b, 6b, and 9b3, ¢, and d;
cross-section C-C"). Gravity data reinforce the hypothesis that the growth of the northern part of
the Bannach pluton results of the amalgamation of smaller sheeted-like plutons that intruded in
sequence from northwest to southeast.

In an extensional tectonic setting it would be expected the occurrence of thin-sheeted
intrusions, rarely more than 5 km thick, better than thick plutons. The results of gravity inversion
in the Redengdo and Bannach plutons indicate that their three-dimensional shape is in agreement

with this model. This conclusion can be extrapolated to the entire Jamon suite.
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Fig. 11. Diagram length/width (L/W) as a function ofthe ratio width/thickness (W/T) of various plutons, as deduced
from gravity data inversion (Améglio et al., 1997), based on Vigneresse (2005, and references therein). Circles
reflect wedge-shaped plutons, and squares flatfloored massifs. Also plotted are curves for laccoliths and plutons
deduced from 2D models (Petford et al., 2000). Rapakivi granites (Wiborg, Ahvenisto, both in Finland; Nordingr,
Sweden; Riga in Latvia; Korosten, Ukraine; Grahh Fjelde, Paatusoq and Qernertoq, southern Greenl and) are shown
by black boxes. The Redencao and Bannach plutons are indicates by unfilled boxes labeled, respectively, RED and
BAN.

6.2. Tectonic setting and emplacement of the studied p lutons

The extensive A-type, rapakivi magmatism developed during the M esoproterozoic
appears to be a very specific, world scale event. This magmatism has been recognized in most old
cratonic blocks, especially in North America, Baltica and Amazonia (Rdm6 and Haapala, 1995).
It has been, generally, associated with the breakup of a supercontinent formed at the late
Paleoproterozoic or early Mesoproterozoic (Hofmann, 1989; Windley, 1993, 1995; Brito Neves,
1999; Frost et al., 1999; Condie, 2002; Lamarao et al., 2002, 2005; Zhao et al., 2004; Dall’ A gnol
et al. 2005; Vigneresse, 2005). The origin of rapakivi granites and associated rocks is generally
considered as typical of ‘anorogenic’, extensional settings. They are not associated with major
episodes of large-scale deformation that would mark any model of local plate convergence.
However, they could represent the reflex in stabilized areas of distal orogenic events (cf. Ahll et

al., 2000; Zhao et al., 2004).
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In the Amazonian Craton, the emplacement of the Jamon suite granites takes place ~ 200
Ma after the latest peak of convergence of the Transamazonian event during the
Paleoproterozoic. M oreover, the A-type plutons of Carajas province are ~1.0 Ga older than their
Archean country rocks (M acambira and Lafon, 1995; RAmo et al., 2002; Dall’Agnol et al., 2005).
The development of this extensive granite magmatism is considered to be associated with the
fragmentation of a ~2.0 Ga, Paleoproterozoic supercontinent and postdates the Archean crust of
the Carajas province by ca. one billion year.

The generation of the A-type rapakivi granites of the Carajas province is admitted to be
linked to asthenosphere upwelling and magma production in the mantle, followed by partial
melting of the lower continental crust provoked by the heat provided by the underplating of
mantle magmas (Dall’A gnol et al., 2005). The resulting anatetic liquids ascend in the crust and
are emp laced as high-level granite complexes. In this model, extension is associated to the mantle
upwelling and it is indicated by the occurrence of diabase and granite porphyry dyke swarms
coeval with the Jamon suite. The dikes follow WNW-ESE to NNW-SSE trends demonstrating
that the tectonic extensional stress was oriented approximately along NNE-SSW to ENE-WSW.
The 1.88 Ga A-type granite plutons and stocks of Carajés are also disposed alonga belt extending
from the border between the Amazonian craton and the Araguaia belt, in the east, to the Xingu
region domain, in the west. This belt also follows the general trend defined by the dikes (Fig. 1b).

A wealth of geological evidence argues in favor of an emplacement of the Jamon suite in
an extensional setting. In this context, dikes are the most efficient way to feed upper crustal
plutons (Petford, 1996; Petford et al., 2000). Moreover, important information on the
emp lacement mechanism of granitic magmas is preserved in the three-dimensional (3D) shape of
the plutons. The inferred tabular geometry of the studied plutons, similar to that assumed for
rapakivi complexes, is not predicted by diapiric models (Cruden, 1990). It is, however, consistent
with what would be expected in the case of granitic magma transport via a series of dyke feeder
channels (Petford, 1996).

Assuming a dike-like ascent model, two stages during the construction of the Bannach
and Redencdo plutons can be recognized. The relationships of the Jamon suite plutons with
coeval, NW-SE trending dyke swarms indicate that, in a first stage, the ascent of magma took
place through similarly orientated fracture zones, perpendicular to the principal extensional

stress. Mingling structures, locally found in composite dike, indicate the ascent of mafic and
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felsic magmas through the same fissures and the contemporaneous character of these magmas.
The second stage corresponds to the switch from upward flow to lateral spread of magma at
upper-crustal levels and is responsible for the sheet-like shape of the plutons. The high viscosity
contrast and absence of deformation aureole within the country rocks suggest that the lateral
spreading of the plutons was not the main mechanism for space creation during emplacement;
space was mostly created by the vertical displacement of country rock. On a regional scale, the
Redengdo and Bannach plutons are aligned nearly parallel to NNW-SSE faults in the Archean
basement, consistent with magma ascent along pre-existing deep fault lineaments. Deep faults
have served as channels for the magma upwelling and tectonic discontinuities represented weaker

zones that favored magma emplacement at shallow crustal level.

6.3. Internal zoning of the plutons

All studied plutons of the Jamon suite display normal zoning (this paper; Dall’Agnol et
al., 2005, and references therein). A common explanation for this feature is a magmatic evo lution
by fractional crystallization, with gradual differentiation from the margins to the center of the
plutons (Bateman and Chappell, 1979). Zompi et al. (1989) and Richardson (2004) discussed the
hypotheses presented to explain this type of zoning and mentioned that granite plutons are more
commonly formed of a series of continuous pulses of magmas differentiated elsewhere. They
emphasized the role of magma mingling processes in the origin of normal zoned calc-alkaline
plutons and concluded that in situ fractional crystallization should be ruled out as the dominant
mechanism for zoning development. They admitted that zoning was inherited from an earlier
stage of pluton’s evolution. In spite of the geochemical contrasts between the calc-alkaline
granites and those of the Jamon suite (Dall’Agnol and Oliveira, in press), the general conclusions
of Zopi et al. (1989) are probably also applicable for the Redengdo and Bannach plutons, with
the important difference that mingling processes in the later are restricted to felsic, porphyritic
granites, without evidence of involvement of mafic magmas except in local composite dikes.

The geochemical characteristics of the Redengdo and Bannach granite varieties indicate
that the leucogranites of both plutons are not derived directly by fractional crystallization of the
less evolved amphibole-biotite-bearing facies (Oliveira, 2001; Almeida et al., submitted). They
were interpreted as late-emplaced varieties of more evolved magmas derived from similar

sources and processes but not necessarily from the same magma. This interpretation is consistent
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with the general features observed in these plutons and could partially explain their normal
zoning. The coarse biotite monzogranites should be derived from the amphibole-biotite
monzogranites by fractional crystallization. The gradual compositional transition in between
these facies, associated with the late emplacement of leucogranite magmas, could explain the
general zoning of these plutons. Local occurrences of clinopyroxene-bearing mafic-enriched

monzogranites are related to cumulatic processes involving the less evolved rocks.

7. Conclusions

At the end of Paleoproterozoic times (~1.88 Ga), the Amazonian Craton recorded a
tectonothermal event that resulted in major lithospheric reorganization associated with mantle
upwelling, mafic underplating, crustal extension, and emplacement of “anorogenic”, A-type
granites. Petrographic and geochemical aspects associated with magnetic susceptibility and
gamma-ray spectrometry data showed that the Redencdo and the northern part of Bannach
plutons are normally zoned. They were formed by two magmatic pulses: a first pulse, resulting in
a fractionation series of coarse, even-grained monzogranites with variable modal proportions of
biotite and hornblende; a slightly younger pulse, located to the center of the plutons, composed of
even-grained leucogranites.

Composite 2-D gravity inversions along profiles allowed us to determine the approximate
3-D geometry of these massifs that correspond to sheet-shaped laccolithic intrusions (Rocchi et
al., 2002; Araguren et al., 2003). The studied plutons follow the general power law for laccolith
dimension (M cffrey and Petford, 1997; Rocchi et al., 2002; Cruden, 2005), and their dimensional
ratios are similar to those observed in classical rapakivi granite batholiths (Vigneresse, 2005).
Gravity data suggest that the growth of the northern part of the Bannach pluton results of the
amalgamation of smaller sheeted-like plutons that intruded in sequence from northwest to
southeast. This is consistent with evidence that the Bannach pluton is a composite intrusion
formed by at least three coalescent plutons (Almeida, 2005).

The occurrence of diabase and granite porphyry dyke swarms, orientated WNW-ESE to
NNW-SSE and coeval with the Jamon suite, demonstrates that, at that time, the tectonic
extensional stress was oriented approximately along NNE-SSW to ENE-WSW. The 1.88 Ga A-
type granite plutons and stocks of Carajas are disposed along a belt that follows the general trend

defined by the dikes. The inferred tabular geometry of the studied plutons and the high contrast of
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viscosity between the granites and their Archean country rocks are not consistent with diapiric or
ballooning models (Castro et al., 1987; Cruden 1990, 2005; Barros et al., 2001), but can be
explained by magma transport via dikes (Petford, 1996).
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Abstract

Mechanisms responsible for emplacement of granitic plutons, and in particular of
anorogenic A-type plutons, are still debated. Here, a magnetic fabric study through anisotropy of
magnetic susceptibility (AMS) measurements has been applied to the Redengdo pluton in an
attempt to understand its emplacement history. The Redencdo pluton is part of the 1.88 Ga,
anorogenic, A-type Jamon suite. It was intruded into 2.97 — 2.86 Ga-old Archean granitoids of
the Rio Maria Granite-Greenstone Terrane in the eastern Amazonian craton (northern Brazil).

Gravity survey shows that the Redenc@o pluton is a 6 km-thick, sheeted-like intrusion emplaced
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at shallow crustal level. The pluton is characterized by normal zoning, with mingling
relationships that indicates multiple magma injections in its construction. High magnetic
susceptibilities (K from 1 x 107 SI to 54 x 10~ SI) and thin-section examination indicate that the
magnetic fabric is primarily carried by ferromagnetic minerals (magnetite). Low P’ values and
microstructural observations (absence of intracrystalline deformation features) indicate that the
magnetic fabric is of magmatic origin. The magnetic fabric is well organized and characterized
by concentric steep foliations associated with gently to moderately plunging lineations. The lack
of a well-defined unidirectional linear fabric at pluton scale suggests reduced or null influence of
regional stresses during granite emplacement. Three stages are proposed for construction of the
Redengdo pluton, which reconcile the tabular shape of the intrusion with the occurrence of steep
magnetic foliations: (1) ascent of magmas in vertical, northwest-striking feeder dikes and
accommodation by translation along east-west-striking regional foliation planes; (2) switch from
upward flow to lateral spread of magma. Space for injection of successive magma pulses is
created by floor subsidence; (3) in situ inflation of the magma chamber in response to intrusion of
the central, late-emplaced facies, accompanied by evacuation of resident magmas through ring

fractures.

Keywords: AMS, Ferromagnetic, M agnetite, A-type granites, Anorogenic, Amazonian craton

1. Introduction

The end of the Paleoproterozoic Era and the entire Mesoproterozoic Era were
characterized by intense magmatic activity in different cratonic areas of the world. The rapakivi
granite suites and associated rocks of the Fennoscandian Shield (Haapala and R&mg, 1992; RAmo
and Hapala, 1995; Amelin et al., 1997; Eklund and Shebanov, 1999) and North American
continent (Emslie, 1991; Frost et al., 1999; Anderson and M orrison, 2005) are typical examples
of the rocks formed during these Proterozoic magmatic events. Similar magmatic events have
also been identified in the Amazonian craton (Dall’A gnol et al., 1999a, 2005; Bettencourt et al.,
1999).

The tectonic setting of the Proterozoic A-type, rapakivi granites has remained an issue of
controversy. The classic Proterozoic rapakivi granites are associated with mafic dike swarms,

listric shear zones, and thinned crust (Rdmo and Haapala, 1995). They were intruded into a crust
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that predates them by some hundred million years (e.g, Rdmo and Haapala, 1995; Ramo et al.,
2002; Dall’A gnol et al., 2005), and are found as discordant multiple plutons. This suggests an
extensional tectonic setting and “anorogenic” origin, i.e., lack of direct association with
convergent processes and absence of plate-scale deformation (Hutton et al., 1990, Haapala and
Ridmd, 1999 and references therein). However, other authors have suggested that rapakivi
granites could be related to distal orogenesis (Nyman et al., 1994; Nyman and Karlstrom, 1997;
Ahill et al., 2000). Rapakivi granites and related “anorogenic” granites have become an
important tool for modelling Precambrian intraplate crustal processes and global-scale
lithospheric evolution. An origin associated with crustal anatexis promoted by magmatic
underplating is generally admitted (Huppert and Sparks, 1988; Rdmoé and Haapala, 1995;
Dall’Agnol et al., 1999a).

The emplacement mechanism of granitic plutons in the continental crust remains a
fundamental tectonic problem and the emplacement model of A-type granites, in particular, is
still poorly understood. Rock fabrics provide a wealth of information on the emplacement
mechanisms of plutons and their tectonic settings. However, very few fabric studies have been
carried out on A-type granites, possibly because they are often even-grained and isotropic,
without visible crystal orientations (Bonin, 1986; Ferré et al., 1999). Recent studies have shown
that the low-field anisotropy of magnetic susceptibility (AMS) technique can provide fabric
information for weakly deformed or apparently undeformed plutons from various tectonic
settings, and with different composition and mineralogy (Bouchez, 1997). Thus far, few AMS
studies have been performed on A-typeplutons (Geoffroy et al., 1997; Ferré et al., 1999; Bolle et
al., 2002). Here we report the results of an AMS study carried out in the Redengdo pluton
(eastern Amazonian craton). The Redenc¢do pluton, representative of the Paleoproterozoic
oxidized A-type Jamon suite (~1.88 Ga old), is an intrusion hosted by ~3.0 to 2.86-Ga-old
granitic rocks of the Archean Rio M aria Granite-Greenstone Terrane (Oliveira et al. 2002, 2005).
This contribution aims to investigate the emplacement mechanisms involved in the construction
of the Redeng¢do pluton and, by comparison with similar A-type and rapakivi plutons emplaced
elsewhere, to evaluate the utility of magnetic fabric studies in this kind of intrusion. This work
may lead the way for further research on the factors controlling emplacement of anorogenic, A-

type granites in general.
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2. Geological setting

The Redencdo granite is situated in the eastern border of the Central Amazonian province
of the Amazonian craton (Tassinari and M acambira, 2004; Fig 1a). It occurs in the Archean Rio
Maria Granite-Greenstone Terrane, the southern part of the Carajas metallogenic province
(DOCEGEQO, 1988). This province is limited in the north by the M aroni-Itacaitinas province (Fig.
la) that was formed in the 2.2-2.1 Ga Trans-Amazonian event. In the east, it is bordered by the
Neoproterozoic Araguaia Belt, which is related to the Brasiliano (Pan-African) cycle that did not
significantly affect the Amazonian craton; to the west, it is limited by the Xingu domain
dominated by Proterozoic granitoids and volcanic-pyroclastic assemblages, with ages
concentrated around 1.88 Ga (Teixeira et al., 2002; Fig. 1a).

The Carajas province is divided into two tectonic domains, the 3.0-2.86 Ga Rio Maria
Granite-Greenstone Terrane (M acambira and Lafon, 1995, Dall’Agnol et al., 2006) and the rift-
related Carajas Basin dominantly composed of 2.76-2.55 Ga metavolcanic rocks, banded iron
formations, and granitoids (Machado et al., 1991, Macambira and Lafon, 1995, Barros et al.,
2001). The Rio M aria Granite-Greenstone Terrane corresponds to an Archean terrane intruded by
Paleoproterozoic anorogenic granites (Fig. 1b; Dall’Agnol et al., 1999b, 2005; Ridmé et al.,
2002). The area is dominated by granitoids and supracrustal greenstone belts with zircon ages of
2.97 to 2.86 Ga (M acambira and Lafon, 1995; M acambira and Lancelot, 1996; Leite et al., 2004)
and younger, yet Archean, sedimentary rocks of the Rio Fresco sequence. The greenstone belts
(Andorinhas Supergroup) are composed dominantly of komatiites and tholeiitic basalts (Souza
and Dall’A gnol, 1995) and four principal groups of Archean granitoids have been distinguished
(Althoff et al., 2000; Leite et al., 2004; Dall’A gnol et al., 2006; Oliveira et al., submitted): (1)
Granitoids of the older tonalitic-trondhjemitic series (TTG) represented by the Arco Verde and
Caracol tonalites (2.97 to 2.93 Ga); (2) 2.87 Ga sanukitoid Rio Maria granodiorite and associated
intermediate rocks, which had intruded the greenstone sequence; (3) Younger TTG series
represented by the M ogno and A gua Fria trondhjemites (~2.87 Ga); (4) Potassic leucogranites of

calc-alkaline affinity, represented by the Xinguara, M ata Surrdo, and Guaranta granites.
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The eastern part of the Amazonian Craton was stabilized at the end of the Archean and
remained stable until 1.88 Ga when generation and emplacement of oxidized A-type granites of
the Jamon suite and associated mafic and felsic dikes occurred (Dall’A gnol et al., 1994, 1999b,
2005). In the adjacent provinces, orogenic events are significantly older (the Trans-Amazonian
event in the north) or younger (the Brasiliano event in the east) than these granites. Lamarao et al.
(2002, 2005) and Dall’Agnol et al. (2005) suggest that the A-type granite magmatism of the
Carajas province was related to a continental event marking the beginning of breakup of a
Paleoproterozoic continent formed at the end of the Trans-Amazonian orogenic cycle.

The Redencao pluton is an intrusion hosted by the Arco Verde tonalite and potassic
leucogranites (Vale and Neves, 1996; Oliveira, 2001; Oliveira et al., 2005). In addition to the
Redenc¢do pluton, the Jamon Suite is formed by the Jamon, Musa, Bannach, M arajoara, M anda
Saia, Seringa, Sdo Jodo, and Gradats plutons (Fig. 1b; Dall’Agnol et al., 2005; Almeida et al.,
submitted). Nd isotope data for the Jamon Suite show that their €yy (at 1880 Ma) values are
strongly negative ranging generally from -10.5 to -8.1 (mean value -9.4). On the other hand, Tpy
ages are all Archean but show considerable variation (~2.60 to 3.02 Ga; Dall’Agnol et al., 1999b,
2005; Ramo et al., 2002). The Nd evolution lines of Rio Maria Archean granitoids suggest that
the Paleoproterozoic A-type granites of the Jamon Suite were derived from relatively deeper parts

of the Archean crust.

3. The Redencéo pluton: general outline

3.1. Field relationships and magmatic evolution

The Redencdo and other plutons of the Jamon Suite are generally unfoliated, except for
the local development of magmatic foliation at their borders. Deformational structures are
restricted to fractures and faults. The intrusion is subcircular and remarkably discordant, cross-
cutting the E-W to NW-SE structural trend of the host Archean granitoids (Fig 2). External
contacts are sharp with angular xenoliths of the Arco Verde Tonalite commonly observed near
the border of the pluton.

The Redencao pluton comprises several petrographic facies disposed in near-concentric
zones (Fig 2). The less evolved rocks are even-grained, coarse-grained biotitet+hornblende

monzogranites, locally enriched in cumulatic amphibolexclinopyroxene, which occur in the
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southern part of the pluton. Coarse-grained, (hornblende)-biotite monzogranites are dominant in
the northern, eastern, and western borders of the pluton. Coarse- to medium-grained seriated and
porphyritic biotite monzogranites configure annular structures in the central and southern areas of
the pluton and are intrusive in the coarse-grained biotite monzogranite (Fig. 2). In the central part
of the pluton, evolved leucogranites define small circular structures. Aplitic dikes are common
and coincide in orientation with the main NE-SW and NW-SE fracturing systems that cross-cut
the pluton and its country rocks.

Oliveira (2001) proposed that fractional crystallization, controlled by fractionation of
early crystallized phases, including amphibole + clinopyroxene, andesine to calcic oligoclase,
ilmenite, magnetite, apatite, and zircon, was the dominant process of magmatic evolution of the
Redenc¢do pluton. Nevertheless, magma mingling processes have also influenced its evolution.
This is more clearly demonstrated by the relationships between porphyritic biotite granites and
leucogranites (Oliveira et al., submitted). However, there is also evidence of interaction between
the less evolved, mafic-rich varieties and the comparatively more evolved granites. This indicates
the coexistence in a partially molten state of different magmas batches. The leucogranite facies
was interpreted as probable late, independent injections of evolved, felsic magmas from a
different source (Oliveira, 2001; Oliveira et al., 2005).

A remarkable aspect in all granitic facies is the absence of significant solid state
recrystallization. Igneous textures are perfectly preserved, except for local effects of subsolidus
alteration processes. The sequence of mineral crystallization has been deduced from clear textural
relationships (Oliveira et al., 2002) and, is considered similar to the Jamon monzogranite, for
which experimental data show that magnetite is a near liquidus phase (Dall’Agnol et al., 1999c).
It registered initially the high temperature evolution of the liquid, but it was also affected by the
gradual decrease of temperature and displays textural evidence of re-equilibration, due mostly to

oxi-exsolution or to late local oxidation (martitization) processes (Dall’Agnol et al. 1997).

3.2. 3-D Geometry

The 3-D shape of the Redenc¢do pluton was estimated by forward modeling of Bouguer
gravity anomalies after removal of a regional field (Oliveira et al., submitted). A remarkable
feature of the pluton is that it exhibits a lateral extension substantially larger than the vertical one

(Fig. 3). According to the density contrast between the granites and their country rocks (- 0.09 £
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0.01 g/cm3), a maximum thickness value of ~ 6 km, with a progressive thinning from the center

to the borders, is necessary to explain the gravity anomaly.

Fig. 3. Perspective views ofthe three-
dimensional geometry of the Redencao
pluton through gravity data analysis
associated with depth maps (in km).
View from SW to NE (Oliveira et al.,
submitted).

4. Anisotropy of magnetic susceptibility study

4.1. Sampling and measurements

Anisotropy of magnetic susceptibility (AMS) is particularly well adapted for the study of
granitic rocks, like the Redencdo Granite, that show weak mineral shape-preferred orientations
implying that the mineral fabric can not be measured by conventional methods. In this work,
specimens obtained from 127 distinct stations were studied for their AMS according to the
procedure described in Bouchez (1997). At least three oriented cylindrical samples, 7 to 9 cm
long and 2.54 cm in diameter, were drilled from each station using a gasoline-powered portable
drill with an average spacing between stations of 1-2 km (Fig 6a). In the laboratory, the samples

were cut into specimens of 2.2 cm in height using a diamond-coated wheel saw. Each core
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provided two or three specimens yielding a total of 729 specimens, from which the site mean
AM S parameters were calculated (Table 1).

The specimens were analyzed using a Kappabridge KLY-3 (AGICO, Brno, Czech.
Republic) susceptibility meter, whose resolution is better than 10"® SI, at the Laboratério Helmo
Rand (Federal University of Pernambuco, Brazil). The ANISOFT package program (Jelinek,
1978; Hrouda et al., 1990) was used to obtain a statistical evaluation of the AMS in individual
sites. The magnitudes and orientations of the principal axes of the AMS ellipsoid were
determined for each specimen using a sequence of fifteen susceptibility measurements in
different orientations. Each station is characterized by the average AMS parameters of a
minimum of three specimens, whose representation is an ellipsoid with & > k, > k3 as principal
susceptibilities axes. Table 1 gives averages of the AM S data at each of the 127 stations: vectorial
averages of the ky, k, and k3 orientations, and arithmetic average of the magnitude of &y, k, and k3

from which the anisotropy parameters have been derived.

4.2. Results
4.2.1. Magnetic susceptibility

Available data of magnetic susceptibility (K) for the Redengdo pluton were acquired using
a SI-1 susceptometer (Saphire Instruments; Oliveira et al., 2002). The K values obtained have a
unimodal distribution (Fig. 4), varying between 1.05xI1 07 SI and 54.72x107 SI with an average
of 11.55x10™ SL These high values (> 107 SI) are typical of magnetite series ferromagnetic
granites (Ishihara, 1981; Ferré et al., 2002), in accord with the high abundance of magnetite in
these rocks (0.4 to 3.5 % modal content of opaque minerals, dominantly magnetite with
subordinate ilmenite and rare sulfides; Oliveira, 2001 ; Oliveira et al., 2002).

Average K values decrease from the (clinopyroxene)-biotite-amphibole monzo granites to
the biotite monzogranites, attaining the lowest value in the leucogranites. In other words,
magnetic susceptibility decreases from the facies with higher modal contents of mafic minerals to
the leucogranites. K increases with increasing opaque, mafic minerals, and amphibole contents
and decreasing quartz and K-feldspar contents (Fig. 5). The highest values are concentrated in the
southern part of the pluton, decreasing to the NE and mid-central domains, the lowest K values

being found in the center of the intrusion (Fig. 6b; Oliveira et al., 2002). This behavior is

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)



Modelos deEvolugio e Colocagdo dos Granitos Paleoproterozoicos da Suite Jamon, SE do Craton Amazénico 138

consistent with the pattern of internal zonation of the pluton indicated by petrographic and

geochemical data (Oliveira et al., submitted).

100 (clinopyroxene)-biotite- -
amphibole monzogranites
80 |- [_] biotite monzogranites
[ ] leucogranites
260}
=
)
=
o
240
L
201
L —1 ]
U | | | 1
-3.1 -2.7 -2.3 -1.9 -1.5 -1.1

Log K(SIv)

Fig. 4. Frequency histogram showing the variation of bulk magnetic susceptibility values (K in SIv) ofthe Redengao
pluton rock varieties. The bulk susceptibility was measured with the SI-1 and Kappabridge KLY -3 magnetic
susceptibilimeters.

The behavior of K values obtained in the AMS study is quite similar to that in the
previous study discussed above. The mean bulk susceptibility, K [(k; + k, + k3)/3], from the
investigated specimens ranges from 0.259x107 SI to 31.995x10™ SI with an average value of
11.274x10 SI (Table 1). The maximum value of K obtained in the AMS study is slightly lower
compared with the previous study. This can be explained by the absence of AM S measurements
in rocks with cumulatic features.

K is higher in the hornblende-biotite monzogranite with mean of 18.477x10” SI and
decreases from the coarse-grained biotite monzogranite (12.749x1 0’ SI), to the seriated biotite
monzogranite (12.597x1 0’ SI), to the porphyritic biotite monzogranite (9.148x1 0’ SI), and to the
leucogranites (6.806 x 107 SI). As the K value of magnetite is two orders of magnitude higher
than that of any ferromagnesian mineral and the contribution of paramagnetic silicates should not
exceed 5x107 SI (Rochette et al., 1992), the K values reflect essentially variations in the
magnetite content of the different granitic facies and indicate that they are ferromagnetic in

origin.
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Fig. 5. Relationships between magnetic susceptibility (K = 10° SI) and modal compositions of the Redengao pluton.
(a) opaque minerals, (b) mafic minerals, (¢) hornblende, (d) quartz + K-fldspar contents vs. K (Oliveira et al., 2002).

4.2.2. Shape and anisotropy of AMS ellipsoids

AMS ellipsoids are characterized using the degree of anisotropy, P’ = ki/ks, that indicates
the intensity of the preferred orientation of magnetic minerals, and a shape factor, 7' =
2In(ky/k3)/In(ki/k3) — 1, that characterize the shape of the AMS ellipsoid, both introduced by
Jelinek (1981). The T parameter varies from -1 for prolate (perfectly linear magnetic fabric, i.e. k,
= k3) through 0 (neutral) to +1 for oblate (perfectly planar magnetic fabric, 1.e. k=k,). P’ varies
from 1, corresponding to an isotropic sample (0% anisotropy, sphere) upwards, with values in
igneous rocks rarely exceeding 1.3 (~ 30% anisotropy). The variation of both parameters within
plutons has been used in previous studies to deduce styles of deformation of the magma during
emp lacement (e.g. Bouchez et al., 1990; Bouillin et al., 1993; Archanjo et al., 1995; Cruden et al.,
1999; Neves et al., 2003; Talbot et al., 2004; Chadima et al., 2006).
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Tablel - Parameters of AMS for individual sampling sites

Site () Localization Scalar data Direction of principal axes [Fa—
UTM coordinate K, ([07°S]) P’ T K; ays (k) K dgs (k) K; atgs (k)
Hornblende-biotite monzogranite
REDO9 (7) 595759 9096278 20.1714 1.015 -0.012 212/38 463 93/32 419 33736 286 HBMzG
REDIO(6) 595316 9094950 256712 1052 0288 306/1 225 59/87 222 216/3 236 HBMz2G
REDI2 (6} 3598171 9090301 130138  1.040 0.365 96/38 386 321/42 377 207725 273 HBM=zG
REDI17(5) 607270 9094443 246160 1.023 0.122 OL1T 419 34542 623 19843 498  HBM=zG
REDIS (13) 604802 9092932 210952  1.031 -0380  281/71 240 10 313 101/19 271  HBMzG
REDS57 (5) 588343 9098352 246921 1.075 -0.102 21721 312 31724 239 91/57 314  HBM=zG
REDS59 (5) 589291 9097736 18.6834 1.067 0.136 130/40 341 234/17 268 34246 380 HBM:zG
RED61 (7) 591151 9094722 169929  1.060 0237 140710 217 241/45 314 40043 209  HBMzG
REDG62 (8) 591945 9093615 139163 1158 0936 162/17 299 25373 43.7  354/73 6.5 HBMzG
RED63 (6) 592316 9095703 122757  1.062 0.007 153/60 231 60/1 286 330/30 250 HBMzG
RED64 (6) 592208 9102490 209683 1.020 0.242 336/60 545 12827 440 224/12 456  HBM=zG
RED65 (6) 590824 9099114 319950 1.084 0.516 30215 340 210/6 325 101/74 169  HBM=zG
RED74(7) 593168 9093397 213714  1.048 0.003 329/20 298 6823 370 201/59 192 HBMzG
REDTS5 (8) 593748 9092659 25,6063 1.047 -0.388 92/36 19.8 275/54 352 183/1 37.1  HBMzG
RED78 (7) 597905 9090715 122117  1.058 0509 131/29 433 132/29 336 344/57 9.6 HBMzG
REDT9(7) 3599343 9090712 11,7814 1.025 0.073 239/26 306 120/46 316 348/33 481 HBM=zG
REDE2 (7) 603294 9092454 184900 1.031 -0.327 282/25 127 185/15 184 67/61 169  HBMzG
RED83 (4) 605929 9093768 109525 1.024 -0.361 4512 105 203/77 541 314/5 107 HBMzG
REDR7 (6) 3599584 Ol116264 171118 1.048 0.252 76/57 299  261/33 356 170/2 348  HBM=zG
REDIOL (7) 604119 9091684 99770 1.017 0.852 107/5 459 198/4 341  325/84 371 HBMzG
REDI04 (6) 607484 9091338 180250  1.040 0244 68/22 243 240/67 336 3373 194 HBMzG
REDI06 (4) 607832 9095852 195400 1051 0251 48/51 16.1  262/34 121 160/17 122 HBMzG
REDIOS8 (5) 609090 9097384 205314 1.045 -0.128 228/22 310 355/56 354 12724 431 HBMzG
REDI21 (8) 604126 9094847 148729  1.031 -0.632 64/35 226 322/16 384  212/51 393 HBMzG
REDI25 (4) 599470 9092770 17.3550  1.038 -0.329 269/18 214 167/34 6.1 2251 208  HBMzG
Coarse biotite-monzogranite
REDO2 (2) 3593510 9109399 7.44035 1.04  0.500 130/10 496  45/80 474 220/35 461 cBMzG
RED20 (4) 590221 9111872 7.5370 1046 0.142 52/35 68.5  241/54 626 145/4 66.8 cBMzG
RED21 (4) 592987 9112235  7.5595  1.029 0408 25171 623 7119 386 1610 511 cBMzG
RED23 (9) 603880 9107562 16.0512 1.027 -0.672 91/43 247 268/47 353 36071 319 cBMzG
RED37(7) 590998 9109463 13.8270 1.041 -0.755 55/37 448 161/21 - 274/46 434 cBMzG
RED3E (4) 591084 9106454 135213 1045 0.147 34/71 46,7  242/17 242 149/8 238 cBMzG
RED39 (4) 591632 9105163 6.8985 1041 0248 9/49 79.0 136/28 599 24228 470 cBMzG
RED40 (3) 593662 9109949 43067 1.026  0.019 52/32 459 17541 916 299/32 77.0 cBM:zG
RED41 (5) 593653 9105619 9.5450 1.034 0814 S4/16 555  299/56 277 153/29 234 cBMzG
RED42 (3) 593068 9103870  22.6993 1.061 0230 112/30  77.1 231/40 313 358/35 289 cBMzG
RED43 (6) 592788 9101936  7.3750  1.035 -0.854 1343 190 4324 350  231/65  29.1 ¢BMzG
RED44 (5) 3595080 9100150 10,7178 1.033  0.593 280041 572 51/37 36.7 16327 167 cBMzG
RED45 (5) 600221 9113528 8.3396 1.040 -0.559 88/4 188  357/18 227 192/71 493  cBMzG
RED46 (5) 599912 9112393 126026 1.040 -0.478 106/10 318 198/13 544 340/)73 537  cBMzG
RED47 (6) 593606 9112314 105933 1.027 -0.020 T8 398 334/34 421 191/50  37.1 cBMzG
RED48 (7) 592720 9113268 89249 1018 0.726 342/43 382 227/24 330 11737 385  cBMzG
RED49 (5) 592663 9114344 6.5532 1.035 -0.722 215/85 355 28/5 349 118/1 406 cBMzG
REDS0 (5) 604752 9113795 59632 1.050 -0.067 266/12 238 163/47 39.1 6/40 353 ¢BMzG
REDS1 (5) 603897 911494 102834 1.074 0.638 3117 60.1 188/77 45.1 42/11 466  cBMzG
{continued on next page)
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Table 1 (continued)

Localization

Scalar data

Direction of principal axes

Site (1) Facies
UTM coordinate K, (107°S)) P’ T K, ags (k) K, s (k) K; ttgs (k)
Coarse biotite-monzogranite {continued)
RED32(5) 604750 9112904 14,1998 1.041 0427 197/33 357  290/6 556 2956 364 cBM=zG
RED33 (6) 587407 9104711 10,1330 1.096 0.592 95/18 306 35527 368 21556 128 cBMzG
RED34 (5) 588753 9104309 17.6500 1.042 0.675 204/43 417 79/31 688 32831 236  cBM:zG
RED36 (6) 587584 9101025 8.8926 1.051  -0.240 81/45 19.0  324/25 256 21535 270 cBMzG
RED66 (5) 591042 9100926  10.3936  1.075 -0.463 336/8 16.1 7444 345 23845 279 cBM=zG
RED70 {6) 593180 9099017 6.5185 1.08T  0.605 1/20 333 27071 278 17870 134 cBMzG
REDE4 (7T) 604045 9112476 13.4193  1.054 -0.450 128/32 235  316/58 400  220/3 469 cBM=zG
REDS5 (5) 603224 9114873 11.2368 1,038 -0.801 138/58 345 31632 340 46/1 - cBMzG
REDS6 (4) 600958 9114939 13 8488 1,072 0,360 144/51 473 235/0 772 325/39 572  cBM:zG
REDE8 (6) 597429 9110740 12,1555 1.039 0.561 292/12 320 28/25 32.1 17962 282 cBMzG
RED93 (4) 609672 9110036  7.1808  1.006 -0.013 157/64 653 252/3 467 3020 848 cBM:zG
RED94 (6) 609455 9109054  11.2325  1.049 0.001 169/23 483 281/42 487 59439 300 cBMzG
RED95 (6) 609906 9105644 83802 1.042 0188 350/21  21.1 9126 365 226/56 239 cBMzG
RED96 (6) 610729 9104321 T.4378 1.034 0278 151/76 404  327/14 - 58/1 380 cBM=zG
RED97(6) 612626 9102788 6.7368 1.042  0.265 334/62 331 176/27 397 81/9 20,5 cBM=zG
RED99 (6) 601533 9111867 11.2863  1.034 -0.679 107/20  20.0 209/30 460 348/53 559 cBM=zG
REDIO7 (5) 608019 9097633 133800 1.016 -0.898 358/20 116 243/49 374 102534 618 cBM=zG
REDI109 (5) 606244 9110198  17.8220 1.041 -0.184 108/70 318 342/12 466 248/16 440 cBM=G
REDI10(3) 604167 9099024 84527 1.052 0472 63/14 7900 321/39 814 168/M48 483 cBMzG
REDI113 (4) 591003 9112289  6.7958 1.056 0.522 20/3 369 120076 67.2 28914 279 cBMzG
REDI114(3) 593726 9111270  12.5862 1.045 -0.036 332/60 360 15330 427 63/0 604 cBMzG
REDI115 (4) 597461 911166l  16.7475  1.044 0.244 269/59 434 33/18 585 131724 432 ¢BMzG
REDI116(3) 596030 9115073  18.6367 1.099 0464 84/20 573 229/67 B4.6 34912 355 cBMzG
REDI17 (4) 597221 91135% 12,7338 1.042 0.243 86/22 76.1 182/15 767 304/63 463 cBMzG
RED119 {(4) 603308 9098227 139255  1.027 -0.320 25/35 426 120/6 198 21955 617 cBMzG
REDI122 (&) 601953 9094607 8.1902 1.057 0316 240/12 153 332711 170 10374 124  cBMzG
Seriated biotite-monzogranite
REDOT (4) 600338 9111648 16.265 1.060 0.450 234/71 226 112/11 254 1816 146  sBMzG
REDO3 (9) 593776 9108210 155266 1.05 0561 87/13 27.9 28376 307 178/4 10,0 sBMzG
REDI6 (6) 606824 9100843 10.7938  1.062 -0.082 294/67 420 132/22 370 40/7 540  sBMzG
RED22(7) 602538 9109347 12.1819 1.033 -0.236 141/71  23.2 2/15 27.2 26912 321 sBMzG
RED92 (6) 597483 9105138 13.2740  L066 0.621 325/24 284 201/52 378 68/28 160 sBMzG
REDIO0 (6) 599238 9111995 12,0808 1.055 0431 308/13  16.1 57/54 274 210433 179  sBMzG
REDII8 (5) 598442 9111997 13,8220 1.039 0.117 321718 180 5717 195 1874 171 sBMzG
REDI127 (5) 605929 9108562 6.8290 1.050  0.299 170/58 264 4/31 27.1 270/6 8.4 sBMzG
Porphyritic biotite-monzogranite
REDI1({5) 598428 9091151 5.7602 1.015  0.586 279/79 649 88/11 326 179/2 440 pBMzG
REDI3(5) 595629 9097778 126730 1.043 -0.433 345/52 464 141/36 446 23912 422 pBM=zG
REDI5(7) 608122 9102546  7.0980 1.053  0.969 172/41 422 33348 224 74/10 1.1 pBM=zG
REDS5 (4) 588873 9103080 6.4023 1.218 -0.305 223/35 581 121/16 402 12/50 33.3 pBM=zG
REDSR (8) 588957 9098934 98378 1,056 -0,172 165/15 383  261/24 382 46/61 28,0 pBM=zG
REDS8I (3) 588475 90986094 80870 1.080 0,223 31377 50,3 50/44  B42 0 21645 360 pBMzG
RED6O (7) 590144 9096076 86120 1.070  0.484 33915 39.0 85/46 364 23540 135 pBMzG
RED7I(6) 592747 9096899  14.0567  1.080 0.492 182/40 403 7915 471 33246 182 pBMzG
RED72(9) 594709 9098431 10.0334  1.046 0.651 202/7 263 2939 289 T8T9 154  pBMzG
RED76(9) 594511 9091890  7.3061 1.042 -0.965 133/9 11 41/15 355 25373 343 pBMzG
{continued on next page)
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Table 1 (continued)

Localization

Scalar data

Direction of principal axes

Site () Facies
UTM Coordinate K, (SI) P’ T K; s (k) K, g (K2) K aus (ki)

Porphyritic biotite-monzogranite (continued)

RED77(6) 3596161 9090873 34882 1.060 -0.130 23370 181 84/17 237 35179 21,7 pBMzG
REDS0(5) 600813 9091016 97062 1.044 0492 48/21 420  313/14 412 191/64 306 pBMzG
REDSI (6) 602222 9091719 11.1320 1.036 0.139 185/56 263 2878 263 22/32 18.0  pBM=zG
REDY8(4) 611743 9105762 B.7770 1.030 0453 30320 - 41/19 75.00 170/61  67.0  pBMzG
REDI102 (5) 607460 9094010 7.7636 1.028 -0.031 155/63 341 53/6 554 320126 422  pBMzG
REDI03 (6) 608406 9093025 7.4595 1.055 -0.086 60/8 8.3 16966 146 327/23 123 pBMzG
REDIOS (5) 605863 9091741 119600 1.046 -0.576 99/28 232 262/60 508 517 64.1  pBMzG
REDI20(6) 604834 9096412 89795 1.030 -0.519 182/43 303 147 - 91/1 554 pBMzG
REDI123 (4) 3598496 9095075 8.7325 1.069 0.770 212/47 424 83/31 503 33528 120 pBMzG
REDI24 (3) 597672 9096152 119597 1.072 0.321 L164/48 471 33142 442 67/6 376 pBMzG
REDI26 (4) 596715 9092100 122828 1.060 0470 257/27 383 164/5 399  oedie2 83  pBMzG
Leucogranites

REDO4 (6) 593797 9106352 24145 1.014 0770 50/33 538 150/16 442 262/52 296 sLMzG
REDO5 (6) 594289 9106216 09573 1.023 0.679 172/ 434  263/73 555 81/17 30,0 sLMzG
REDO6 (5) 5944359 9106478 55662 1.043 -0.626 35410 254 23770 518 87118 446  sLMzG
REDO7 (4) 595682 9105178 125757 1.034 -0.120 354/24 447 233/50  60.1 9930 443 sLMzG
REDOR (3) 595410 9104675 02599 1.024 -0324  223/11 303 115/60 164 31928 273  sLMzG
REDI4 (8) 606351 9106276 08670 1.077 0.012 302/5 140  36/40 202 206/50 188  sLMzG
REDI19{5) 601389 9098025 112738 1.020 0.009 124/32 440 352/47 492 231726 473 sLMzG
RED24 (13) 603542 91063580 10,7110 1.027 -0.029 326/68 292 158/8 279 250718 26.1 sLMzG
RED25(4) 603475 9104369 47337 1.057 0.160 325/260 622 110/0 442 227/15 290  sLMzG
RED26(5) 603167 9103479 §.5454 1,030 0471 10/4 482 27548 370 104/4]1  41.1 sL.MzG
RED27(6) 602860 9102927 53848 1.026 -0.113 33317 290  102/64 527 23719 473 sLMzG
RED28 (8) 601910 9102684 114721 1.039 -0.047 17/30 288 24947 250 12528 202  sLMzG
RED29 (8) 601602 9101579 92970 1.030 -0.440 96/48 214 240/37 409  344/18 445 sLMzG
RED30{8) 601570 9100903 72033 1.044 0407 20/71 327 1836 440 91718 316 sLMzG
RED31(9) 601230 9099798 46624 1.032 -0311 53/62 278 144/0 - 234/28 378 sLMzG
RED32(4) 600498 9100537 2.6353 1.027 -0422 322/47 303 8828 696 195729 678 sLMzG
RED33 (8) 599215 91018300 07879 1.027 0.641 274/9 389  176/39 333 15/49 154 sLMzG
RED34 (5) 598600 9102154 10,3438 1.029 -0.221 18/46 433  122/12 44,1 223/41 522 sLMzG
RED35(5) 601390 9102654 10.7504 1.040 -0.201 248/39 295 51/49 328 151/8 163  sLMzG
RED36(6) 600565 9103147 4461 1.0539 0449 32426 226 106/59 320 226/17 139 sLMzG
RED67 (6) 597198 9103308 6.7367 1.030 0314 156/6 17.5  252/51 256  61/39 8.0 sLMzG
RED68 (4) 596920 9101866 (.5188 1.050 0.542 141/19 211 26/50 471 244733 65 sLMzG
RED®&9 (5) 596367 9100792 152424 1.036 -0928 123/43 316 32844 572 225/13 571 sLMzG
RED73(6) 592618 9093736 48093 1.070 0205 209/34 139 201/12 155 95/53 9.8  sLMzG
REDS9 (6) 597334 9109327 64000 1.049 0.056 274/39 299 16719 302 57/44 20.1 sLMzG
RED90 {4) 597483 9107638 0.4577 1.033 0.699 152/22 30,7 le/6l 345 250/18 118 sLMzG
RED91 (6) 597483 9106138 83542 1.043 0232 172/61 319  271/5 340 4128 294 sLMzG
REDI11(5) 602439 9106429 17.0256 1.072 0.189 286/72 289 116/18 276 253 262 sLMzG
REDII12(7) 600819 9107262 129181 1.047 -0325 255/36 239 119/45 395 3/23 242 sLMzG

The site name; numbers of specimens measured (1),

longitude, latitude

- UTM; K, = mean magnetic susceptibility (107 of the
stations in SI unit; &; = trend and plunge of the magnetic lineation (in degrees); A; = trend and plunge of the pole of the
magnetic foliation: P'= total anisotropy of the magnetic susceptibility; T = Jelinek’s (1981) AMS ellipsoid shape parameter;
the parameter values represent arithmetical means of Km = (ktktis)3, P = ks, T = 2 In(k/k)/Ink /k;)-1: €, e>and e; are
the semi-angle (measured in degrees) of the 93 per cent confidence ellipse of AMS axes, facies abbreviations: B - biotite; H -
homblende; MzG - monzogranite; L - leuco; ¢ — coarse, even-grained; s - medium- to coarse- grained seriated; p - porphyritic;
e - medium-, even-grained.
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The anisotropy degree in the Reden¢ao pluton varies from 1.016 to 1.46, but it is low (less
than 1.2) in most samples (Table 1; Fig. 6¢c and Fig 7a, b). It is less than 1.10 in 75% of
specimens and in 98% of stations, suggesting that deformation in the solid state is not important,
since high P’ values are generally acquired during later solid-state deformation (Hrouda, 1982).
This is consistent with petrographic observations showing a lack of intracrystalline deformation
features in the constituent minerals of the different petrographic facies. P’ does not show clear
correlation with petrographic domains. Sites with P'> 1.10 are found locally in the southwestern
border. M oderate values, 1.05 < P’ < 1.10, are located along the western border and locally in the
northern, mid-central and southeastern domains (Fig. 6c). The spatial variation is poorly
coincident with that shown by K, and lack of correlation of P’ and K is also evident on a P’ versus
K plot (Fig. 7a), contrary to what is commonly observed in ferromagnetic granites (Archanjo et
al., 1994; Bouchez, 1997). However, a slightly positive correlation is observed up to a sudden
increase of P’ occurs at ‘ferromagnetic’ values of K (~107 SI). The nonlinear dependence
between these parameters is typical of magnetite bearing igneous rocks (Rochette et al., 1992;
Borradaile and Henry, 1997), indicating that AM S fabric strength is independent of composition
in these rocks. Except for those specimens with lowest K (< 5x1 0 SI), our data fall outside the
domain of paramagnetic granitoids (Fig. 7a).

The shape of the AM S ellipsoids varies widely within the pluton, with oblate ellipsoid (7
> () being slightly more abundant than prolate ones (Figs. 6d and 7b, c). The site mean shape
parameter ranges from -0.965 to 0.969 and displays a fairly neutral magnetic ellipsoid on average
with a mean T of 0.09 (Table 1; Fig. 8b, c). The T'— P’ plot (Fig. 7b) illustrates the symmetrical
disposition of the specimens on both sides of the T = 0 line. Therefore, there is no obvious

correlation among 7, P’ and K in the pluton (Fig. 6b, ¢, d and 7a, b, c).

4.2.3. Magnetic fabric

The magnetic lineation (parallel to k) and foliation (normal to k3) for each station were
acquired from the average of k; and k5 orientations of individual specimens, respectively. The
precision of the magnetic fabric data is given by the opening angle of the confidence cone at 95%
about &, and k3 (0ws; Table 1). Directional data are considered well defined if a5 < 25° and poorly
defined if 0ys>30°. Within-station variability, ok, and oks, is usually fairly large (Fig 8) with ok,
and ok; varying jointly: < 30° in 45% of the stations , between 30° and 50° in 40% of the
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stations, and above 50° in the remainder 15%. The average within-station variability is 35° for &
and 32° for k3. For ags > 30° the data were utilized if the directional AMS parameters of the
nearest sites are coherent; otherwise the data was discarded. A positive correlation exists between
measurement error (instrumental error, holder and operator errors, and the errors due to the
irregular shape of the specimen) and ak; (within-site variability). Repeated measurements on
specimens with large measurement errors displayed the same orientation of the principal AMS
axes. This indicates that the ak; error is primarily due to measurement errors and not to the

heterogeneous distribution of the magnetic grains.

Bulk Magnetic
Susceptibility (K)
- 200x 107 SI
B 12.0-200% 107 S
C6.1-119x10°81
Cl=ea1x10's1

Magnetic Fabric
Intensity (P’)
0w 20

B 1050110
11001 1.05

Susceptibility Ellipsoid
Shape (T)
W 0.5 10 1.0 (oblate)

Wo0w0s
[10.0 ta-1.0 {prolate)

Fig. 6. (a) Sample sites in the Redengdo Pluton. (b) Variation of bulk magnetic susceptibility values (K SI) in the
pluton. (c) Variantion in the magnetic fabric intensity (P’) in the pluton. (d) Variation of magnetic susceptibility
shape factor (7 values). 7= 1, T =0, and T = -1 represent a perfectly oblate, neutral, and prolate ellipsoids,
respectively (Jelinek, 1981). All scalar parameters contoured by hand, based on analyses at all 127 AMS sites in the
pluton.
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Most sites fall into one of three categories that are a function of the shape of the mean
AMS ellipsoid (Fig. 9). Sites with oblate ellipsoids have well-clustered magnetic foliations (k3)
and a smearing of k; and k, directions within the foliation plane. Those with prolate ellipsoids
show well-defined magnetic lineations (v k) and a wide scatter of k, and k3 directions within the
plane normal to k. Mean principal susceptibility directions tend to be well defined in sites with

neutral AM S ellipsoids, provided P is sufficiently high (Fig. 9).

- b A .. )
\ |
T I

-0.965 P = 1048

T=0936 P =1.181 T=-0.08 P =1.055
Oblate Neutral Prolate

Fig. 9. AMS directional data types showing examples of an oblate fabric (RED 62, T = 0.936), neutral fabric (RED 103, 7 =
0.086), and pwlate fabric (RED 76, T'= 0.965). The 95% confidence ellipses around each site mean principal direction (large
symbol) aredescribed by maximum a5 angle.

The orientation of magnetic foliations and lineations in the Redencao pluton are shown in
Figures 10 and 11. Magnetic foliations have generally moderate to steep dips (> 60° to
subvertical) and magnetic lineations plunge gently to moderately (usually < 60°). The foliation
and lineation trajectories are curvilinear (Fig. 12 a, b), and show a general concentric
arrangement, with inward dips of the magnetic foliation. Near the margins, they follow the shape
of the pluton. In the coarse biotite monzogranite facies, strikes of magnetic foliation and lineation
are systematically parallel to the contact of the pluton with the country rocks and the other facies.
Along the contact between the (later emplaced) porphyritic biotite monzogranite and the coarse
amp hibole-biotite monzogranite at the southwestern part of the pluton the foliation and lineation
trends perfectly follow the trace of the contact. The same is observed in the contact between
coarse biotite monzogranite and the seriated biotite monzogranite at the northern of the pluton.
The foliation dip is predominantly steep in the central part of the pluton and decreases to
moderate in the south-western border, where magnetic lineations dip gently (commonly < 30°),
almost sub-horizontal. In the central leucogranites, the magnetic fabric is apparently near

concentrically disposed. This pattern is generally parallel to the lithological zoning.
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5. Discussion
5.1. Regional context of p luton emplacement

A-type, rapakivi granites have been described from many old cratonic blocks, especially
in North America, Baltica and Amazonia (Ram6 and Haapala, 1995). With their worldwide
distribution, distinct silicic-mafic magmatic association, and emplacement history, this
magmatism appears to be a very specific, world-scale event. The A-type magmatism shows a
pronounced occurrence in the Paleo- and Mesoproterozoic (commonly from 1.88 to 1.3 Ga),
several hundred Ma after the orogenic peak that gave place to the amalgamation of a proposed
supercontinent formed at the late Paleoproterozoic or early Mesoproterozoic (Hofmann, 1989;
Windley, 1993, 1995; Brito Neves, 1999; Frost et al., 1999; Condie, 2002; Lamarao et al., 2002,
2005; Rogers and Santosh, 2002; Zhao et al., 2002, 2004 ; Dall’A gnol et al., 2005; Vigneresse,
2005). For this reason, the origin of rapakivi granites and associated rocks is generally considered
typical of ‘anorogenic’ settings. They are not associated with major episodes of large-scale
deformation related to local plate convergence. However, they could represent the response in
stabilized areas to distal orogenic events (cf. Nyman et al., 1994; Nyman and Karlstrom, 1997;
Ahill et al., 2000; Zhao et al., 2004).

In the Carajas province, A-type plutons postdate their Archean country rocks by ca. one
billion years (Macambira and Lafon, 1995; Rdamé et al., 2002; Dall’Agnol et al., 2005).
Moreover, the emplacement of the Jamon suite granites took place ~ 150 M a after the last major
Paleoproterozoic Trans-Amazonian compressional event recorded in the Maroni-Itacaiinas
province (Fig. 1; Delor et al., 2003; Rosa-Costa, 2006). It is clear that the Carajas province was
an extremely stable domain of the craton at 1.88 Ga. The emplacement of the Jamon suite
granites of the Carajas province is admitted to be linked to asthenospheric upwelling and magma
production in the mantle, followed by partial melting of the lower continental crust provoked by
heat provided by underplating of mantle magmas (Dall’A gnol et al., 2005). The resulting anatetic
liquids ascended in the crust and were emplaced as high-level granite complexes. In this model,
extension is proposed to be associated with mantle upwelling. The occurrence of diabase dike
swarms coeval with the Jamon suite (Fig. 13) have WNW-ESE to NNW-SSE trends, suggesting
extension oriented approximately along the NNE-SSW to ENE-WSW direction. The 1.88 Ga A-

type granite plutons and stocks of Carajas province are also disposed along a belt that follows the
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general trend defined by the dikes (Fig. 1b), suggesting that their emplacement may have been
controlled by NE-SW extension.

\T_
|
resent erosion
@ - pluton level
f - upper crust
] .
5 =] R =
A2 @ 15 ﬁj i
e 5 |&@ 5 £ = o
u & + ] fire
z |5 2 |7 2
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£ |EZ2 |IF I = middle crust
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mantle peridotite

Fig. 13. Model for the generation ofthe Pal eoproterozoic bimodal magmatism in the Rio Maria Granite-Greenstone
Terrane (Carajas province), showing the relationship between diabase dikes, A-type granites, and quartz feldspar
porphyries. The scheme is based on Huppert and Sparks (1988) and modified from Ramé and Haapala (1996).
Mantle-derived mafic magmas are intruded at the crust—-mantle boundary, where they form a magm atic underplate, a
hybrid ofmantle peridotite, gabbro, and crustal material. The thermal effect of the mafic magmas cause extensive
partial melting of the lower crust, forming A-type granitic magmas and quartz porphyry dikes. Ascending mantle-
derived mafic magmas are partly trapped to higher crustal levels or reach the surface through diabase dikes. The first
causes partial melting in the lower/middle crust, producing more evolved A-type granitic magmas (K-feldspar +
quartz + plagiocl ase). Successive intrusion ofsilicic magmas in the middle/upper crust form A-type granite plutons
and silicic dikes. The mafic and silicic magmas may locally use the same channelways, forming composite dikes
with or without hybridization. hb— hornblende, bt — bictite, plg — plagioclase, kf— K-feldspar, qtz — quartz.

In the Redengdo pluton, the AM S fabric is controlled mostly by magnetite, which is an
early-crystallized accessory mineral. In rocks in which K is carried dominantly by ferromagnetic
minerals the AM S probably results from the shape anisotropy of magnetite grains (e.g., Archanjo
et al., 1995; Grégoire et al., 1998; Ferré et al., 1999). Considering the textural relationships of
magnetite with other mineral grains and the absence of subsolidus deformation and
recrystallization, the AMS can be interpreted as of magmatic origin. As a consequence, the
magnetic lineation corresponds to the dominant magma stretching direction, which reflects
emp lacement-related processes, dynamic processes which occur within the magma chamber,

regional deformation, or a combination of these (e.g, Paterson et al., 1998; McNulty et al., 2000;
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Benn et al.,, 2001; Neves et al., 1996, 2003; Zak et al., 2005). The lack of a well-defined
unidirectional linear fabric at pluton scale suggests a reduced or null influence of regional
tectonic stresses during granite emplacement. This is in agreement with low P’ values, the
predominance of neutral ellipsoids, and absence of any clear correlation between P’ and K.
Therefore, granite emplacement was not related to a major orogeny and its fabric was not
controlled by syn-emplacement regional deformation. This is in agreement with the “anorogenic”

tectonic setting admitted for the Jamon suite (Dall’Agnol et al., 2005).

5.2. Zoning and magnetic susceptibility

A near-concentric normal zoning is a remarkable feature observed in the Reden¢ao pluton
and in others plutons of the Jamon suite (Oliveira et al., submitted; Almeida et al., submitted,
Dall’Agnol et al., 2005). Gradual differentiation from the margins to the center of the plutons
could be an explanation for this zoning The coarse-grained biotite monzogranites could be
derived from the amphibole-biotite monzogranites by fractional crystallization. However,
geochemical data indicate that the leucogranites cannot be derived directly by fractional
crystallization of the less evolved amphibole-biotite-bearing facies (Oliveira, 2001).

The high values of K (> 107 SI) found in the Redencdo pluton indicate that it is
ferromagnetic in origin, in accord with the high abundance of magnetite (> 1% vol.). The
unimodal distribution of K and petrographic aspects suggest that post-magmatic processes have
not been intense nor penetrative. K values decrease from the southern border to the center of the
pluton. The apparent zoning pattern in K values is similar to that observed for geochemical and
petrographic zoning. The positive and negative correlation between K values and, respectively,
mafic mineral and quartz + K-feldspar content reinforce the link between magnetic and
compositional zoning. There is good agreement that in magnetite-bearing granites, the magnitude
of K increases in the more mafic units (Archanjo et al., 1995; Ferré et al., 1995). Effectively, in
the Redenc¢do pluton, the highest K values correspond to the more mafic rocks. As a consequence,
K displays negative correlation with [FeOt/(FeOt+MgO)] and could be used as a magmatic

differentiation index.
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5.3. Magnetic fabric and emplacement model

Although apparently isotropic in the field, the Reden¢do pluton displays well-defined
magnetic foliation and lineation trajectories. Trajectories of the magnetic fabrics and zoning of
the Redencdo pluton are nearly concentric and parallel to the contact pluton/country rocks. These
characteristics are similar to those expected for diapiric or concentrically expanded plutons
(Cruden, 1990; Paterson and Vernon, 1995; Dietl and Koyi, 2002). However, in the present case,
these two possibilities can be ruled out due to the absence of ductile deformation of country rocks
and the tabular shape of the intrusion. This latter constraint suggests an emplacement similar to
those of lacolith intrusions, but, in laccolith plutons, subhorizontal, not steep, magmatic foliations
are expected (e.g, Roman-Bediel et al., 1995; Scaillet et al., 1995; Rocchi et al., 2002). Any
emplacement model for the Redencao pluton has therefore to explain how subvertical fabrics
were developed in a tabular intrusion. In the following, we propose that this feature can be
resolved by combining emplacement by floor depression and magmatic deformation related to
the intrusion of the late leucogranite facies.

Swarms of mafic, intermediate, and felsic dikes are associated with the Jamon Suite (Silva
Jr. et al, 1999). Composite mafic-felsic dikes cutting Archean granodiorites have also been
locally described (Dall’A gnol et al., 2005). The felsic dikes yielded Pb-Pb zircon ages of 1885+4
and 188512 Ma (Oliveira D.C., unpublished data). One of these dikes, rhyolite porphyry, shows
evidence of mingling with an associated mafic dike, demonstrating that the mafic and felsic
magmas were contemporaneous. The occurrence of dike swarms coeval with the granites of the
Jamon suite suggests that the granite plutons were emplaced in an extensional tectonic regime.
This is consistent with the tabular shape of the Reden¢ao and Bannach plutons inferred from
gravity data (Oliveira et al., submitted), since subhorizontal intrusions are favored in extensional
settings (e.g., Vigneresse, 1995; Vigneresse et al., 1999).

Dikes are the most efficient way to feed upper crustal plutons (Petford, 1996; Petford et
al., 2000). Assuming a dike-like ascent model, three stages during the construction of the
Redencao pluton are proposed. The orientation of the biotite-hornblende monzogranite facies and
its magnetic foliation and lineation are close to the direction of the regional WNW-striking,
subvertical foliation. Field relations show that this facies was the first to be emplaced. So, initial

pluton construction could have involved ascent of magmas along fractures developed parallel to
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foliation planes, with space for emplacement being provided by subsidence and/or uplift of
blocks at the intersection with the NNW-striking fractures or by NNE-SSW-directed translation
(Fig. 14a).  Steeplyplunging magnetic lineations locally found in the biotite-amphibole
monzogranite facies may record vertical flow during magma emp lacement.

The second stage corresponds to the switch from upward flow to lateral spread of magma
at upper-crustal levels and is responsible for the tabular shape of the pluton. The high viscosity
contrast and absence of deformation aureole within the country rocks indicate that forceful lateral
spreading of the pluton was not the main mechanism for making space during emplacement.
Instead, room was mostly created by vertical displacement of country rock as the pluton grew
from an initial thin sill to attain its maximum observed thickness of 6 km (Fig 3). Space for
emplacement of successive magma pulses was likely generated by floor subsidence (Cruden,
1998) rather than by uplift of country rocks, the usual situation in laccoliths (Roman-Berdiel et
al.,, 1995; Petford et al., 2000; Saint Blanquat et al., 2001). Downwarping of the underlying
country rocks can account for the observation of inward dipping magnetic foliation in the coarse-
grained biotite monzogranite (Fig. 14b), instead of the expected domal structure resulting from

laccolith-like emplacement.

In the third stage, emplacement of the late leucogranite facies resulted in in situ inflation
of the magma chamber and a coaxial magmatic strain. The magma-pressure driven deformation
led to further steepening of the magnetic fabric and development of concentrically arranged
magnetic lineations in the early emplaced and partially crystallized coarse-grained biotite
monzogranite (Fig. 14c). Since space creation by lateral displacement was probably inefficient to
accommodate the new incoming magma, overpressure of the magma chamber may have resulted.
This induced fracturing of the roof, with development of ring fractures. Migration of interstitial
liquid to these fractures and its subsequent eruption is required in order to maintain a near
constant volume. The geochemistry of the porphyritic facies suggests it probably represents an
evolved liquid derived from a parental magma similar in composition to the coarse-grained
monzogranite (Oliveira et al., submitted). Therefore, the arcuate shape of this facies may
represent sites of magma expulsion of part of the resident magma. A similar explanation could
also be proposed for the seriated monzogranite. However, this is less likely, since this facies does
not appear to be genetically related with the coarse-grained biotite monzogranite. It is suggested

that it may have resulted from intrusion of new magma batches from below, with its bow-shaped
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structure again reflecting the radial stress field induced by the leucogranite facies, with which it

shows textural affinity (Oliveira et al., submitted).
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Fig. 14. Proposed emplacement model for the Redengdo granite. (a) Block-diagram showing magma
ascent exploiting the subvertical foliation of country rocks. Due to the pressure of magma intrusion, the
horizontal stresses eventually overcome the lithostatic load (Vigneresse et al, 1999) andthe opening plane
becomes horizontal. Subvertical foliations and steep to shallow lineations related to magma ascent and
emplacement are preserved in the early-emplaced amphibole-biotite monzogranite. (bl, b2) SW-NE cross-
sections showing growth of the pluton by floor subsidence (Cruden, 1998), possibly accommodated by
ductile extension at deeper crustal levels. A shallow to moderately-inward dipping foliation develops in
the differentiating successive magma batches. (c) Intrusion of the late leucogranite facies induces a radial
stress field and causes foliation in the partially crystallized biotite monzogranite to become steeper.
Overpressure of the magma chamber induces arcuate fractures in the pluton roof, which drain part of the
residual melt present in the magma chamber.
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5.4. Perspectives on the application of the AMS technique in the structural study of A-type
granites

Few AMS studies have been conducted in A-type plutons. Ferré et al. (1999) and Bolle et
al. (2000, 2002) studied granitoids associated with the Bushveld Complex (South Africa) and the
Rogaland Igneous Complex (Norway), respectively. In both cases the granites are part of larger
layered intrusions. Ferré et al. (1999) found that magnetite-rich granites in the Bushveld Complex
display well-defined subhorizontal magnetic foliations but lack a well-defined linear fabric,
which they interpreted as evidence for laccolith emplacement of crystal-poor magma batches
followed by in-situ static crystallization. In contrast, the AMS study of the Rogaland Igneous
Complex (Bolle et al., 2000, 2002) revealed that magnetic lineations show a clear convergent
pattern towards the center of the intrusion, where they become subvertical. This pattern was
attributed to continuous downward drag of the crystallizing granite magma caused by sinking of
the underlying mafic rocks. Alkaline granites from ring-complexes are usually also included
within the anorogenic granites category. In a study of one such ring-dike complex from Skye
(Scotland), Geoffroy et al. (1997) found a consistent magnetic fabric pattern, with magnetic
foliations dipping steeply towards the convex wall of each intrusion and with shallow-plunging
magnetic lineations generally parallel to the strikes of the foliation. This was inferred to be
consequence of aradial and compressive stress field acting after each injection of magma.

Compared with granites emplaced in orogenic settings, anorogenic granites are expected
to display lower anisotropies and, consequently, weaker fabrics. However, the studies
summarized above, in conjunction with the new study reported here, point out that the AMSis a
promising technique in the analysis of the internal fabric of these rocks. They also highlight that
there is no universal rule, with each particular case requiring a different interpretation. In fact,
clues on emplacement mechanisms of granitic magmas and on internal magma chamber
processes may be better uncover by studies of these types of plutons because orogenic granites
may acquire an internal fabric by a multitude of mechanisms. This may result in composite
fabrics and sometimes render the results so complicated as to hamper an unambiguous
interpretation. However, it must be kept in mind that these initial results were obtained in
magnetite-rich granites. In the reduced A-type granites, including the more typical rapakivi
granites (Rdmo and Haapala, 1995), the results may be less conclusive or not easily interpretable.

It would be interesting to undertake AMS technique studies in moderately reduced A-type
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plutons, as the Serra dos Carajas and Cigano plutons of the Serra dos Carajas suite (Dall’Agnol et
al., 2005) and similar plutons. These granites have significant modal content of magnetite, but
display also mineralogical evidence, e.g the composition of mafic minerals, of crystallization in
relatively reducing conditions (Dall’A gnol and Oliveira, 2006). Finally, as pointed out by Ferré et
al. (1999), replacement of magnetite by haematite during hydrothermal alteration may also

constitute a comp lication in the study of anorogenic plutons.

6. Conclusions

At the end of the Paleoproterozoic (~1.88 Ga), the Carajas province recorded a
tectonothermal event that resulted in the emplacement of several “anorogenic”, A-type granites.
The Jamon suite plutons were emplaced in an extensional tectonic setting oriented approximately
NNE-SSW to ENE-WSW, as indicated by the coeval intrusion of WNW-ESE- to NNW-SSE-
striking diabase and granite porphyry dike swarms. We have carried out the first magnetic fabric
study of one of the members of the Jamon suite, the Redencdo pluton. Together with existing
petrographic, geochemical and gravity data, the results show that the Redengdo pluton is a
normally zoned, tabular intrusion. High magnetic susceptibilities, early-crystallization of
magnetite, and low P’ values indicate that the magnetic fabric is of magmatic origin and carried
by magnetite. Absence of a well-defined unidirectional linear fabric at pluton scale suggests
reduced or null influence of regional stresses during granite emplacement. The concentric
orientation of steeply dipping magnetic foliations and shallow to moderately plunging magnetic
lineations in the different facies of the pluton are interpreted as resulting mainly from (a) floor
subsidence, which created space for injection of successive magma pulses, (b) in situ inflation of
the magma chamber in response to the intrusion of the central, late-emplaced facies, and (c)
ejection of part of the residual resident magma through cylindrical fractures. The successful
application of the AMS technique to the study of the internal fabric of the Redenc¢do granite
opens up the possibility that a similar approach can provide important insights into the

emp lacement mechanism of A-type anorogenic granites, includingrapakivi granites.
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DISCUSSOES E CONCLUSOES FINAIS

As rochas que constituem os macicos da Suite Jamon possuem composi¢des
monzograniticas, excetuando-se diques de leucomicro-sienogranito. As suas caracteristicas
texturais e mineraldgicas permitem subdividi-las em facies petrograficas que incluem
monzogranitos equigranulares com diferentes propor¢coes modais de anfibolio e biotita,
leuco granitos e, subordinadamente, variedades porfiriticas.

Observacdes de campo aliadas a dados aerogamaespectométricos, petrograficos,
geoquimicos e de suscetibilidade magnética, demonstraram que os corpos graniticos que
constituem a Suite Jamon possuem um zoneamento normal concéntrico com as facies mais ricas
em minerais maficos situando-se na periferia dos corpos e as facies mais leucocraticas as porcoes
mais centrais. As facies porfiriticas afloram em elevagdes alinhadas ou formam estruturas
anelares, como no caso do Granito Redencdao. De modo geral, os liquidos formadores do granito
evoluiram das bordas para o centro, onde se concentraram os liquidos mais diferenciados. As
composi¢oes modais, que tal evolugdo se traduziu por aumentos moderados nos conteudos de
quartzo e da razdo feldspato potéssico/plagioclasio e, de modo mais acentuado, pela diminuigdo
gradual das percentagens de minerais maficos e da razdo anfibolio/biotita. Esta tendéncia ¢
acompanhada pelo aumento de SiO, K,O e Rb e uma nitida diminui¢do dos teores de TiO,,
M g0, Fe,O4t, CaO, P,0s, Ba, Sr e Zr.

Os dados geoquimicos obtidos para o Granito Redenc@o sugerem que a evolucdo das
suas variedades de rocha ndo se deu por simples cristalizacdao fracionada, com outros processos
tendo papel importante. Com base nas relagdes entre os 6xidos de elementos maiores e menores,
dos elementos trago litofilos (Rb, Sr e Ba) e ETR, foi possivel distinguir pelo menos trés estagios
de evolucdo magmatica nestes granitos: o primeiro corresponde a geracdo da facies hornblenda +
clinopiroxénio-monzogranito a partir do liquido hornblendatbiotita monzogranito localmente
enriquecido em anfibolio e clinopiroxénio cumuléticos. Esta hipdtese ¢ coerente com o gap
composicional entre a facies hornblenda £ clinopiroxénio-monzogranito ¢ as demais variedades.
Ela explica também as acentuadas anomalias de Eu observadas na fécies hornblenda =+
clinopiroxénio-monzo granito, inconsistentes com a hipotese de o liquido formador da fécies
hornblenda-biotita-monzogranito ter sido derivado do primeiro por cristalizacdo fracionada. O
segundo estdgio evolutivo ¢ marcado pela geracdo das diferentes variedades de biotita-

monzogranitos por processo de cristalizagcdo fracionada a partir da facies biotitat+hornblenda-
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monzogranito. Os padrdes dos ETR apresentados pelos biotita-monzogranitos, com pronunciadas
anomalias de Eu, favorecem a hipotese de um fracionamento dominado por plagioclésio e
feldspato potéssico. O terceiro estagio corresponde a geracdo dos leucogranitos a partir de um
magma félsico mais evoluido e independente. Outros processos, como magma mingling, foram
importantes para geracdo das variedades porfiriticas do corpo, havendo evidéncias de interagdo
entre as facies biotita-monzogranito e os leucogranitos. De modo geral, as caracteristicas
geoquimicas e petrograficas e a evolugdo magmatica do Granito Redencdo sdo semelhantes as
dos demais granitos da Suite Jamon (Jamon, Musa e Bannach).

A Suite Jamon ¢ subalcalina, metaluminosa a peraluminosa e possui afinidade
geoquimica com granitos intra-placa, tipo-A. A ocorréncia de magnetita e titanita, bem como os
altos valores de suscetibilidade magnética demonstram que os granitos da Suite Jamon foram
formados em condigdes oxidantes. Granitos tipo-A oxidados possuem altas razdes de
FeOt/(FeOt+M gO), TiO,M g0 e K,0/Na,O e baixos valores de CaO e Al,O3; comparado aos
granitos célcio-alcalinos. Valores ligeiramente mais baixos da razdo FeO/(FeO+Mg0O), os
distinguem dos granitos tipo-A reduzidos. Os granitos da Suite Jamon sdo similares aos granitos
mesoproterozoicos do tipo-A da série magnetita do SW da América do Norte e diferem dos
granitos rapakivi reduzidos do Escudo da Fennoscandia e das suites Serra dos Carajas e Velho
Guilherme da Provincia Mineral de Carajas em varios aspectos, provavelmente pela diferenca de
fontes magmaticas. A Suite Jamon cristalizou proximo ou levemente acima do tampao 6xido de
niquel-niquel (NNO) e um biotita-honblenda-quartzo-dioritico sanukitdide arqueano foi a fonte
propostapara os seus magmas.

As formas tridimensionais dos granitos Redencdo e Bannach, modeladas através de estudo
gravimétrico, indicam que os mesmos sdo intrusdes tabulares com ~6.0 km e ~2.2 km de
espessura maxima, respectivamente. Estes platons apresentam formas lacoliticas e sdo similares
neste aspecto aos classicos plutons graniticos rapakivi. Os dados gravimétricos sugerem que a
parte norte do pluiton Bannach resultou da amalgamacdo de dois plitons tabulares menores,
colocados em seqiiéncia de noroeste para sudeste. Isto € consistente com as interoretacdes
anteriores de que o Granito Bannach corresponde a uma intrusdo composta formada por pelo
menos trés platons coalescentes.

Os plitons da Suite Jamon foram colocados em um ambiente tectonico extensional com o

esforco seguindo o trend NNE-SSW to ENE-WSW, como indicado pela ocorréncia de enxames
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de diques de diabasio e granito porfiro, de orientagio WNW-ESE a NNW-SSE, coexistentes com
a suite. Os plutons graniticos paleoproterozoicos da Provincia de Carajas estdo dispostos ao longo
de um cinturdo que segue o trend geral definido pelos diques. A geometria tabular dos plutons
estudados e o alto contraste de viscosidade entre os granitos e suas rochas encaixantes arqueanas
podem ser explicados pela colocagdo dos magmas em baixa profundidade, em uma crosta rigida,
sendo assumido que o transporte do magma se deu por diques.

Os altos valores de suscetibilidade magnética (1 x 107 SI to 54 x 107 SI) obtidos em
amostras do Granito Redenc¢do, indicam que a sua trama magnética ¢ controlada principalmente
pelos minerais ferromagnéticos (magnetita). Os baixos valores do grau de anisotropia (P’'), a
formagdo da magnetita nos estdgios iniciais da cristalizagdo magmatica e certos aspectos
texturais, como a auséncia de fei¢cdes deformacionais, indicam que a trama magnética ¢ de
origem magmatica. A trama magnética ¢ bem definida e caracterizada por uma foliacdo
concéntrica de alto angulo associada com lineacdes de mergulho moderado a fraco. A falta de
uma trama linear unidirecional bem definida na escala do platon sugere uma influéncia reduzida
ou nula de esforgos regionais durante a colocagdo do corpo granitico. Trés estagios sdo propostos
para a construgdo do Granito Redenc¢do, conciliando a forma tabular da intrusdo com o
comportamento da trama magnética nas diferentes facies do pliton: (1) ascensdo vertical de
magma através de diques alimentadores noroeste-sudeste e acomodagdo pela translagdo ao longo
dos planos da foliacdo regional E-W; (2) mudanca do fluxo, passando de vertical para um
espalhamento lateral do magma, com subsidéncia do assoalho criando espago para injecdo de
pulsos magmaticos sucessivos; (3) expansdo in situ da cdmara magmatica em resposta as
intrusdes mais tardias na por¢ao central, acompanhada pela injecdo de magma residual através de
fraturas anelares.

A aplicagdo bem sucedida das técnicas de AMS no estudo da trama magnética do Granito
Redencdo forneceu importantes informagdes sobre o mecanismo de colocacdo dos granitos
anorogénicos tipo-A. Os resultados obtidos neste trabalho estimulam futuras pesquisas, no
sentido da busca de um melhor entendimento dos fatores que controlam a colocagao de corpos

graniticos intraplacas e seu papel na evolugdo crustal, em especial do Craton Amazdnico.

Davis Carvalho de Oliveira - 2006 - Tese de Doutorado (CPGG-UFPA)



	Dall'Agnol and Oliveira_lithos.pdf
	Oxidized, magnetite-series, rapakivi-type granites of Carajás, Brazil: Implications for classif.....
	Introduction
	A-type granites of the Carajás province
	Geologic setting, geochronology and Nd isotope geochemistry
	Petrography and mineral chemistry
	Elemental geochemistry
	Magnetic susceptibility and Fe–Ti oxides

	Comparison with the Proterozoic A-type granites of Fennoscandia and Laurentia
	Granite classifications and their applicability to A-type rapakivi granites
	Geochemical distinction of oxidized A-type granites
	FeOt/(FeOt+MgO) ratio vs. magnetite-series and ilmenite-series
	Experimental constraints on the origin of oxidized A-type granites
	Conclusions
	Acknowledgments
	References





