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RESUMO

A regido estudada esta localizada no extremo norte de Mato Grosso, nos arredores do
Municipio de Guarantd do Norte. O acesso se faz por meio da BR-163 (Cuiaba-Santarém), com
um trajeto de 710 km. Esta tectonicamente inserida na por¢do centro-sul do Craton Amazonico, na
Provincia Tectdnica Tapajos-Parima (2,03 a 1,88 Ga). Com aproximadamente 50 km?, a éarea
selecionada para estudo de detalhe € composta por biotita granodioritos, ignimbritos, riolitos,
hornblenda-biotita granitos, alcali-feldspato granitos e sienogranitos com caracteristicas geoldgicas
e petroldgicas de rochas geradas em ambiente de arco magmatico. O biotita granodiorito é
composto por plagioclésio, quartzo, feldspato potassico e biotita. A quimica mineral de biotita
sugere afinidade célicio-alcalina e as caracteristicas geoquimicas sdo coerentes com magmas
gerados em ambientes de arco magmatico maduro (idade modelo Nd Tom de 2,44 Ga) e
posicionados em 2001+13 Ma (U-Pb em zirc&o).

O ignimbrito apresenta variacdes quanto ao contetdo e dimensdo dos fragmentos de
cristais, vidros, litoclastos e constituintes da matriz. O riolito possui matriz afanitica, vesiculas
alongadas marcadas pela estratificacdo e € constituido por quartzo, plagioclasio e feldspato
potassico em matriz holo a hemicristalina. A idade de cristalizagéo é de 1792 + 14 Ma (U-Pb em
zircdo) e os dados isotopicos (end = +0,37; eHfjy entre -1,98 e -11,67 e idade modelo Nd Tpwm de
2,02 Ga). Estes dados tambem sdo coerentes com magmatismo gerado em ambiente de arco
magmatico, com fonte provavelmente mantélica e retrabalhamento crustal.

O hornblenda-biotita granito caracteriza-se pela textura megaporfiritica de feldspato
potassico em matriz fina. Observam-se enclaves microgranulares maficos de dimensdes variadas.
As caracteristicas macro e microscopicas sugerem a atuacdo de processos de mistura parcial de
magmas. Apresentam composicdes monzograniticas a sienograniticas e 0s enclaves
microgranulares, composicdes dioriticas e tonaliticas. Os dados isotopicos sugerem derivacao
crustal (eng = -4,03 e - 1,69; eHfy) entre -4,64 e -0,51). As idades de cristalizagdo U-Pb em zircéo
obtidas para 0 hornblenda-biotita granito porfiritico é de 1790+6 e 1795+6 Ma, e para os enclaves
maéficos microgranulares, de 1790+8 Ma. Os dados isotdpicos do enclave apresentam valores de
eHfy variando entre -3,36 a 3,21, evidenciando uma mistura de fontes e retrabalhamento crustal.
Texturas que podem evidenciar processos de mistura de magmas foram classificadas como quartzo
ocelar manteado por anfibélio e ou poiquilitico, apatita acicular, aglomerados de plagioclasio e
aglomerados de minerais maficos, além de migracdo mecanica de fenocristais de feldspato
potassico para o enclave, aqui interpretado devido ao desequilibrio térmico causado pelo processo
de mistura. A quimica mineral da biotita indica afinidade calcio-alcalina para o granito hospedeiro
e enclaves, compativel com magmas gerados em ambientes de arco magmatico. A composicao do
anfib6lio é de magnésio-hornblenda para ambas as rochas. O plagioclasio do granito mostra
composicdo de oligoclasio (Anis2s) e no enclave, oliglocldsio (Anws27). A titanita apresenta
caracteristicas de titanita magmatica e quimicamente exibe a mesma composicao para o granito e
para os enclaves.

O Aélcali-feldspato granito e o sienogranito sdo equigranulares, compostos por feldspato
potassico, quartzo, plagioclasio e biotita. As caracteristicas petrograficas e geoquimicas desses
granitos sdo coerentes com granitos calcio-alcalinos, do tipo I, gerados em ambiente de arco
magmatico. Os dados indicam processos de contaminagdo crustal (eNd de -3,63 e idade Nd Tpwm
de 2,41 Ga). A idade de cristalizacdo U-Pb em zircdo é de 1763+14 Ma e foi identificada uma idade
herdada de 1811+15 Ma. Os resultados desta pesquisa contribuem para o melhor entendimento da
geologia e do ambiente geotectdnico paleoproterozoico da porcdo sul do Craton Amazonico.

Xi



Palavras-Chave: Craton Amazdnico; Paleoproterozoico; Mistura de Magmas; Arco
Magmatico; Petrologia.

ABSTRACT

The studied region is in the extreme north of Mato Grosso state, around the city of Guaranta
do Norte. The access is through the BR-163 (Cuiaba-Santarém), with a route of 710 km. It is
tectonically inserted in the Amazon-Craton, in the Tapajos-Parima province (2,03 to 1,88 Ga).
With approximately 50 km?, ignimbrites, rhyolites, hornblende-biotite granites, alkali-feldspar
granites and syenogranite with geological and petrological characteristics of rocks generated in a
magmatic arc environment. The biotite granodiorite is composed of plagioclase, quartz, potassic
feldspar and biotite. The mineral chemistry of biotite suggests calc-alkaline affinity and
geochemical characteristics suggest a relationship with magmas generated in mature magmatic arc
environments (model age Nd Tpwm of 2.44 Ga) and with 2001 + 13 Ma (U-Pb in zircon).

The ignimbrite presents variations according to to the content and dimension of the
fragments of crystals, glass, lithoclasts and matrix constituents. The rhyolite has an aphanitic matrix
and elongated vesicles marked by stratification and consists of quartz, plagioclase, and potassic
feldspar in a holocrystalline to hemicrystalline matrix. The crystallization age is 1792 + 14 Ma (U-
Pb in zircon) and the isotopic data (end = +0,37; eHf() between -1.98 and -11.67 and model age Nd
Towm 0f 2,02 Ga). The geological, petrological and isotopic data are also consistent with magmatism
generated in a magmatic arc environment, thus indicating a likely mantle source and crustal
reworking.

The hornblende-biotite granite is characterized by the mega-porphyritic texture of fine-
grained potassic feldspar. Mafic microgranular enclaves of varying dimensions are observed. The
macro and microscopic characteristics suggest the occurrence of partial magma mixing processes.
They present monzogranitic to sienogranitic compositions and microgranular enclaves, dioritic and
tonalitic compositions. The isotopic data suggest crustal derivation (eNd = -4.03 and - 1.69; eHf (t)
between -4.64 and -0.51). The crystallization ages of the U-Pb in zircon obtained for porphyritic
hornblende-biotite granite are 1790 £ 6 and 1795 + 6 Ma and for the mafic microgranular enclaves,
1790 + 8 Ma. The isotopic data of the enclave present eHf (t) values ranging from -3.36 to 3.21,
showing a mix of sources and crustal rework. Textures that can evidence magma mixing processes
have been classified as ocellar quartz maintained by amphibole and or poikilitic, acicular apatite,
spongy plagioclase, clusters of plagioclase and mafic mineral clustering. The biotite mineral
chemistry indicates a calcium-alkaline affinity for host granite and enclaves, compatible with
germs generated in a magmatic arc environment. The amphibole composition is magnesio-
hornblende for both rocks. The plagioclase of the granite shows the composition of oligoclase
(Anis2s) and in the enclave, oligoclase (Anis-27). The titanite shows characteristics of magmatic
titanite and chemically exhibits the same composition for granite and enclaves. Alkali-feldspar
granite and syenogranite are equigranular, composed of potassic feldspar, quartz, plagioclase, and
biotite. The petrographic and geochemical characteristics of these granites are consistent with calc-
alkaline, type | granites, generated in a magmatic arc environment. The data indicate crustal
contamination processes (¢eNd of -3.63 and age Nd TDM of 2.41 Ga). The crystallization age of
the U-Pb in zircon is 1763 + 14 Ma and an inherited age of 1811 + 15 Ma has been identified. The
results of this research contribute to a better understanding of the geology and Paleoproterozoic
geotectonic environment of the southern portion of the Amazon Craton.

Key-Words: Amazon Craton; Paleoproterozoic; Magma Mixing; Magmatic Arc; Petrology.
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1 INTRODUCAO

O Créaton Amazonico, localizado na porcéo norte da América do Sul, é limitado ao sul e a
leste por cinturfes orogénicos neoproterozdicos. A area de estudo esta inserida no limite entre as
provincias tecténicas Tapajos-Parima (2,03 a 1,88 Ga) e Rond6nia-Juruena (1,80 a 1,50 Ga),
segundo Santos et al. (2008), na regido de Guarantd do Norte (MT). O arcabouco geoldgico da area
é representado por ortognaisses e anfibolitos raramente aflorantes, denominados de Complexo
Cuid-Cuid (1,99 Ga; Souza et al., 2005); Suite Intrusiva Matupa (1870 Ma; Moura et al., 1997),
unidades plutono-vulcanicas de filiacdo célcio-alcalina (1760 e 1820 Ma; Santos et al. 2000; Pinho
et al. 2003; Lacerda Filho et al., 2004), atribuidas ao Grupo Colider, Suite Intrusiva Teles Pires e
Paranaita, e, como coberturas sedimentares, sequéncias de arenitos e arc0seos pertencentes ao
Grupo Beneficente (Leite & Saes, 2003).

A érea de estudo, com aproximadamente 50 km? é composta por biotita granodioritos,
ignimbritos, riolitos, hornblenda-biotita granitos e alcali-feldspato granitos com caracteristicas
geoldgicas e petroldgicas de rochas geradas em ambiente de arco magmatico (Silva et al., 2018).
Este projeto propde estudar os hornblenda-biotita granitos porfiriticos que apresentam evidéncias
de processos de mistura de magmas na regido de Guaranta do Norte, Mato Grosso.

O termo “enclave” € aplicado a todo e qualquer agregado mineral ou polimineralico
incluido em rochas igneas (revisdo em Didier & Barbarin 1991). Incluem xenolitos do material
encaixante, autolitos (cumulatos fragmentados), Xxenocristais, enclaves micéaceos (residuos de
fusdo), enclaves félsicos (fragmentos félsicos de margens resfriadas) e enclaves microgranulares
felsicos ou maficos (usualmente resultantes de processos de mistura de magmas). Misturas
heterogéneas de magmas sdo evidenciadas pela presenca de enclaves microgranulares maficos e
zonas de hibridizacdo gerada pela interacdo de magmas distintos. Essas rochas tém origem em
camaras magmaticas muito dinamicas, com fluxos turbulentos, causando agitacdo do sistema
magmatico e gerando consequentemente rochas hibridas (Fontana et al., 2006).

Os cristais formados a partir de um magma sdo produtos da solubilidade dos constituintes
quimicos a diferentes temperaturas, cristalizando minerais em diferentes estagios durante o
resfriamento do magma. Tambeém podem cristalizar em resposta a subita perda de volateis ou
mudanca de pressdo. Mistura de magmas com diferentes temperaturas e contedo em volateis e
contaminacdo com fragmentos da encaixante e/ou xenocristais podem igualmente levar a
instabilidades termais e composicionais e, portanto, ocasionar reabsor¢éo, corrosdo e mesmo fusédo
de minerais previamente formados, modificando a composicdo do magma residual (revisdao em
Winter 2001, Vernon 2004, London 2009; Thomas & Davidson 2012, Nabelek et al. 2010).

Os processos de mistura de magmas séo essenciais no estudo da evolucdo de rochas igneas
como processos de diferenciacdo magmatica. A mistura dos fundidos pode ser heterogénea
(mingling), que permite reconhecer os membros misturados, na forma de enclaves de um fluido
dentro do outro ou homogénea (mixing), os fundidos se misturam em escala intima de fusdo, ndo
sendo possivel identifica-los (Fenner, 1926; Toselli, 2010 in: Perugini & Poli, 2012).

Na area de estudo ocorre o processo do tipo mingling. O fluxo pode causar o resfriamento
rapido do magma mais basico dentro do magma mais acido, ou uma estratificacdo gravitacional,
onde o liquido mais denso tende a afundar e o mais leve a ascender. A hibridizacdo de magmas
através de processos de mistura do tipo mingling, pode ocorrer em rochas de composicées
diferentes, como basaltos e riolitos, ou em rochas que se diferem apenas ligeiramente nas suas
porcentagens em peso dos elementos quimicos principais (Hibbard, 1991; Best, 2003 in: Perugini
& Poli, 2012).
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A caracterizacdo dessa porcao do Cradton Amazonico, que apresenta evidéncias de processo
de mistura de magmas, € de grande importancia para o entendimento da evolucao e elaboracao de
modelos desse magmatismo no norte do Mato Grosso. A presente pesquisa pretendeu, caracterizar
petrologicamente as rochas e os granitos porfiriticos com feicbes de mistura de magmas que
ocorrem na por¢do norte do municipio de Guarantd do Norte (MT), além da caracterizacdo das
demais rochas do entorno, como, granitos, rochas vulcanicas e vulcanoclasticas. Nesse contexto,
pretende-se contribuir para a discussdo da génese e evolugdo do magmatismo granitico no
paleoproterozdico do Craton Amazdnico, a partir de dados geoldgicos, geoquimicos e isotdpicos
obtidos durante a pesquisa.

1.1 LOCALIZACAO E ACESSO

A éarea de estudo esta localizada no extremo norte do Estado de Mato Grosso, a norte do
Municipio de Guaranta do Norte (Figura 1). O acesso a area se faz por meio da BR-163 (Cuiaba-
Santarém), a partir de Cuiaba, passando por Sinop, Peixoto de Azevedo, Matupa, até Guaranta do
Norte, com um trajeto de 710 km.

T
Guaranta do Norte

10008 8 30008

pa
- Peixoto de Azevedo

p o

12°00"S

14°00°S

Localidades

Drenagens

:l Area de Estudo

Figure 1. Localizacdo geografica da area de estudo nos arredores do municipio de Guaranta
do Norte-MT.
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1.2 OBJETIVOS

O projeto proposto teve como objetivo caracterizar petrologicamente as rochas da regiéo
de Guarantd do Norte (MT), com énfase nos granitos que mostram possiveis evidéncias de
processos de mistura de magmas, de modo a contribuir para o entendimento da génese e evolugéo
do magmatismo granitico no norte do Mato Grosso. Os objetivos especificos envolveram:

a) Caraterizacdo geoldgica e petroldgica dos granitos e vulcanicas, especialmente os granitos
com fei¢Ges de mistura de magmas, na regido de Guarantd do Norte;

b) Determinacdo da idade U-Pb (ICP-MS) em zircdo desses granitos e comparagdo com as
rochas da regido estudada (Suite Intrusiva Teles Pires, Paranaita e encaixantes);

c)  Dados isotopicos de Sm-Nd (rocha total) e Lu-Hf (em zircdo) das rochas da area de estudo;

d) Quimica mineral de biotita das rochas estudadas, bem como de anfibdlio, plagiocléasio,
titanita e apatita para o granito com feicdes de mistura de magmas;

e) Elaboracdo de proposta de geracéo e evolucdo dos granitos com evidéncias de processo de
mistura de magmas.

1.3 CONTEXTO GEOTECTONICO

O Craton Amazonico, localizado no norte da América do Sul, é limitado no sul e no leste
por cinturdes orogénicos neoproterozoicos e estd dividido em oito grandes provincias
geocronologicas, de acordo com Santos et al. (2000; figura 2-A): Carajas-Imataca (3,0 — 2,50 Ga),
Tranzamazonica (2,25 — 2,0 Ga), Tapajos-Parima (2,03 — 1,88 Ga), Amazonia Central (1,88 — 1,86
Ga) Rio Negro (1,86 — 1,52 Ga), Rond6nia-Juruena (1,75 — 1,47 Ga), K’Mudku (1,2 Ga) e Sunsas
(1,33 - 0,99 Ga), ou, segundo o modelo de Tassinari e Macambira (1999; figura 2-B): Amaz6nia
Central (> 2,3 Ga); Maroni-Itacaitinas (2,2 — 1,95 Ga); Ventuari-Tapajos (1,95 — 1,80 Ga); Rio
Negro-Juruena (1,8 — 1,55 Ga); Rondonian-San Ignéacio (1,55 — 1,3 Ga); e Sunsas (1,3 — 1,0 Ga).
Independentemente do modelo adotado, essas provincias sdo interpretadas como produtos de
sucessivas orogenias do tipo oceano-continente, com subduccdes de baixos angulos de mergulho,
de nordeste para sudeste e com acrecdo de crosta juvenil evoluida por meio de processos de
diferenciacdo magmatica, magmatismo granitico e retrabalhamento tectdnico com rara
participacdo de crosta arqueana. Esses arcos magmaticos teriam sido acrescidos ao protocraton
arqueano da Provincia Amazonia Central no decorrer do Paleo- e Mesoproterozdico (Tassinari &
Macambira, 1999; Santos et al. 2000; Tassinari et al. 2000; Santos, 2003; Tassinari & Macambira,
2004; Cordani & Teixeira, 2007).

A area de estudo esta localizada na porcao leste da provincia Provincia Aurifera de Alta
Floresta - PAAF (Dardene & Chobbenhaus, 2001; figura 2-C), tectonicamente inserida na porcao
centro-sul do Craton Amazdnico, entre as provincias geocronolégicas Tapajés-Parima (2,03 — 1,88
Ga) e Rondbnia-Juruena (1,75 — 1,47 Ga; Santos et al., 2000). Compreende um cinturdo de direcédo
W-NW limitado a norte pelo graben do Cachimbo, que a separa da Provincia Aurifera do Tapajos,
e a sul, pelo graben dos Caiabis.
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Figure 2. Compartimentacdo geocronoldgica e tecténica do Craton Amazénico de acordo
com: (A) Santos (2000); (B) Tassinari e Macambira (1999); (C) Provincia Aurifera de Alta
Floresta (modificado de Souza et al., 2005 e Vasquez & Rosa-Costa, 2008).

Segundo Souza et al. (2005), as unidades da provincia teriam sido geradas em trés arcos
magmaticos, temporalmente organizados da seguinte forma: (i) Arco Magmatico Cuiu-Cuid (2.1-
1.95 Ga), composto por gnaisses do complexo Cuiu-Cuiu (1,99 Ga), granitos pds-orogénicos da
Suite Intrusiva Matupa e rochas basicas da Suite Intrusiva Flor da Serra (1,88 Ga); (ii) Arco
Magmatico Juruena (1.95-1.75 Ga), estruturado segundo a direcdo WNW-ESSE, que abrange a
maior parte da provincia, com idades-modelo em torno de 2,2 Ga, representadas pelas Suites
Juruena e Paranita, Alcalinas Rio Cristalino, Granito Nhandu, Grupo Colider, Intrusivas Basicas
Guadalupe e Suite Intrusiva Teles Pires; (iii) Arco Magmatico Roosevelt, representado por rochas
plutbnicas deformadas pertencentes a Suite Nova Canad, de 1,74 Ga, que estdo intrudidas em
rochas metavulcano-sedimentares pertencentes ao Grupo Sdo Marcelo Cabeca, interpretado como
uma bacia de back-arc. Coberturas sedimentares proterozoicas foram formadas no decorrer da
estruturacdo desses arcos.

De acordo com Santos et al. (2000; 2004; 2008), a area de estudo esta inserida na provincia
tectdnica Tapajés-Parima (2,03 a 1,88 Ga), constituida por quatro dominios principais: Peixoto de
Azevedo, Uaimiri, Parima e Tapajos, mais precisamente, a norte do Dominio Peixoto de Azevedo.
Ainda de acordo com este autor, as unidades da provincia teriam sido formadas no estagio de quatro
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arcos magmaticos, organizados em: (1) Arco Cuil-Cuiu (2,03-2,0 Ga): embasamento da provincia,
compostas por basaltos oceénicos e magnesianos relacionados a um magmatismo oceanico
primordial, truncada por gnaisses; (2) Arco Creporizdo (1,98-1,95 Ga): célcio-alcalino, composto
por rochas graniticas mais evoluidas com assimilacdo de crosta continental, constituindo a
Orogénese Mundurucus. De acordo com o autor, seguiu-se um hiato tectdnico de aproximados 40
a 50 Ma antes do terceiro arco; (3) Arco tropas (1,9 e 1,89 Ga), constituido por tonalitos, andesitos
e basalto; (4) Arco Parauari (1.879-1.883 Ma ): monzogranitos e vulcanicas félsicas, gerados em
uma nova fase de arco continental primitivo, que truncam as unidades supracitadas. Essas
sequéncias de arcos magmaticos sdo cobertas por sedimentos fluviais do Grupo Buicgu, de idades
maxima e minima de 1,879 +12 Ma (zircao

Duarte et al. (2012; 2015) propdem que o Arco Magmatico Juruena se inicia em torno de
1820 Ma, com movimentos compressivos de SW para NE forcando a movimentacao de uma placa
ocednica (Complexo Bacarei-M6gno) em dire¢do ao dominio Tapajés/Peixoto de Azevedo, com
consequente subducc¢do e consumo desta placa. Segundo esse autor, a fase inicial da orogénese esta
representada pelo Dominio Vulcénico, por rochas graniticas da Suite Intrusiva Paranaita (1808-
1769 Ma) e rochas vulcanicas do Grupo Colider (1803-1766 Ma) (Duarte et al. 2012). Estas
unidades encontram-se em contato tectdnico com porc¢des mais profundas do arco, onde séo
encontradas rochas de médio a alto grau metamorfico, interpretadas como a raiz do mesmo (Duarte,
2012).

Segundo Silva e Abram (2008), a evolucdo da Provincia Aurifera Juruena — Teles Pires
ocorreu de acordo com 7 estagios; (1) geracdo de um conjunto de rochas geradas num provavel
contexto de tectnica extensional (por¢cdo Mogno do Complexo Bacaeri-Mogno); (2) geracédo dos
arcos magmaticos Cuil-Cuiu e Juruena, incluindo rochas de afinidades calcio-alcalinas de margem
continental ativa; (3) uma fase colisional representada pelos leucogranitos da unidade Granito
Apiacés, com idade de cristalizacdo estateriana (1784 + 32 Ma) e uma idade mais antiga (1871
+ 21 Ma); (4) delaminacdo crustal, com consequente geracdo de magmatismo intraplaca (Flor da
Serra); (5) geracdo de uma bacia na qual foi gerada a sequéncia vulcano-sedimentar do Grupo Séo
Marcelo-Cabeca; (6) fechamento do ordgeno, acompanhado de deformacéo progressiva, com a
geracdo de mega-estruturas de cisalhamento transcorrente e (7) geracdo das unidades Suite Nova
Canad e Granito Teles Pires, numa fase tardia (pés- deformacéo do 6rogeno).

Assis (2015) propbe quatro dominios geoldgicos principais para a provincia. (1)
embasamento granitico deformado e metamorfizado de 2.81 e 1.99 Ga; (2) sequéncias plutono-
vulcanicas e vulcanossedimentares felsicas pertencentes a série da magnetita (granitos tipo I; 1,97
— 1,78 Ga); (3) unidades plutono-vulcanicas pos-orogénicas e intra-placas (1,78 — 1,77 Ga) e (4)
sequéncias sedimentares clasticas (~1,37 Ga).

1.3.1 Unidades Geoldgicas

O arcabouco geoldgico da regido € representado pelo Complexo Cuil-Cuil; Granito
Nhandu; Suite Intrusiva Matupé; Suite Intrusiva Juruena; Grupo Colider, Suite Intrusiva Teles
Pires, Suite Intrusiva Paranaita e como coberturas sedimentares, Grupo Beneficente. A figura 3
mostra as unidades que ocorrem na area de estudo de acordo com a subdivisdo de Santos et al.,
(2019).
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Figure 3. Mapa geoldgico da regido entre Guarantd do Norte e Serra do Cachimbo, MT
(extraido de Santos et al., 2019).
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O embasamento, Complexo Cuiu-Cuiu aflora nas cercanias das cidades de Peixoto de
Azevedo e Novo Mundo, e consiste essencialmente de gnaisses graniticos a tonaliticos, migmatitos
intrudidos por granitdides foliados célcio-alcalinos de composicao (Paes de Barros, 2007), além de
xistos, rochas maficas, ultramaficas e formacGes ferriferas bandadas (Dardenne & Schobbenhaus,
2001). Datagbes U-Pb SHRIMP em zircdo de gnaisse granitico a tonalitico revelam idades entre
1.992 £7 Ma (Alta Floresta; Souza et al., 2005) e 1.984 +7 Ma (gnaisse Alto Alegre; Paes de
Barros, 2007), similares e correlacionaveis aquelas obtidas por Santos et al., (1997) para o
Complexo Cuil-Cuil (2.033 +7 e 2.005 +7Ma; U-Pb por LA-ICP-MS e SHRIMP em zircdo)
descrito para a Provincia do Tapajés. Em adicional, Paes de Barros (2007) obteve para o gnaisse
Gavido uma idade de cristalizagdo em 2.816 +4 Ma (Pb-Pb em zirc&o por evaporagao).

O Granito Nhandu é constituido por magnetita-biotita monzogranito e sienogranito célcio-
alcalinos, com enclaves de diorito a quartzo monzodiorito, além de granitos subvulcanicos
subordinados, quartzo sienito finos e granofiros (Souza et al., 1979; Moreton & Martins, 2005;
Souza et al., 2005; Paes de Barros, 2007). Hospeda mineralizacfes auriferas sulfetadas (e.g.
depositos do Natal e Trairdo) e sua idade foi estabelecida entre 1.889 +17 Ma a 1.879 +5,5 Ma (U-
Pb em zircéo), com idades modelo entre 2,14 e 2,17 Ga, e ¢Nd(t) de -0,91 (Silva & Abram, 2008).
Em adicional, JICA/MMAJ (2000) obteve idades de cristalizagdo de 1.848 +17 Ma para essa suite.
Lacerda Filho (2001; 2004) caracterizam-no como de afinidade calcio-alcalina de alto potéassio, do
tipo | oxidado, representado por magnetita-biotita granito de cor vermelha. Trabalhos mais recentes
caracterizam esses granitos como essencialmente isotrépicos e de afinidade calcio-alcalina. As idades
de cristalizacdo variam de 1987+12 a 1931+12 Ma (Miguel Jr., 2011; Silva et al., 2013; Barros et al.,
2015; Rocha et al., 2015).

A Suite Intrusiva Matupa corresponde a uma das unidades de maior extensao regional da
PAAF, sendo constituida por quatro litofacies; biotita granito e biotita monzogranito porfiriticos
(facies 1); hornblenda monzogranito, biotita-hornblenda monzonito e hornblenda monzodiorito
(facies 2); clinopiroxénio-hornblenda monzogranito e clinopiroxéniohornblenda monzodiorito
(facies 3); e granito, biotita granito e monzogranito com microgranito e granofiros subordinados
(facies 4) (Moura, 1998; Moreton & Martins, 2005). As facies 1 e 2 hospedam diversas
mineralizacOes auriferas sufetadas, sendo o depdsito Serrinha aquele com a melhor investigacéo
geoldgica (Moura et al., 2006). Dados geocronoldgicos Pb-Pb em zircdo (facies 1), indicam idade
de cristalizacdo em 1.872 +12 Ma, além de idades modelo TDM que variam no intervalo 2,34-2,47
Ga, e eNd(t) entre -2,7 e -4,3 (Moura, 1998). Idades modelo TDM similares (2,15 — 2,34 Ga) foram
obtidas por Souza et al. (2005), contudo, com valores de eNd(t) ligeiramente maiores,
compreendidos entre -0,98 e +3,04, e indicativos de magmas juvenis de fonte paleoproteroizdica e
com pequena contribuicdo de material crustal. Adicionalmente, diversos platons célcio-alcalinos e
oxidados, de composicao sienogranitica a tonalitica sdo correlacionados a Suite Matupa, como na
Agrovila de Unido do Norte, que ocorre um corpo granitico de composi¢do granodioritica a
tonalitica, denominado de Suite Granodioritica Unido, com idade de cristalizacdo U-Pb em zircéo
por LAICP-MS de 1.853 +23 Ma (Assis, 2011; Miguel-Jr, 2011). Recentes datacdes U-Pb
(SHRIMP) realizadas por Silva et al. (2014), mostraram que uma facies de biotita monzogranito,
anteriormente definida como pertencente ao Granito Peixoto, apresenta uma idade de 1869 + 10
Ma, similar a Suite Intrusiva Matupd, de biotita monzogranito. Silva & Abram (2008) obtiveram
idades de 1889+17 Ma e 1879+6 Ma para granitos com caracteristicas similares ao Granito Matupa.

De acordo com Silva et al. (1974) a Suite Intrusiva Juruena é constituida por um conjunto
de rochas graniticas, alinhadas segundo um trend NW-SE, frequentemente gnaissificados e
elipsoidais. Dados geocronoldgicos usando U-Pb em zircao demonstram idade de 1817+ 12 Ma
(Silva &Abram ,2008). Geoquimicamente as rochas que compdem essa suite sdo de afinidade
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calcioalcalinas, com alto potassio, metaluminosas a peraluminosas, ndo deformadas e ndo
magnéticas, padrdes enriquecidos em ETRL e com ETRP levemente fracionadas, com
caracteristicas semelhantes as rochas graniticas de arco magmatico de margem continental ativa
(Souza et al. 2004).

O Gupo Colider é representado por uma grande diversidade de rochas sub-vulcanicas,
vulcénicas, piroclasticas e epiclasticas de composicdo dominantemente intermediéria, e acida em
menor proporg¢do (Souza et al., 2005; Silva & Abram, 2008). Esta relacionada ao Arco Magmatico
Juruena, de idade entre 1,85 a 1,75 Ga (Souza et al., 2005), e que inclui rochas vulcénicas de
natureza calcio-alcalina e evolugdo vinculada as suites graniticas Paranaita, Juruena e Nhandu
(Souza et al., 2005). Os termos sub-vulcanicos sdo representados por microgranito, micro-quartzo
monzonito, micromonzonito, micromonzogranito e grandfiro, associados a derrames de riolitos,
dacitos porfiriticos e andesitos localmente microporfiriticos (Moreton & Martins, 2005). Sao
calcio-alcalinas de alto potassio, peraluminosos a metaluminosos (Moreton & Martins, 2005;
Souza et al., 2005). As vulcanoclasticas sdo representadas por sedimentos areno-conglomeraticos,
por vezes intercalados a lentes conglomeraticas e sedimentos arenosos (Souza et al., 2005). Essa
unidade exibe contatos tectdnicos com a Suite Intrusiva Matupa e o Granito Nhandu. Datagfes em
riolito porfiritico pelo método U-Pb em zircdo revelam idades de 1.786 +17 Ma (JICA/MMAJ,
2000) e de 1.781 £8 Ma (Pimentel, 2001). Silva & Abram (2008) obtiveram idade de cristalizacao
em 1.785 +6,3 (LAICP-MS em zircdo). Souza et al., (2005) por sua vez, obtiveram idades modelo
(TDM) de 2,34 Ga, com eNd(t) de -3,75. O conjunto de dados lioldgicos, geoquimicos e
geocronologicos obtidos para essa unidade sinaliza um magmatismo célcio-alcalino com
contaminacdo crustal e correlacionavel ao Arco Magmatico Juruena (Pimentel, 2001; Souza et al.,
2005; Silva & Abram, 2008, Duarte et al. 2012; 2015).

Segundo Binni (2015) o Grupo Colider é dividido em trés sequéncias: inferior,
intermediaria e superior. O empilhamento estratigrafico indica uma Sequéncia Inferior constituida
por uma intrinseca associacdo de ignimbritos ricos em cristais, ignimbritos com lapili
acrescionario, ignimbritos soldados e tufos cineriticos estratificados. Estes estdo sobrepostos por
arenitos vulcanoclasticos estratificados da Sequéncia Intermediaria, que formam uma feicéo
geomorfologica plana a ondulada. Sobrepondo os arenitos vulcanoclasticos da sequencia
intermediaria ocorrem traquitos e riolitos efusivos, e ignimbritos reomorficos da Sequéncia
Superior, compondo morros de relevo acentuado e a escarpa da Serra do Cachimbo.

Segundo Santos et al. (2019), o Grupo Colider na regido de Guarantd do Norte, Serra do
Cachimbo, é dividido em trés sequéncias: inferior, constituida por ignimbritos ricos em cristais,
ignimbritos com lapili acrescionario, ignimbritos soldados e tufos cineriticos estratificados;
intermediaria, com arenitos vulcanoclasticos estratificados e pelitos subordinados; e superior, com
traquitos e riolitos efusivos, além de ignimbritos reomdrficos subordinados. A idade (U-Pb em zircéo)
de riolito da sequéncia inferior, apresentam idade de 1810+9 Ma. Essa idade € coerente com a idade de
179447 Ma, obtida por Silva et al. (2015), para um granito porfiritico intrusivo nas rochas vulcanicas
desta sequéncia.

A Suite Intrusiva Paranaita foi inicialmente definida por Bettencourt Rosa et al. (1997), que
propuseram a denominacdo de Granitoide Paranaita para as rochas graniticas da regido de
Paranaita-Alta Floresta. Oliveira e Albuguerque (2004); Ribeiro e Villas Boas (2004) e Frasca e
Borges (2004) denominaram de Suite Intrusiva Paranaita as rochas calcio-alcalinas de médio a alto
potassio e composicdo monzonitica e granitica, intrusivos na Suite Juruena. Os dados litoquimicos
desta suite (Souza et al., 2004) caracterizam-na como uma série calcio-alcalina de médio a alto
potassio, metaluminosa a levemente peraluminosa. Dados geocronoldgicos, pelo método U-Pb,
revelaram as seguintes idades: 1.793 + 6 Ma.,1.803 = 16 Ma., 1.801 £ 7,8 Ma. e 1.816 + 57 Ma.
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(Santos, 2000). Analises isotdpicas Sm- Nd em granito porfiritico da pedreira de Alta Floresta,
mostraram idade modelo TDM de 2.221Ma. com eNd (T) de —1.25 (Pimentel et al., 2000). Duarte
et al. (2012; 2015) interpretam essas rochas como parte do Dominio Vulcénico, junto com rochas
do Grupo Colider, localizadas entre as Provincias Tectonicas Tapajos-Parima e Rond6nia-Juruena
de Santos (2008), como compostas por rochas vulcanicas e plutbnicas de idades U-Pb em zircéo
de 1808 e 1769 Ma (Duarte et al. 2012).

A Suite Intrusiva Teles Pires é composta por rochas vulcanicas &cidas do sul da Serra do
Cachimbo (Binni, et al. 2015), pelo granito Terra Nova (Prado et al. 2012; Barros et al. 2013),
além das unidades ja descritas como parte do magmatismo teles pires (Pinho et al. 2003) e Barros
et al. (2009). A Suite Intrusiva Teles Pires, inicialmente descrita por Souza et al. (2005),
compreende rochas pluténicas e subvulcanicas, constituidas majoritariamente por alcali-feldspato
granito e sienogranito, contendo subordinadamente monzogranito e granodioritos. Datacdo U-Pb
em zircdo definiu uma idade de 1.757+£16 Ma e idade TDM de 2100 Ma (Santos, 2000). Baseado
em dados isotépicos de U-Pb em zircdo e valores de TDM, Pinho (2003) englobou o vulcanismo
de carater bimodal da regido de Moriru (norte de Aripuand) ao Magmatismo Teles Pires, rochas
vulcanicas felsicas com idades U-Pb (TIMSs) entre 1770+6 Ma a 1778+ 6 Ma e idades modelo Nd
TDM de 2,0 a 2,1 Ga. Binni (2015) datou riolitos do sul da Serra do Cachimbo por U-Pb em
SHRIMP e obteve 1757+14Ma. Esta Gltima idade é considerada a mais proxima do esperado para
esse magmatismo, interpretado como pdés-colisional a anorogénico por aquele autor.

O Grupo Beneficente, proposto por Almeida e Nogueira Filho (1959) para designar uma
sequéncia sedimentar composta por duas litofacies: uma inferior, quartzitica, aflorando no povoado
de Beneficente e uma superior, pelitica, aparecendo no baixo curso do igarapé das Pedras. Diversos
outros autores usaram esta mesma terminologia para caracterizar os sedimentos encontrados desde
0 rio Sucunduri até a rodovia BR-163 (Cuiaba-Santarém) na regido conhecida como Serra do
Cachimbo. As idades obtidas por Tassinari et al. (1978) em siltitos (1.485 £ 32Ma. — Rb-Sr em
rocha total e 1.331 + 28Ma. — Rb-Sr em fracéo fina) aflorantes na BR-163, a sul da Base Aérea da
Serra do Cachimbo pode ser interpretada como a idade minima do Grupo Beneficente. As idades
Pb-Pb obtidas na populacdo de zircdes detriticos mais jovens de facies conglomeratica da base
deste grupo confirmam que a idade maxima do inicio de sua deposicao € de 1,74 Ga. (Leite & Saes,
2002) portanto do Estateriano.
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1.4 FUNDAMENTACAO TEORICA

1.4.1 Processos de Mistura de Magmas

Os processos de mistura de magmas séo essenciais no estudo da evolucdo de rochas igneas
como processos de diferenciagdo magmatica. Consistem na interacdo de dois fundidos em estado
semi-solido, de composicdes, temperaturas, densidades, viscosidades e estagios de cristalizacdo
diferentes ou similares, em alguns casos. A mistura dos fundidos pode ser heterogénea ou
homogénea (Fenner, 1926; Toselli, 2010 in: Perugini & Poli, 2012). A mistura heterogénea
(mingling) permite reconhecer os membros misturados, na forma de enclaves de um fluido dentro
do outro. Em contraste, a mistura homogénea (mixing), os fundidos se misturam em escala intima
de fus&o, ndo sendo possivel identifica-los.

O mingling ocorre quando dois magmas de composicdes quimicas diferentes séo
submetidos a um fluxo pouco turbulento. O fluxo pode causar o resfriamento rapido do magma
mais basico dentro do magma mais acido, ou uma estratificacdo gravitacional, onde o liquido mais
denso tende a afundar e o mais leve a ascender. O fraco fluxo turbulento pode causar fraturas e
muito pouca reacdo entre os dois, dispersando o magma bésico parcialmente cristalizado. A
hibridizacdo de magmas atraves de processos de mistura do tipo mingling, pode ocorrer em rochas
de composicdes diferentes, como basaltos e riolitos, ou em rochas que se diferem apenas
ligeiramente nas suas porcentagens em peso dos elementos quimicos principais (Hibbard, 1991;
Best, 2003 in: Perugini & Poli, 2012).

O mixing € um processo de mistura mais eficiente e ocorre quando magmas de
propriedades fisicas semelhantes sdo misturados intensamente, sob um regime de fluxo muito
turbulento. O magma mixing € gerado quando, entre os fundidos, ndo ha uma diferenca marcada
em termos de viscosidade, densidade e temperatura de cristalizagcdo. Devido a difusdo quimica, o
processo de mistura € muito lento, o que requer um fluxo muito turbulento para mistura-los. Os
magmas podem se misturar em escala atdmica (difusdo quimica que produz mudancas
mineraldgicas), desde que haja tempo suficiente e energia térmica disponivel, formando assim uma
mistura essencialmente homogénea. Em geral, a homogeneizacéo e reequilibrio dos cristais a partir
de dois magmas anteriores leva um longo tempo (Hibbard, 1991; Best, 2003). Os magmas
envolvidos na mistura podem ser derivados de diferentes fontes. Em geral os magmas basalticos
sdo tipicos do manto superior ou de uma crosta inferior basica, enquanto magmas silicaticos podem
vir de fusdo parcial de diferentes niveis da crosta continental (Hibbard, 1991; Best, 2003 in:
Perugini & Poli, 2012). A mistura de magmas é um processo que pode ocorrer praticamente em
qualquer estagio de um sistema magmatico e ndo necessariamente exige a presenca de membros
extremos gerados a partir de diferentes fontes. De fato, processos de mistura podem ocorrer sempre
que gradientes quimicos estdo presentes em um sistema magmatico. Isto implica que 0s processos
de mistura podem afetar processos petroldgicos, tais como, cristalizacdo fracionada, assimilacao e
fusdo parcial, 0 que, inevitavelmente pode causar tanto a quimica como gradientes de temperatura
(Figura 4; Perugini & Poli, 2012).
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Figure 4. Desenho esquematico de processos que podem gerar gradientes de composicao
em sistemas igneos, e assim, induzir o desenvolvimento de processos de mistura entre 0s
diferentes fundidos. (Extraido de Perugini; Poli, 2012). (A) Reabastecimento de magma maéfico
na cdmara magmatica; (B) Cristalizacéo fracionanda; (C) Assimilagéo; (D) Fusao parcial (regido
fonte) e (E) Migracdo em fraturas e sistemas de veios.

1.4.2 Evidéncias de Processos de Mistura de Magmas

Os processos de mistura de magmas podem ocorrer em qualquer ambiente geoldgico, a
partir de camaras magmaticas, condutos vulcanicos e produzir vérias evidéncias, como; Estruturas
de fluxo e enclaves microgranulares maficos, félsicos ou intermediarios, exclusivos de processos
de mistura de magmas, entretanto, a presenca de desequilibrios fisico-quimicos em cristais, ndo
sdo exclusivos desses processos (Stewart; Fowler, 2001 in: Perugini & Poli, 2012).

De acordo com Perugini; Poli (2012), estruturas de fluxo sdo porc¢bes de um magma com
continuidade espacial ampla e dispersa, dentro de um magma hospedeiro composicionalmente
diferente. Estas estruturas podem ser facilmente distinguidas no afloramento, devido a alternancia
de bandas de cores claras e escuras. Ocorrem principalmente em ambiente vulcanico e sao menos
abundantes em rochas plutdnicas (por exemplo, Didier; Barbarin, 1991).

Os enclaves magmaticos sao provavelmente a prova estrutural que caracteriza processos
de mistura de magmas. O termo enclave magmatico é utilizado para identificar uma porcéo discreta
de um magma dentro de um magma hospedeiro, com uma composicdo diferente (Bacon, 1986;
Didier; Barbarin, 1991). Geralmente, enclaves exibem contatos bastante nitidos com a rocha
hospedeira, embora ndo seja raro observar que alguns enclaves mostrem engolfamentos. Nos
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ambientes plutdnicos, enclaves magmaticos sdo, macroscopicamente, um dos indicadores mais
importantes da ocorréncia de processos de interacdo magmatica (Perugini; Poli, 2012). Na
literatura, esses enclaves foram nomeados como MME (Mafics Microgranulares Enclaves; por
exemplo, Didier; Barbarin, 1991). Este siglonimo refere-se ao fato de que o MME tem
granulometria menor e caracteristicas geoquimicas e mineraldgicas referentes a rocha hospedeira.

A injecdo de um magma mafico quente em um félsico produz desequilibrios térmicos (por
exemplo, Bateman, 1995, Faisca; Marshall, 1986), o mineral presente na massa magmatica
necessariamente reage a estes desequilibrios. Espera-se que passem por um processo de refusdo /
reabsorcdo por causa do aumento da temperatura. Processos de reabsorcdo e crescimento podem
ser repetidos no tempo levando a producdo de zoneamento oscilatorio de padrdes extremamente
complexo. Texturas de desequilibrio sdo normalmente consideradas como boa indicadora de
processos de mistura de magma, mas, como ja foi referido, o cuidado deve ser exercido para
interpreta-los como uma evidéncia Gnica de mistura de magmas. Texturas de desequilibrio em fases
mineraldgicas sdo uma caracteristica comum em rochas pluténicas e vulcanicas caracterizadas por
processos de mistura de magma (Hibbard, 1991).

De acordo com Hibbard (1991) a répida injecdo de um magma mafico (~1200°C), em um
magma felsico hidratado (~700°C) é catastrofica como a lava de um basalto que flui para o oceano.
Ha um resfriamento imediato do magma mafico (formando margens resfriadas) e um simultaneo
superaquecimento do magma félsico. O magma maéfico resfria, formando massas lobulares de
basalto no fluido félsico, analogamente as pillows basalticas que se formam na agua. Nesse sistema
de mistura, com a perda de calor para o ambiente, seja com maior rapidez em um sistema vulcénico
ou mais lentamente em um sistema plutdnico, a parte félsica se solidifica. Isto € um mingling de
magmas e as rochas formadas variam desde dominantemente maficas até dominantemente félsicas
(Hibbard, 1991).

Se 0 magma mafico é dominante, o félsico é retirado a uma posicao interlobular,
produzindo complexos de novos veios. Tais complexos, podem se originar por injecdo de magma
mais félsico em um mais méafico, como sugere o termo neovenulagdo, mas também pode ser gerado
pelo acumulo de massas globulares e massas semelhantes a pillows do magma mais mafico em um
magma mais félsico. Se o magma félsico é dominante, os I6bulos maficos tornam-se inclusdes
maéficas (enclaves) no riolito ou granito hospedeiro. Os enclaves mais maficos podem nao ter
margens de resfriamento, especialmente se o contraste térmico entre os membros da mistura ndo
for grande, ou também se houve eroséo dos enclaves em um sistema mével. (Hibbard, 1991).

De acordo com Hibbard (1991), a geometria mingling independe da existéncia de cristais
nos magmas envolvidos. No entanto, em escala de graos, se cristais estdo presentes, fica um registro
mais complexo de desequilibrio. Por exemplo, cristais pre-mixing no magma mafico podem ser
relativamente grandes, em comparacao com 0s pequenos cristais que aparecem do resfriamento do
magma mafico no magma félsico "frio". Cristais pré-existentes no magma félsico devem mostrar
efeitos de dissolucéo resultantes de reaquecimento. Quais séo as condi¢bes que promovem mixing
de magmas com ou sem cristais em uma escala de cristal? O resfriamento de um sistema muito
mais mafico engloba cristais na rocha antes de serem dispersos. Com menor contraste térmico entre
0s membros finais da mistura, tais como magma dioritico (andesitico) com magma granodiorito
(lalito-andesito), a cristalizacdo do sistema mais mafico € menos rapida, o que permite agitacdo
mecanica por processos tais como conveccdo e fluxo magmatico dindmico. Com a mistura
completa, envolvendo tanto a desagregacdo dos mushes de cristal em magmas menos cristalizados
e a difusdo entre magmas, cristais e liquido tornam-se justapostos com os do outro sistema. Como
0s sistemas sdo de diferente composigédo e temperatura, o sistema composto entra em um estado de
desequilibrio intenso, resultando na geracdo de um conjunto exético de minerais e texturas.
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1.4.3 Texturas de Processos de Mistura de Magmas

Vinte e uma relagfes texturais e seu modo de formacéo, interpretado como compativeis
com a mistura de magmas foram classificadas de acordo com Hibbard (1991). Nenhuma destas
texturas é prova irrefutdvel de mistura de magmas. S&o aqui apresentados como possiveis
indicadores, ndo confirmados, de mistura de magmas algumas destas texturas. Muitas das texturas
sdo bem conhecidas em outras rochas para as quais ndo ha a menor evidéncia de mistura de
magmas, mas isso ndo impede o seu desenvolvimento em sistemas de mistura.

Quartzo ocelar manteado por Hornblenda

A textura quartzo-hornblenda ocelar consiste em um cristal de quartzo relativamente
grande, com inclusdo de pequenos cristais de hornblenda na sua zona de borda. A mistura de dois
sistemas, um mais félsico com cristais precoces de quartzo e outro mais mafico contendo pequenos
cristais de hornblenda, gerados por resfriamento, justapde quartzo e hornblenda. Cristais de
hornblenda superficiais soltos anexados as superficies de quartzo, fornecem a base para sua
incorporagédo no quartzo. Uma segunda fase de mixagem, resfriada pelo liquido mais félsico, resulta
em crescimento epitaxial de mais quartzo sobre o quartzo original, incluindo os cristais de
hornblenda. A silica resultante da dissolucdo parcial do quartzo estaria disponivel para
recrescimento no quartzo com o esfriamento do sistema hibrido. Pode haver um crescimento
continuo de quartzo juntamente com plagioclasio e KF, gerando ocelos com uma zona externa livre
de hornblenda. Estes ocelos podem permanecer no hibrido formado pela segunda mistura, ou pode
haver uma terceira fase de mistura durante a qual, a unidade quartzo-hornblenda mecanicamente
estavel se dispersa em uma grande massa do sistema mais félsico.

Conversao de hornblenda em biotita

Em um sistema magmatico capaz de cristalizar biotita hidrogénica, espera-se uma reacéo
do liquido portador de potassio ou hidratado com hornblenda pré-existente. Cristais de hornblenda
derivada da parte mais méafica de um sistema de mistura, geralmente contém cristais pequenos de
biotita no seu interior e bordas. No entanto, essa textura ndo é exclusiva de mistura de magmas,
sendo apenas uma caracteristica indicativa. Tal relacdo textural € muito comum em cristalizacao
fracionada de sistemas magmaticos sem mistura, bem como, em formacédo de biotita secundaria
durante o estagio deutérico-hidrotermal.
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Apatita acicular

Trata-se de cristais aciculares de apatita, muito alongados, cuja distribuicdo ndo mostra
uma direcdo preferencial. Estdo presentes em distintas fases minerais (plagioclasio, quartzo e
biotita) que compbdem a rocha. Ocorrem em rochas que apresentam caracteristicas texturais
compativeis com mistura de magmas. O répido crescimento dos cristais de apatita acicular forma-
se em um magma pouco quente. Em sintese, forma-se quando, durante seu desenvolvimento ha
um rapido resfriamento do sistema, no qual produzira cristais de apatita com habito acicular, no
lugar de tabular ou prismatico.

Quartzo poiquilitico e K-feldspato poiquilitico

Texturas poiquiliticas de quartzo e de K-feldspato, no contexto de mistura de magmas,
resultam do Ultimo estégio de cristalizacdo do liquido félsico ou hidratado, apés a cristalizagéo de
abundantes cristais de plagioclasio, hornblenda, biotita e apatita, gerados por resfriamento. Quando
0 sistema mais félsico é reaquecido, ou superaquecido, pode haver apenas alguns nacleos de
quartzo e de K-feldspato disponiveis para crescimento, enquanto o sistema esfria lentamente.
Consequentemente, poucos cristais maiores de quartzo e K-feldspato séo destinados a incluir a
associacdo precoce de cristais relativamente pequenos.

Plagioclasio celular esponjoso

O plagioclésio celular esponjoso é gerado mais comumente por dissolucdo reativa ou
fusdo direta de plagioclasio. No caso de mistura de magmas, como o calor € transferido a partir do
sistema mais mafico, o plagioclasio de um sistema mais félsico seria suscetivel a reabsorcéo parcial
(dissolucdo ou fusdo). Uma zona de borda mais sddica em um plagioclaio gerado durante um
estagio de "equilibrio™ de uma etapa anterior da mistura, também seria suscetivel a reabsor¢do em
um segundo evento ou estagio de mistura.

Fenocristais de K-feldspato em enclaves maficos e plutons hospedeiros

Mistura de magmas mais félsicos, contendo inicialmente cristais relativamente grandes de
feldspato alcalino, com sistemas mais maficos resultam em uma espetacular justaposicdo de
mineralogia. Fenocristais de feldspato alcalino sdo tipicos em inclusGes méaficas (enclaves) e em
rochas mais maficas. Os fenocristais podem ser arredondados antes da mistura mecéanica, ou eles
podem ter pouca ou nenhuma modificacdo de morfologia durante o reaquecimento. Essa variacdo
na morfologia provavelmente é uma questdo relacionada a tempo e contraste térmico.

Mini e micro-enclaves mais maficos de granulacéo fina

Enclaves microgranulares maficos sdo muito comuns em hospedeiro félsico, quando
existe um processo de mistura de magmas. Em porcbes hibridas bem misturadas de magma
portador de cristais, 0os enclaves se misturam texturalmente com o hospedeiro hibrido. Muitos dos
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enclaves em rochas magmaticas sdo interpretados como sendo uma consequéncia da mistura de
magmas.
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Abstract

The Guaranta do Norte region, extreme north of the state of Mato Grosso, is located in the
south-central portion of the Amazon Craton, in the geochronological province Ventuari-Tapajos
(1.95 - 1.80 Ga). The area selected for a detailed study of approximately 50 km2 comprises biotite
granodiorites, ignimbrites, rhyolites, hornblende-biotite granite, alkali-feldspar granites, and
syenogranites. The granite diorite biotite is composed of plagioclase, quartz, orthoclase, and
biotite. Biotite demonstrates primary composition and indicates a calcium-alkaline affinity for this
rock. Geochemical characteristics suggest a relationship with magmas generated in mature
magmatic arc environments by the fusion of Paleoproterozoic continental crust (model age Nd
TDM of 2.44 Ga) and positioned in 2001 = 13 Ma (U-Pb in zircon).

The ignimbrite of this region is porphyritic and presents variations in the content and size
of fragments of crystals, glass, lithoclasts and matrix constituents. The rhyolite has an aphanitic
matrix and elongated vesicles marked by stratification and consists of quartz, plagioclase, and
orthoclase in a holocrystalline to hemicrystalline matrix. It is slightly peraluminous and enriched
with light rare-earth elements (LREES) compared with heavy rare-earth elements (HREES) and
has a subtle negative Eu anomaly. The crystallization age (U-Pb zircon) of the rhyolite is 1792 +
14 Ma, and it presents a eng value of +0.37, eHfjy value between -1.98 and -11.67 and Nd Tpwm
model age of 2.02 Ga. This content is correlated with the Colider Group, whose crystallization
ages range from 1820 + 28 to 1757 £+ 14 Ma. Geological, petrological and isotopic data are also
consistent with magmatism generated in a magmatic arc environment, thus indicating a likely
mantle source and crustal reworking.

The porphyritic hornblende-biotite granite contains frequent mafic microgranular enclaves
of varying sizes, and the petrographic characteristics suggest the action of partial magma mixing
processes. The calc-alkaline I-type granite ranges from monzogranite to syenogranite, is enriched
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in LREEs relative to HREEs and has moderate negative Eu anomalies. The microgranular enclaves
have quartz-diorite compositions. Isotopic data suggest crustal derivation or a mixture of mantle
and crustal sources (end Of -4.03 and -1.69; and eHfy) between -4.64 and -0.51) with different
periods of crustal residence as indicated by significantly variable model ages (Nd Tpom = 2.19 Ga
- 241 Ga). The U-Pb zircon crystallization ages are 1790 + 6 and 1795 = 6 Ma for the
microgranular enclaves and 1790 + 8 Ma for the microgranular mafic enclaves, which is in the
same range as the Colider Group ignimbrite. The granites are correlated with the Paranaita
Intrusive Suite. Isotopic data from the enclave show eHf(y values ranging from -3.36 to 3.21, thus
indicating a mixture of sources and a large amount of crustal reworking.

The alkali-feldspar granites and syenogranites are interpreted as belonging to the Teles
Pires Intrusive Suite, and they represent the youngest rocks among those studied and intrude all
other rocks in the area. The petrographic and geochemical characteristics of these granites are
consistent with I-type calc-alkaline granites that have mantle sources and were generated in a
magmatic arc to a postcollisional environment and subjected to significant crustal contamination
processes (eNd = -3.63). The U-Pb zircon crystallization age is 1763 + 14 Ma, and the inherited
age is 1811 + 15 Ma. The results of this research contribute to a better understanding of the geology
and Paleoproterozoic geotectonic environment of the southern portion of the Amazon Craton.

Key-Words: Amazon Craton; Paleoproterozoic; Tapajos Mineral Province.

2.1 INTRODUCTION

Granitic rocks are the main constituents of the continental crust and, due to the strong
correlation between mineralogical associations, petrogenetic types, magmatic sources and
geodynamic environment, allow, when correctly typified, to delimit the evolution and
differentiation of the continental crust over geological time (e.g. Didier and Barbarin, 1991;
Clarke, 1992; Jung, 2005). The granites are formed by different processes, including
differentiation, as of mafic-derived mafic magmas, and fusion of pre-existing sediments or
precursors igneous nature (e.g. Chappel and White, 1992; Castro et al., 1999a; Jung, 2005). The
identification of different sources and magmatic evolution is one of the most debated topics in the
study of granitic rocks. Mantle and/or crust involvement in fusion events are processes that lead
to the genesis of granitic magmas. The evaluation of the different models is based on the detailed
study of geochemistry, and radiogenic isotopes applied to the different rock types, which, together,
can provide source information during orogenic processes.

The classification of “type-1” granite was proposed by Chappell and White (1974), based
on the study of granite from the Tasman Orogenic Zone (Southeast Australia). The type-1 granites
reflect different genetic environments and are the result of the partial fusion of deeper rocks not
involved in weathering processes. As main features, they vary in the SiO2 content (55% to 76%),
have high formation temperatures (980° to 1100°C), biotite with high Mg content, hornblende and
titanite present. They demonstrate moles Al>O3 / (Na20 + K20 + Ca0) less than 1.1 and high CI
contents. It contains more sodium, usually more than 3.2% in felsic types, decreasing to values up
to 2.2% in most mafic varieties. High relative Sr and low Rb and Fe;O3 / FeO high contents, with
magnetite formation, besides Eu between 0.74 and 0.99, without exhaustion.

White (1979) broadened the classification of granites by introducing, in addition to types
S and I, types A and M. Thus, the S-type would be the result of partial metasediment fusion, the -
| type would be the result of partial metaigneas fusion, types A (alkaline granite) and M of mantle
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origin (which would be plagiogranites; that is, derived from basic magmas by differentiation). In
particular, the hybrid isotopic characteristics of type | granites have led some authors to introduce
the concept of hybrid granite (Barbarin, 1990; Castro et al., 1991a), which implies various crustal
felsic sources mixed and/or assimilated with magmas derived from the mantle.

In this context, the granites are located in the Amazonian Craton, more precisely in the Alta
Floresta Gold Province. The region consists of the Alta Floresta Gold Province (AFGP), which is
so named because it has hundreds of small gold deposits and occurrences that are usually
genetically associated with granitic magmatism and is one of the main gold-bearing regions in
Brazil. The AFGP is an elongated area of northwest-southeast orientation bounded to the north by
the Cachimbo Graben, which separates it from the Tapajos Gold Province and to the south by the
Caiabis Graben, which registers a voluminous felsic volcanic magmatism with volcano-plutonic
units that were characterized as postorogenic to intraplate by Dardenne & Shobbenhaus (2001)
(Figure 5).

This study petrologically characterizes the volcano-plutonism that occurs north of
Guarantd do Norte Municipality, Mato Grosso. In this context, geological, lithogeochemical, and
mineral chemistry studies in addition to U-Pb zircon, Lu-Hf zircon and Sm-Nd total rock data
contribute to a better characterization and discussion of the genesis and evolution of the granitic
magmatism and to the presentation of an alternative geotectonic model for the existence of the
acid volcano-plutonism of the region.

2.2 METHODS

The study included the recognition of the main volcano-plutonic units of the Guaranta do
Norte region (Mato Grosso) and collection of representative samples of these units for
petrographic, chemical, and isotopic analyses. This step emphasized the petrographic
characterization of the volcano-plutonic units by estimating their modal composition (quantitative
modal analysis) and petrographic relationships in 80 doubly polished thin sections. The modal
percentages were calculated by counting approximately 1.000 points per section under a
petrographic microscope. The modal percentages for the studied granites are presented in Table 1.

The whole-rock chemical analysis consisted of two steps: in the first step, 13 samples and
in the second step, 11 samples at the preparation Laboratory of the 1G-Unb. The analyses of the
first step were carried out at Acme Analytical Laboratories LTD, Vancouver, Canada, and the
analyses of the second step were carried out at ALS Global Laboratory following the procedures
described below (Table 2). The major and minor elements in the form of oxides and some trace
elements were obtained from the analysis of 0.2 g whole rock by inductively coupled plasma-
optical emission spectrometry (ICP-OES).

Chemical analyses of biotite lamellar (Table 3 and annex) of 12 polished thin sections of
porphyritic hornblende-biotite granite, mafic microgranular enclave and of the biotite granodiorite
were conducted using a JEOL JXA 8600 electron microprobe at the UnB Microprobe Laboratory.

The U-Pb (Table 4) and Lu-Hf (Table 5) zircon dating using the ICP-MS method and laser
ablation was performed at the Geochronology Laboratory of UnB. The samples analyzed with the
U-Pb method were DFR-22 (biotite granodiorite), DFR-33 (ignimbrite), DFR-39 (porphyritic
hornblende-biotite granite), DFR-15 (porphyritic hornblende-biotite granite) and DFR-02D (mafic
microgranular enclave), and subsequently by the Lu-Hf method. One sample (DFR-17) was dated
by the SHRIMP 1 ion probe at the Geochronology Laboratory of University of Western Australia
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(UWA), and it has no Lu-Hf data. Zircon crystals for U-Pb and Lu-Hf dating were separated using
conventional methods. Morphology studies of the zircon crystals were conducted using
backscattering electrons (BSE) and cathodoluminescence (CL) images acquired with the scanning
electron microscope of the Geochronology Laboratory of UnB. Data reduction was performed
using the Chronus software at the Geochronology Laboratory of the UnB (Oliveira 2015) and the
indexes were corrected. Age calculations were performed using the Isoplot/Ex program (Ludwig
2012). The Lu-Hf isotopes (Table 5) were identified in previously selected zircon grains and
analyzed for U-Pb. Whenever possible, the two specific analyses were as close as possible to
analyze portions of the zircon grain with the same isotopic characteristics of U and Pb. A detailed
description of the procedures and methods is given by Matteini et al. (2010).

The samples for Sm-Nd dating (Table 6) were prepared using the same method applied for
the geochemistry analysis. Eight samples were selected for the analysis. All analytical procedures
for isotope determination were performed at the Geochronology Laboratory of UnB. The methods
used for the extraction of whole-rock Sm and Nd concentrations were based on the technique
proposed by Richard et al. (1976) and later modified by Gioia & Pimentel (2000).

2.3 GEOLOGICAL CONTEXT

The Amazon Craton is located in northern South America, bordered to the south and east
by Neoproterozoic orogenic belts and divided into six and eight major geochronological provinces
according to Santos et al. (2000; figure 5-A) and the model of Tassinari & Macambira (1999;
figure 5-B). Regardless of the model adopted, these provinces are interpreted as products of
successive ocean-continent orogenies and present subductions with low dipping angles from
northeast to southeast and an accretion of juvenile crust that evolved through processes of
magmatic differentiation, granite magmatism and tectonic reworking with rare participation of
Archean crust. These magmatic arcs were added to the Archean proto-craton of the Central
Amazon Province during the Paleoproterozoic and Mesoproterozoic.

The study area is located in the eastern portion of the Alta Floresta Gold Province (AFGP)
(Dardenne & Shobbenhaus 2001), and tectonically included in the south-central portion of the
Amazon Craton between the geochronological provinces Tapajos-Parima (2.03 - 1.88 Ga) and
Rondonia-Juruena (1.75 - 1.47 Ga) according to the model of Santos et al., (2000; 2008; figure
1A) or Ventuari-Tapajos (1.95 - 1.80 Ga) and Rio Negro-Juruena (1.8 - 1.55 Ga) based on Tassinari
& Macambira (1999; figure 1B). The area consists of a belt with W-NW direction bounded to the
north by the Cachimbo Graben, which separates it from the Tapajés Gold Province, and to the
south by the Caiabis Graben (Figure 5-C).
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Figure 5. Geochronological and tectonic compartmentalization of the Amazon Craton
according to: (A) Santos (2000); (B) Tassinari e Macambira (1999); (C) Map of the Alta Floresta
Gold Province (adapted from Souza et al. 2005 and Vasquez and Rosa-Costa, 2008).

According to Souza et al., (2005), the provincial units would have been generated in three
magmatic arches, such as the Cuid-Cuil Magmatic Arc (2.1-1.95 Ga); the Juruena Magmatic Arc
(1.95-1.75 Ga; and the Roosevelt Magmatic Arc (1.74 Ga).

The study area is located in the Tapajos-Parima (2.03 to 1.88 Ga) tectonic province,
consisting of four main domains: Peixoto de Azevedo, Uaimiri, Parima, and Tapajos, more
precisely north of the Peixoto de Azevedo Domain. The units belonging to these domains would
have been formed at the stage of four magmatic arcs: (1) Cuit-Cuit Arch (2.03-2.0 Ga): province
basement, composed of oceanic and magnesian basalts related to a primordial oceanic magmatism
, truncated by gneisses; (2) Creporizdo Arch (1.98-1.95 Ga): calc-alkaline, composed of more
evolved granitic rocks with assimilation of continental crust, constituting the Mundurucus
Orogenesis. According to the author, a tectonic hiatus of approximately 40 to 50 Ma followed
before the third arch; (3) Arc troops (1.9 and 1.89 Ga), consisting of tonalites, andesites, and basalt;
(4) Parauari Arch (1.879-1.883 Ma): monzogranites and felsic volcanic, generated in a new phase
of primitive continental arc, that truncate the above units. These magmatic arc sequences are
covered by the Buigu Group river sediments, with maximum and minimum ages of 1,879 + 12 Ma
(Santos et al., 2008).

22



Petrology and Geochronology of Granites of the Northern MT.

Another proposal is that the Juruena Magmatic Arc begins around 1820 Ma, with
compressive movements from SW to NE, forcing the movement of an oceanic plate towards the
Tapajos/Peixoto de Azevedo domain, with consequent subduction and consumption of this plate.
Therefore, the initial phase of the orogenesis is represented by the Volcanic Domain, the granite
rocks of the Intrusive Paranaita Suite (1808-1769 Ma) and the volcanic rocks of the Colider Group
(1803-1766 Ma). These units are in tectonic contact with deeper portions of the arch, where are
found medium to a high grade of metamorphic rocks, interpreted as their root (Duarte, 2012).

Seven stages are also interpreted for the evolution of the Provincia Aurifera de Alta
Floresta (PAAF); (1) generation of a set of rocks generated in a probable context of extensional
tectonics; (2) generation of the Cuit-Cuil and Juruena magmatic arches, including rocks of the
calc-alkaline affinity of active continental margin; (3) a collisional phase represented by the
leucogranites of the Apiacéas Granite unit, with an age of staterian crystallization (1784 + 32 Ma)
and an older age (1871 + 21 Ma); (4) crustal delamination, with consequent generation of intra-
plate magmatism (Flor da Serra); (5) generation of a basin in which the volcano-sedimentary
sequence was generated; (6) closing of the orogen, accompanied by progressive deformation, with
the generation of transcurrent shear mega-structures and (7) generation units of the Nova Canaé
Suite and Teles Pires Granite, in a late phase (post-deformation of the orogen) (Silva and Abram
2008). Assis (2015) proposes four main geological domains for the province. (1) deformed granite
basement and metamorphosed of 2.81 and 1.99 Ga; (2) plutono-volcanic sequences and felsic
volcano-sedimentary belonging to the magnetite series (type | granites; 1.97 - 1.78 Ga); (3)
plutono-volcanic units post-orogenic and intraplate (1.78 - 1.77 Ga) and (4) clastic sedimentary
sequences (~ 1.37 Ga).

2.4 GEOLOGY AND PETROGRAPHY

Based on the field studies, descriptions and visual petrographic estimates, it was possible
to establish and differentiate the following rocks in the region: biotite granodiorite; porphyritic
hornblende-biotite granites with compositions ranging from monzogranite to syenogranite and
quartz-diorite microgranular enclaves; ignimbrites; rhyolites; and alkali-feldspar granites to
syenogranites. Figure 6 shows the distribution of the different rocks in the area chosen for detailing
of the units studied. Figure 7 shows the distribution of selected samples for each lithological group
in the igneous modal classification diagrams, QAP (Streckeisen 1976, Lameyre & Bowden 1982).
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Table 1. Modal composition of rocks from Guarantd do Norte - MT region. Porphyritic granite biotite and its intermediate
enclaves, granodiorite, alkali granite and syenogranite.

Porphyritic hornblende-biotite granite

Samples DFR-2A3 DFR-2D DFR-2D2 DFR-2B2 DFR-2B1 DFR-2A2 DFR-11B DFR-11 DFR-2C2 DFR-21C
Quartz 29,17 29,44 30,61 33,76 27,58 24,55 20,76 25,14 23,06 23,60
Potassic feldspar 36,58 36,90 34,55 27,35 33,93 47,14 36,29 35,92 44,61 38,81
Plagioclase 24,63 24,94 27,14 29,95 29,69 21,51 30,79 29,82 22,34 31,11
Biotite 3,37 2,06 2,44 2,85 3,25 2,14 3,67 3,11 3,83 0,87
Hornblende 4,03 3,70 1,76 3,03 2,84 2,14 4,80 3,59 3,35 1,66
Titanite 1,46 1,47 1,49 1,64 1,79 1,51 3,10 1,31 1,59 0,78
Apatite 0,00 0,00 0,00 0,00 0,00 0,09 0,00 0,00 0,00 1,50
arfvedsonite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Magnetite 0,73 1,40 1,97 1,30 0,89 0,89 0,56 1,07 1,19 1,50
Quartz 23,27 32,25 33,16 37,07 30,24 26,34 23,63 27,66 25,62 25,23
Potassic feldspar 40,47 40,42 37,43 30,03 37,19 50,57 41,31 39,52 49,55 41,49
Plagioclase (An>5%) 217,25 27,32 29,40 32,88 32,56 23,08 35,04 32,80 24,82 33,27
XMafics 9,59 8,63 7,66 8,82 8,77 6,77 12,13 9,08 9,96 6,31
A+P 61,21 61,84 61,69 57,30 63,62 68,65 67,08 65,74 66,95 69,92
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Continuation Table 1.

Microgranular enclave Granodiorite | A-F granite | Sienogranite

Samples DFR-15A DFR-15A1 DFR-2B  DFR-2C1-A DFRI11-E DFR-22 DFR-06 DFR-17
Quartz 7,86 5,39 6,07 13,85 13,76 38,57 30,17 28,73
Potassic feldspar 0,00 0,00 0,44 1,38 1,68 11,57 60,34 55,47
Plagioclase 50,62 51,61 64,45 66,89 67,41 41,50 6,89 12,21
Biotite 17,76 18,48 3,71 14,54 14,04 3,00 0,86 2,29
Hornblende 12,26 13,25 19,23 0,00 0,00 0,00 0,00 0,00
Titanite 0,31 0,30 2,47 1,66 1,40 0,82 0,00 0,00
Apatite 3,14 3,08 1,23 0,00 0,00 0,20 0,43 0,25
arfvedsonite 0,00 0,00 0,00 0,00 0,00 0,00 0,00 5,20
Magnetite 7,23 7,08 2,36 1,66 1,68 2,50 1,29 0,00
Quartz 13,44 9,45 8,55 16,86 16,61 42,03 30,97 29,97
Potassic feldspar 0,00 0,00 0,63 1,68 2,03 12,82 61,94 57,29
Plagioclase (An>5%) 86,55 90,54 90,80 81,45 81,35 44,94 7,07 12,73
>Mafics 40,70 42,19 29,00 17,86 17,12 6,52 2,58 7,74
A+P 50,62 51,61 64,89 68,27 69,09 53,07 67,23 67,68
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Figure 8. (A) Form of occurrence of the rocks studied; (B) medium- to coarse-grained and
consists essentially of quartz, plagioclase, potassic feldspar and biotite; (C) crystal-rich
ignimbrites; (D) rhyolites aphanitic matrix and the presence of elongated vesicles marked by
stratification; (E) the porphyritic hornblende-biotite granites and the mafic microgranular enclaves
have a quartz-diorite composition; and (F) Alkali-feldspar granites.
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2.4.1 Biotite granodiorite

The biotite granodiorite occupies the southeast portion of the studied area, approximately
5km long, outcropping as in situ blocks and slabs, and it is gray, hololeucocratic with
inequigranular, and medium- to coarse-grained and consists essentially of quartz, plagioclase,
potassic feldspar and biotite (Figure 8-B). Pyrite occurs locally and fills fracture planes.

The biotite granodiorite has an inequigranular texture with subhedral crystals in a medium
or coarse-grained matrix (Figure 9-A). This granodiorite is composed of 40 to 45% plagioclase,
37 to 42% quartz, 8 to 13% potassic feldspar, and 7 to 5% biotite. The secondary minerals are
chlorite, sericite and epidote.

Plagioclase (oligoclase Anis.20) occurs as subhedral twinning and is intensely saussuritized.
Quartz occurs as interstitial anhedral grains (< 0.5 mm) or as phenocrysts (1.0 mm) with moderate
ondulatory extinction. The potassic feldspar is anhedral (1.0 mm) and has fine albite perthites. The
biotite (< 1.0 mm) shows zircon and apatite inclusions with hexagonal or rectangular basal sections
(Figure 9-B) and is altered to chlorite. The accessory minerals occur as acicular apatite (< 0.5 mm)
and prismatic zircons (< 0.2 mm).

Figure 9. (A) subhedral crystals with oligoclase twinning and is intensely saussuritized;
(B) medium or coarse-grained matrix, shows zircon and apatite inclusions with hexagonal or
rectangular basal sections and is altered to chlorite (Photos - polarized light - LPC).

2.4.2 Ignimbrites and rhyolites

Ignimbrites outcrop as blocks and are the most expressive types of the area. They are dark
gray and show significant variations in the content and size of fragments of crystals, glass,
lithoclasts and matrix constituents (Figure 8-C). The rhyolites occur as massive pinkish blocks and
slabs, have an aphanitic matrix and the presence of elongated vesicles and are composed of quartz
(1.5 mm) and feldspars (plagioclase and alkali feldspar) up to 1.0 mm (Figure 8-D).

The ignimbrite matrix is of quartz-feldspar composition ranging from micro- and
cryptocrystalline holocrystalline rocks to hemicrystalline rocks. These rocks consist of ash-size
fragments in crystal-rich ignimbrites and are composed of glass fragments and ash-size crystals in
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the hemicrystalline ignimbrite (Figure 10-A). In the holocrystalline rocks, the matrix is massive
with a homogeneous distribution of the constituents. The matrix of the hemicrystalline rocks has
flattened glass fragments (flamme) that confer a prominent foliation to the ignimbrite (eutaxitic
structure), which was generated by deposit welding (Figure 10-B). The development of a eutaxitic
structure varies from incipient in rocks where glass fragments are scarce to well developed in rocks
that are richer in glass. The welding of the ignimbrites locally generates rheomorphic features of
flattening and bending of the foliation of the hemicrystalline matrix against the edges of the crystal
fragments, thus generating the parataxitic texture. Crystal fragments range in size from 0.5 mm to
2.0 mm and in abundance from 10% to 30%, and they consist of quartz (Figure 10-C), plagioclase,
microcline, biotite, hornblende, and titanite. The high content of crystal fragments suggests that at
the time of eruption, the magma was in an advanced stage of crystallization. The lithoclasts are
subordinate and consist of fragments of cognate volcanic rocks with sizes between 1.0 and 3.0 mm
and quantities of less than 5% of the rock.

The rhyolite consists of quartz, plagioclase and alkali feldspar phenocrysts that range in
abundance from 10 to 30% of the rock, and they are included in a holo- to hemicrystalline matrix.
Quartz are prominent corrosion embayments and sizes between 0.2- and 2.5-mm. Plagioclase
occurs in subhedral that present sizes ranging from 0.5 to 1.5 mm and intensive saussuritization.
The alkali feldspar is subhedral, with sizes ranging from 0.5 to 2.0 mm, and a micrographic texture
occurs locally (Figure 10-D). The matrix is quartzo-feldspathic, aphanitic, micro- to
cryptocrystalline, with weakly to well-developed flow foliation. Elongated vesicles up to 4.0 cm
long and 0.2 mm wide are arranged parallel to the foliation. The glassy portion of the matrix is
highly devitrified and forms spherulites from 0.5 to 0.7 mm in size. The spherulites are strongly
recrystallized and consist of a radial intergrowth of quartz, alkali feldspar and cryptocrystalline
material.
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Figure 10. (A) fragments in crystal-rich ignimbrites (Photos-polarized light - LPC); (B) the
matrix of the hemicrystalline rocks has flattened glass fragments (fiamme) that confer a prominent
foliation to the ignimbrite (eutaxitic structure), which was generated by deposit welding (parallel
plane light - LPP); (C) Crystal fragments range in size from 0.5 mm to 2.0 mm and in abundance
from 10% to 30%, and they consist of quartz (LPC); (D) the alkali feldspar is subhedral to euhedral,
with sizes ranging from 0.5 to 2.0 mm, and a micrographic texture occurs locally (LPC).

A1

2.4.3 Porphyritic hornblende-biotite granites with enclaves

The porphyritic hornblende-biotite granites are the most expressive surface types. They
outcrop as large pink to reddish slabs and blocks (Figure 8-E) and are hololeucocratic and
composed of potassic feldspar, plagioclase, quartz, biotite, and hornblende. Microgranular
enclaves of decimetric to metric dimensions with rounded to subrounded shapes, irregular edges
and abrupt contacts with granite are often observed. They have a diorite quartz and tonalitic
composition and are dark gray. The primary mineralogy consists essentially of plagioclase, quartz,
biotite and hornblende. Mechanical migration processes of alkali feldspar phenocrysts from the
granite to the enclave stand out, suggest the action of partial magma mixing processes (Figure 8-
E).

The porphyritic hornblende-biotite granites (monzogranite and syenogranite) have a
porphyritic texture and grain size. Is composed of approximately 31 to 42% potassic feldspar, 23
to 30% quartz, 25 to 27% plagioclase, 5 to 7% biotite and 5% hornblende. Titanite, apatite, zircon,

31



Petrology and Geochronology of Granites of the Northern MT.

and magnetite are the accessory minerals, and epidote, chlorite, and sericite occur as secondary
minerals. The potassic feldspar is subhedral, exhibits grid twinning of the albite + pericline type,
is usually perthitic and has inclusions of apatite and biotite (Figure 11-A and B). The anhedral
quartz is commonly recrystallized, sometimes corroded and has undulatory extinction. The
plagioclase (Anis-29) is subhedral, has albite and pericline twinning and is often saussuritized. The
hornblende occurs as subhedral prisms, with perfect cleavage along the {110} plane and
sporadically exhibits sector twinning. The pleochroism ranges from yellowish-green to olive green
(Figure 11-B). The biotite is lamellar and partially to fully chloritized, sometimes shows kink
bands and is pale yellow or pale brown (Figure 11-C). The accessory minerals are euhedral titanite
(0.5 mm) and magnetite (Figure 11-D). Acicular apatite (< 0.3 mm) occurs in the primary minerals
as well as zircon and magnetite.

biotite granites have a similar texture and grain size, and the porphyritic texture; (B) the microcline
is subhedral, exhibits grid twinning of the albite + pericline type; (C) the biotite is lamellar and
partially to fully chloritized; (D) The accessory minerals are euhedral and magnetite, apatite and
zircon (Photos - polarized light - LPC).
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2.4.4 Microgranular enclaves

The biotite quartz diorite is characterized by the ubiquitous presence of hornblende and
plagioclase, with a lower proportion of quartz. The quartz forms interstitial crystals (Figure 12-A),
with undulatory extinction and sparse inclusion and mantling of hornblende. This relationship is
interpreted as ocelli developed in the context of magma mixing, in which quartz (felsic pole) is
partially dissolved with the change in magma composition and the crystallization of surrounding
mafic minerals begins, generating late edges (Vernon 1991; Figure 12-B). In the biotite quartz
diorite, quartz crystals are between 0.2 and 1.5 mm (Figure 12-A and B), and in the biotite tonalites,
they are between 0.1 and 0.5 mm. The enclaves of quartz diorite composition have a porphyritic
texture evidenced by the presence of xenocrysts of potassic feldspar mantled by plagioclase (An,.
5), hornblende (> 1.0 mm) and ocellar quartz (Figure 12-A and B). They consist of plagioclase
(~80 to 90%), quartz (~9 to 16%) and mafic minerals (~15 to 20%), biotite and hornblende. The
accessory phase includes titanite, apatite, and zircon, and the secondary phase has chlorite, epidote,
and sericite.

The plagioclase (0.2 to 1 mm; Ani7.25) occurs as subhedral and as submillimetric (< 1.0
mm) in the matrix, and it rarely presents preserved twinning and strong sericitization. The quartz
forms interstitial crystals with ondulatory extinction and inclusions of apatite and titanite. The
biotite (< 1.0 mm) has inclusions of apatite, titanite, and zircon and is sometimes chloritized.
Hornblende occurs as prismatic phenocrysts in the form of elongated aggregates or small prisms
(< 0.3 mm) surrounding quartz ocelli (Figure 12-B). The accessory minerals are represented by
yellow-brown titanite, which is subhedral (< 1.0 mm) and associated with magnetite. The apatite
is acicular, commonly included in the plagioclase and dispersed in the matrix, with no preferential
direction. The zircon is prismatic (< 0.5 mm) whereas the most common oxide is subhedral
magnetite (< 0.4 mm). Secondary phases are represented by chlorite, which is derived from the
alteration of biotite and hornblende, as well as sericite and epidote, which are derived from the
alteration of plagioclase.

The enclaves of tonalitic composition. They often include microcline xenocrysts from the
granitic magma and consist of plagioclase (~53 to 65%), quartz (~21 to 26%), microcline (~0.2 to
1.5%), biotite (~7 to 17%) and hornblende (~2 to 6%). The accessory phase is represented by
titanite, apatite, zircon, and magnetite, and the secondary phase is represented by chlorite, epidote,
and sericite (Figure 12-C and D).

The plagioclase (0.5 to 1 mm; Anis-25) occurs with polysynthetic twinning according to the
albite law, and inclusions of apatite and biotite are strongly saussuritized. The microcline (0.2 mm)
has polysynthetic twinning according to the albite-pericline law. The biotite (0.3 to 1 mm) defines
lamellae with strong brown or green pleochroism, and they are usually chloritized (Figure 12-C
and D). The hornblende (0.3 to 1 mm) occurs in the form of dark green to brown crystals, which
are sometimes chloritized. The titanite (0.1 and 0.7 mm) forms anhedral crystals, whose contact
relationships indicate that they were formed from the destabilization of biotite and hornblende
(Figure 12-D). The apatite (up to 0.3 mm) is elongated or acicular and included in quartz, feldspars,
biotite, hornblende, and titanite, and its presence is more abundant in diorite quartz. Zircon (< 0.05
mm) occurs in biotite. Anhedral magnetite is commonly associated with the destabilization of
biotite, hornblende, and titanite (Figures 12-C and D).

33



Petrology and Geochronology of Granites of the Northern MT.

Figure 12. (A) The plagioclase (0.2 to 1 mm; Ani7-25) occurs as subhedral phenocrysts and
as submillimetric laths (< 1.0 mm) in the matrix, and it rarely presents preserved twinning and
strong sericitization; (B) hornblende occurs as prismatic phenocrysts in the form of elongated
aggregates or small prisms (< 0.3 mm) surrounding quartz ocelli; (C) the biotite (0.3 to 1 mm)
defines lamellae with strong brown or green pleochroism, and they are usually chloritized; (D) the
titanite (0.1 and 0.7 mm) forms anhedral crystals, whose contact relationships indicate that they
were formed from the destabilization of biotite and hornblende (Photos - light cross-polarized -
LPC).

2.4.5 Alkali-feldspar granites and syenogranites

Alkali-feldspar granites and syenogranites occur to a greater extent in the western part of
the area as reddish leucocratic blocks and slabs. They consist of quartz, alkali feldspar, plagioclase,
and mafic minerals and are equigranular to porphyritic and medium to coarse-grained, and
microgranites occur subordinately in the syenogranite rocks. These granites are intrusive in all
previous units (Figure 8-F).

The alkali-feldspar granite has equigranular, hypidiomorphic and/or allotriomorphic
texture and is medium to coarse grained, and it is composed of potassic feldspar (55 - 60%), quartz
(25 - 30%), plagioclase (15 - 7%) and biotite (< 5%). Titanite, apatite, zircon, and magnetite are
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the accessory minerals, and chlorite and epidote occur as secondary minerals. The orthoclase (1.0
- 5.0 mm) is often perthitic and anhedral to subhedral and presents inclusions of apatite and biotite,
and it has poorly developed plagioclase edges (Figure 13-A). The quartz is anhedral and is between
1.0 and 4.0 mm in size. It has micrographic intergrowths with potassic feldspar. It may show a
slightly undulatory extinction, although normal extinction occurs (Figure 13-B). The plagioclase
(Ang.-10) is subhedral (0.5 mm) and has albite-pericline twinning. Biotite occurs as subhedral poorly
developed (< 1.0 mm) crystals, which are often chloritized.

The inequigranular syenogranite is hypidiomorphic, fine- to medium-grained, composed
of alkali feldspar (55%), quartz (28%), Ans.io albite (12%) and as the main mafic phase,
arfvedsonite (< 5%) (Figure 13-C). Apatite, zircon, and magnetite are the accessory minerals and
epidote and sericite occur as secondary minerals. The microcline is perthitic and occurs as
subhedral crystals (< 1.0 mm). The quartz is anhedral (< 0.5 mm) with slightly undulatory
extinction. The albite is subhedral (0.5 mm) and has albite-pericline twinning. The arfvedsonite
occurs as interstitial (1.5 mm) anhedral crystals with high relief and blue to brownish green color
and may contain poikilitic inclusions of quartz and plagioclase (Figures 13-C and D).
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Figure 13. (A) Alkali-feldspar granite. The orthoclase is often perthitic and anhedral to
subhedral and presents inclusions of apatite and biotite, and it has poorly developed plagioclase
edges; (B) the quartz is anhedral. It may show a slightly undulatory extinction, although normal
extinction occurs; (C-D) Sienogranites with anhedric crystals of arfvedsonite, quartz and

plagioclase (Photos-polarized light photos - LPC).
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2.5 GEOCHEMISTRY

The major and trace elements, including rare earth elements (REES), were analyzed in 24
representative samples of rocks from the studied area, including eight samples of porphyritic
hornblende-biotite granites, three samples of alkali-feldspar granites, one sample of syenogranite,
two samples of biotite granodiorite, two samples of ignimbrite and eight samples of mafic
microgranular enclaves (Table 2).

The volcanic rocks and granites have an acid composition with SiO contents ranging from
68.2 to 78.5%. The enclaves have a predominantly intermediate composition, with SiO2 content
of 60.2 to 62.8% except for two samples, which have SiO2 contents of 66.7 and 67.5%. The acid
compositions of the microgranular enclaves are justified by the presence of xenocrysts (quartz +
potassic feldspar) of the felsic magma in the mafic magma as suggested by field and petrographic
features, which indicate the occurrence of magma mixing processes. The Al>Os contents have
average values of 14.5% and 14.3% for the porphyritic hornblende-biotite granites and ignimbrites,
respectively. The biotite granodiorites have average Al>Oz contents of 15.3%, while the average
values for the microgranular mafic enclaves is 15.8%, and for the alkali-feldspar granite, 12.0%.
The MgO are low for granite and ignimbrite at 0.2 and 0.9%, respectively, and the microgranular
mafic enclaves have an average content of 1.9%. The CaO is low in alkali-feldspar granites
(~0.1%); moderate in the porphyritic hornblende-biotite granites (~1.8%), biotite granodiorites (~
2.25%) and ignimbrite (~1.3%); and higher in the microgranular mafic enclaves (~3.3%). The
K2O/Naz0 ratio averages 0.67 for the microgranular mafic enclaves and between 0.91 and 1.36
for the other rocks. The FeQOY/(FeO'+ MgO) ratio ranges between 0.74 and 0.89 for the porphyritic
hornblende-biotite granites, biotite granodiorites, and ignimbrites, with average values of 0.74,
whereas the alkali-feldspar granites have FeOY(FeQ'+ MgO) ratios between 0.85 and 0.97, which
are characteristic of alkaline granites (Table 2).
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Table 2. Analytical results for major elements (weight oxides %) and trace (ppm), including rare earths (ppm) of the studied

rocks.
Alkali-feldspar granites and Biotite
Porphyritic hornblende-biotite granites Microgranular méfic enclaves syenogranite granodiorites | Ignimbrites
sample DFR DFR DFR DFR DFR DFR DFR DFR |DFR DFR DFR DFR DFR DFR DFR DFR |DFR DFR DFR DFR | DFR DFR | DFR DFR
2 38 21 5 42 44 15 39 02B 02C 15A2 15B1 15B2 02E 02D 05B 6 06A 06B 17A | 22A 22B 33 28

Element

Sio, 693 687 682 685 696 703 695 684| 602 606 675 667 608 618 610 628| 764 777 758 785| 696 69.6| 69.6 723
Tio, 05 05 05 05 05 05 05 04 09 08 05 08 10 09 10 08| 02 02 03 01| 03 03| 05 03
Al,O4 144 146 145 145 143 143 143 148| 162 158 147 147 159 160 161 17.2| 121 121 122 116| 155 151| 143 143
Fe,0a 3.0 3.2 3.3 3.1 3.0 2.6 3.0 2.9 6.6 6.2 4.2 4.9 5.7 5.9 6.7 4.1 14 14 14 11 2.1 3.1 3.1 15
FeO, 2.7 2.9 2.9 2.8 6.0 5.6 3.8 4.4 51 5.3 6.0 3.7 2.7 2.3 2.7 2.6 13 13 13 1.0 19 2.7 2.8 1.4
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0
MgO 0.9 0.9 0.9 0.9 0.9 0.7 0.8 0.8 23 25 1.9 14 1.8 1.8 2.2 1.2 0.2 0.2 0.2 0.0 0.7 0.6 0.9 0.3
Ca0 1.9 1.7 2.1 1.8 1.9 1.3 1.7 1.8 3.7 3.7 3.3 2.7 35 35 4.2 2.3 0.1 0.1 0.3 0.0 23 22 2.0 0.6
Na,O 41 4.0 41 41 41 4.0 41 4.2 55 54 4.3 4.4 45 51 54 5.7 4.0 4.0 4.0 4.0 41 4.0 4.0 39
K,0 44 4.6 44 45 45 51 4.7 4.7 25 2.6 3.2 4.0 4.4 3.0 23 4.5 4.9 4.6 4.7 41 39 3.7 45 53
P,0s 02 02 02 02 02 01 02 02| 05 04 01 03 05 04 05 02| 00 00 00 <001 01 01| 02 00
LOI 10 12 15 15 09 08 1.0 13| 13 14 10 09 11 13 14 08| 05 06 09 06| 1.0 10| 06 11
Total 99.7 99.7 99.7 99.7 997 99.7 99.7 99.7| 99.7 99.7 101.0 101.0 995 100.1 101.0 99.7| 99.8 100.9 999 100.1| 99.7 999| 99.7 99.8
K,0/Na,O 107 115 109 112 108 126 115 111| 045 049 073 090 097 059 043 079 124 117 119 103| 096 091| 113 1.36
MgO/TiO, 181 173 177 180 18 158 170 1.88| 261 298 355 178 180 210 228 154| 1.00 091 081 038| 239 221| 174 1.06
FeOJ/(FeO+MgO) | 0.76 077 076 076 072 069 067 076| 074 074 073 076 075 077 077 077| 085 08 085 097| 074 081| 076 081
Y+Zr+Ce+Nb 405.7 4418 456.9 429.0 477.8 4841 423.6 4840|6895 437.8 428.2 5879 365.6 467.1 3740 400.7|412.2 4142 5727 317.7|236.6 254.4|4109 486.7
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Table 2. Continuation.

Alkali-feldspar granites and ‘ Biotite ‘ Ignimbrite
Porphyritic hornblende-biotite granites Microgranular méafic enclaves syenogranite granodiorite s
. DFR DFR DFR DFR DFR DFR DFR DFR |DFR DFR DFR DFR DFR DFR DFR DFR |DFR DFR DFR DFR |DFR DFR | DFR DFR
ample 15A
P 2 38 21 5 42 44 15 39 02B 02C g 15B1 15B2 O02E 02D 05B 6 06A 06B 17A | 22A 22B 33 28
Element
sc 60 60 60 60 60 50 50 60 |140 150 130 110 120 120 140 90 | 40 40 50 30 | 40 40 | 60 6.0
B l,j.l 1,3.8 1,(]).4 1,:3.7 1,83 l,é.Z 1,5)5 1,224 513 547 1,3.6 1,073 2,022 1,;.9 840 1,;.3 180 164 124 12 l§>6 1,33 1,206 938
141. 145 147. 132. 158. 148. 153. 150. | 130. 132. 101. 145. 133, 133. 118. 138. | 137. 145. 152. 291. | 120. 120. | 167. 130.
Rb 0 2 6 5 7 4 9 3 1 1 0 5 0 0 0 2 6 5 0 0 8 5 6 9
353. 344. 366. 368. 350. 246. 333. 362. | 338. 328. 352. 394. 506. 482. 453. 283. 154 163 146 20 505. 506. | 362. 187.
Sr 1 9 5 0 7 9 3 3 5 2 0 0 0 0 0 7 7 0 5 0
Nb 15.1 147 157 148 154 152 144 129 | 179 164 146 162 170 168 175 16.1 | 180 215 232 253 8.7 13.0 | 16.7 148
Hf 6.9 7.6 1.7 7.0 6.1 7.4 6.4 6.6 6.7 6.3 7.1 7.4 10.8 5.8 5.9 9.5 10.3 9.7 10.7 10.7 4.3 45 7.2 8.7
248. 269. 286. 252. 214, 276. 228. 246. | 257. 248. 257. 291. 466. 218. 228. 408. | 332. 326. 395. 233. | 155. 163. | 251. 312.
Zr 0 0 4 9 9 2 4 0 2 0 0 0 0 0 0 4 7 0 0 0 2 0 0 7
Y 294 345 333 395 287 392 272 369|542 682 370 493 420 465 432 450 | 208 23.1 400 6.5 115 124 | 316 376
U 4.8 3.3 5.0 5.0 6.2 3.3 5.0 3.4 4.5 5.0 2.4 5.5 4.2 4.8 5.7 3.9 3.0 3.0 6.3 8.8 2.4 25 6.2 3.4
Th 185 168 193 186 221 174 206 134 | 125 110 140 135 128 130 123 8.0 150 151 322 427 | 133 127 | 239 156
Ta 1.6 15 1.9 1.8 1.8 1.7 1.6 14 1.0 1.0 0.9 0.9 0.9 0.9 0.7 11 2.2 2.4 14 15 15 1.9 1.6 1.2
- 470 440 590 500 500 o 510 2> |o80 830 720 o ‘0% 20 1T us50 | 180 170 220 720|460 470 | 430 310
Mo 1.2 0.6 2.0 0.9 95 0.9 1.0 0.7 0.7 0.6 <1 <1 <1 <1 <1 0.4 0.3 <1 <1 <1 04 <1 2.1 0.3
Sn 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 3.0 3.0 2.0 2.0 2.0 3.0 3.0 3.0 2.0 2.0 3.0 3.0 1.0 2.0 2.0 2.0
Pb 140 130 276 166 213 19.1 157 146 | 196 189 16.0 31.0 19.0 19.0 16.0 129 3.9 4.0 8.0 34.0 | 121 250 | 155 8.0
Ga 179 191 183 179 187 175 174 187 | 220 223 207 197 204 226 240 210|193 209 217 259 | 19.0 193|193 172
La 59.7 648 626 646 556 729 536 56.2| 789 814 572 679 822 790 749 639 | 192 200 552 407|339 347|589 656
113. 123. 121. 121. 106. 136. 104. 104. | 148. 151. 115. 127. 164. 156. 139. 118. . . .
Ce 2 6 5 8 6 5 0 9 5 5 0 5 5 5 5 4 40.7 436 11%)4 529 | 612 660 1](;1 1%51
Pr 126 145 140 141 120 161 117 120 | 179 195 124 144 181 173 150 147 4.8 5.1 13.3 1.8 6.7 6.5 124 152
Sm 7.9 8.7 8.1 8.8 7.2 95 6.8 7.3 120 14.1 8.2 105 117 116 106 10.2 3.9 3.8 8.7 0.2 3.8 3.9 7.4 9.1
Nd 457 525 49.1 514 438 573 405 426 | 658 748 464 565 696 668 577 557 | 174 182 47.1 3.7 221 238 | 434 56.1
Eu 1.3 15 1.4 1.4 1.2 1.4 1.1 14 1.9 2.2 14 2.0 2.1 2.0 1.6 2.2 0.6 0.6 1.3 0.1 0.7 0.9 1.2 15
Gd 5.9 7.0 6.8 7.1 5.6 8.0 5.7 6.3 104 125 6.6 9.3 9.4 8.7 8.2 8.9 3.4 3.3 7.2 0.2 2.9 2.8 5.9 7.6
Tb 0.9 1.1 1.1 1.1 0.9 1.2 0.9 1.0 1.6 1.9 1.0 1.3 1.3 1.3 1.2 14 0.6 0.5 1.1 0.0 0.4 0.4 0.9 1.2
Dy 55 6.1 5.7 6.0 5.1 6.8 4.8 55 8.7 10.9 5.9 7.2 7.3 7.9 7.0 7.9 3.7 3.4 6.4 0.4 2.1 2.2 5.2 6.9
Ho 1.0 1.2 1.1 1.3 1.0 1.3 1.0 11 1.7 2.2 1.2 15 14 1.6 14 1.6 0.7 0.8 14 0.1 0.4 0.4 1.1 1.3
Er 3.0 35 3.4 3.7 3.0 4.0 3.0 3.3 5.0 6.1 35 4.5 4.5 4.4 4.1 4.6 2.4 2.5 4.0 0.7 1.1 1.3 3.1 3.9
Tm 0.5 0.5 0.5 0.6 0.5 0.6 0.5 0.5 0.8 0.9 0.5 0.6 0.6 0.7 0.6 0.7 0.4 0.4 0.6 0.2 0.2 0.2 0.5 0.6
Yb 3.1 35 35 3.7 3.2 3.8 3.1 3.0 5.2 6.0 3.4 4.1 4.1 4.1 3.8 4.4 2.8 2.8 4.2 2.1 1.1 1.1 3.4 3.7
Lu 0.5 0.5 0.5 0.6 0.5 0.6 0.5 0.5 0.8 0.9 0.6 0.6 0.6 0.6 0.6 0.7 0.5 0.5 0.6 0.4 0.2 0.2 0.5 0.5
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The Chemical classification according to the R1-R2 diagram (De La Roche et al. 1980),
corroborates the petrographic classification. The porphyritic hornblende-biotite granites
composition in granites, the alkali-feldspar granites are also concordant, and the biotite
granodiorite varies between monzogranite and granodiorite (Figure 14-A). In the total alkali silica
(TAS) diagram for volcanic rocks (Le Bas et al. 1986; Figure 14-B), the ignimbrites have
compositions compatible with rhyolitic rocks. Regarding the alumina saturation index (molar)
(Maniar & Piccoli, 1989), all granites are classified as metaluminous to peraluminous and the
ignimbrites show a subtly more peraluminous character (Figure 14-C).
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Figure 14. Samples of the Guaranta do Norte region - MT. (A) R1 vs. R2 diagram (De La
Roche et al., 1980); (B) TAS diagram (Le Bas et al., 1986) of the ignimbrites; (C) Shand
diagram (in Maniar & Piccoli, 1989).
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The REE and trace element patterns for the porphyritic hornblende-biotite granite samples
are quite homogeneous, with enrichment of light REEs (LREES) relative to heavy REEs (HREES),
according to the ratio (Lan/Ybn =11.55to 13.01) and negative moderate Eu anomaly (Eu/Eu* ratio
between 0.50 and 0.60) (Figure 15-A). The multi-element diagram demonstrates negative
anomalies of Ba, P, Ti, Ta, and Nb and positive anomalies of Pb and U (Figure 15-B).

For the enclaves, the REE and trace element patterns are similar to the porphyritic
hornblende-biotite granite and show an enrichment of LREES relative to HREEs (Lan/Ybn, = 9.73
to 10.19) and a moderate negative anomaly of Eu (Eu/Eu* ratio between 0.50 and 0.71) (Figure
15-C). The multi-element diagram shows negative anomalies of Ba, Ta, Nb, P, Ti, and Th and
positive anomalies of Pb, U, and Ba for some samples (Figure 15-D). For both the porphyritic
hornblende-biotite granite and enclaves, the high field strength elements (HFSEs) exhibit a
negative anomaly of Ta and Nb, which is typical of granites related to volcanic arcs (Pearce et al.
1984; Kelemen et al. 1993). The negative Ba anomalies suggest fractional crystallization processes
with the participation of plagioclase. The negative Nb anomaly present in both rocks is interpreted
as an inheritance from an arc environment source, indicating the involvement of crustal melt in the
magma origins (Clemens et al. 2009). Comparing this result to the patterns obtained by Pearce et
al. (1984) for granites from volcanic arc environments, the samples show similarity to the samples
from Chile and Jamaica, which exhibit high values of large ion lithophile elements (LILES).
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Figure 15. Rare earth elements (REE) diagrams normalized to the chondrite (Nakamura,
1974) and multi-element patterns, normalized to the primitive mantle (Mc Donough and Sun,
1995), for the porphyritic hornblende-biotite granites and enclaves.
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Regarding the alkali-feldspar granites and syenogranites, the spectrum shows enrichment
of LREEs over HREES (Lan/Ybn ratio = 4.62) and moderate negative Eu anomaly (Eu/Eu* ratio =
0.48; Figure 16-A). In the multi-element diagram, the samples show negative anomalies of Ba,
Nb, Sr, P and Ti, indicating fractional crystallization of feldspars, apatite and Fe-Ti oxides (Figure
16-B). Data for the biotite granodiorite show enrichment of LREEs over HREEs (Lan/Ybn = 21.12)
and a subtle negative Eu anomaly in one sample (Eu/Eu* = 0.68; Figure 16-C). The multi-element
diagram shows negative anomalies of Nb, P and Ti and positive anomalies of Pb (Figure 16-D).
Only the alkali-feldspar granite presents a negative Ba anomaly, which suggests fractional
crystallization with the participation of plagioclase.
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Figure 16. Rare earth elements (REE) diagrams normalized to the chondrite (Nakamura,
1974) and multi-element patterns, normalized to the primitive mantle (Mc Donough and Sun,
1995), for alkali-feldspar granites, syenogranite and biotite granodiorites.

The REE and trace element patterns for the ignimbrites show an enrichment of LREES over
HREEs according to the ratio (Lan/Ybn =11.4 to 11.7) and moderate negative Eu anomaly (Eu/Eu*
ratio between 0.54 and 0.55; Figure 17-A). The multi-element diagram (Figure 17-B) demonstrates
negative anomalies of Nb, Ta, Sr, P and Ti and positive anomalies of Ce, Th, and U in a sample,
which are similar to that of the granites.
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Figure 17. Rare earth elements (REE) diagrams normalized to the chondrite (Nakamura,
1974) and multi-element patterns, normalized to the primitive mantle (Mc Donough and Sun,
1995), for ignimbrites.

In the Y versus Nb diagram proposed by Pearce et al. (1984), the porphyritic hornblende-
biotite granite samples, alkali-feldspar granites and syenogranites plot in the central portion of the
diagram while the granodiorite biotite plots in the volcanic arc granite (VAG) field (Figure 18-A).
In the Y+NDb versus Rb diagram of Pearce (1996), the granites plot in the VAG to postcollisional
granite (post-COLG) field (Figure 18-B). A similar behavior in which the samples plot
preferentially in the VAG field near the intraplate and syn-collisional boundary is observed in the
Rb x (Yb+Ta) and Ta x Yb diagrams.
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Figure 18. Discriminant diagram of tectonic environments of Pearce et al. (1984, 1996).
(A) Y versus Nb; (B) Y + Nb x Rb ppm, for the granitic rocks of Guaranta do Norte, MT.

42



Petrology and Geochronology of Granites of the Northern MT.

2.6 Biotite chemistry

The structural formula of the biotite is calculated on the basis of 22 oxygen atoms, and all
iron is assumed to be in the Fe?* state. The biotite crystals of the porphyritic hornblende-biotite
granite are brownish to yellow and occur in lamellag, occasionally as very small but well
individualized subhedral crystals, along with quartz, plagioclase and potassic feldspar. They are
homogeneous and present a composition between annite and phlogopite (Figure 19-A; Deer et al.
1992), and the representative structural formula is Kz.76 Nao.os (Mgs.42 Fe1.s7 Tio.a Alo.os Mo 8)s.77
(Sis.84 Al2.16)8 O20 (OH,F)4. The microgranular mafic enclave contains lamellar biotite crystals with
strong brown or green pleochroism, and it is homogeneous and intermediate between annite and
phlogopite (Figure 19-A; Deer et al. 1992) and presents the following representative structural
formula: Ki.77Nao.04(Ms.35F€1.95 Ti0.40MnNo.10Al0.02)5.79 (Sis.76 Al2.24)8 O20 (OH,F)4. The biotite of the
biotite granodiorite is brown, lamellar, and in equilibrium with quartz and plagioclase. It has a
homogeneous composition between annite and phlogopite (Figure 19-A; Deer et al. 1992), and its
structural formula is Kis Naoos(Mgz.92 Fe206 Tio.3s Alo2g Mno.o7)ses (Sis.76 Al2.24)s O20 (OH,F)4
(Table 3). The biotite of the porphyritic hornblende-biotite granite has a Fe/(Fe + Mg) ratio ranging
from 0.33 to 0.39. In the enclave, this ratio ranges between 0.32 and 0.43, whereas in the
granodiorite biotite, the ratio ranges between 0.40 and 0.43.

The Al'Y of the biotite is almost constant in all rocks and ranges from 1.93 to 2.35 except
for the biotite crystals of the microgranular mafic enclave, which shows a discrepancy in the values
(Table 3). As a result, in the Mg versus Al(t) diagram (Figure 19-B; Nachit et al. 1985), the
porphyritic hornblende-biotite granite and microgranular mafic enclave plot in the transition
between the subalkaline and calc-alkaline fields, whereas the biotite of the biotite granodiorite plot
between calc-alkali and aluminum-potassic compositions.
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Figure 19. Composition of the biotite of the porphyritic hornblende-biotite granite
(PHBG), microgranular mafic enclave and biotite granodiorite: (A) Fe/(Fe + Mg) x Al'Y (Deer et
al. 1992) diagram and (B) Mg x Al (t) (Nachit et al. 1985) diagram. HBPG: porphyritic
hornblende-biotite granite; MME: microgranular mafic enclave; BG: biotite granodiorite.

In the ternary diagram (FeO+MnO)-(10*TiO2)-MgO (Figure 20-A; Nachit, 1994), the
biotite of all rocks plots in the transition between the fields of primary magmatic biotite and
primary reequilibrated biotite. The biotite crystals for all rocks have fluorine content dominant
over chlorine (Table 3). In the ternary diagram for FeO-MgO-Al.03 (Figure 20-B; Abdel-Rahman,
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1994), the biotite of the porphyritic hornblende-biotite granite of all rocks is located in the calc-
alkaline granite field, with average values of FeO(t), MgO and Al>Os of 15.1%, 15.4%, and 12.3%
respectively. The biotite of the enclaves has average values of FeOt, MgO and Al>Oz of 15.5%,
15.3% and 12.6%, respectively; and the biotite granodiorite shows average values of FeOt, MgO
and Al.O3 of 16.1%, 12.8%, and 14% respectively. These constant values corroborate the diagram
of Abdel-Rahman (1994; Table 3).

10Ti0, Mgo

V3

FeO*+MnO MgO FeO* Al,0;

Figure 20. Composition of the biotite of the porphyritic hornblende-biotite granite
(HBPG), microgranular mafic enclave (MME) and biotite granodiorite (BG): (A) (FeO + MnO) -
(10*TiO2) - MgO diagram (fields of Nachit 1994), (P) field of primary biotites; (R) domain of
reequilibrated primary biotites and (S) domain of secondary biotites; and (B) FeO*-MgO-Al.O3
diagram (fields of Abdel-Rahman 1994), for biotite discrimination of anorogenic alkaline suites
(A); peraluminous suites(P), including S type suites, and calc-alkaline (C) suites.
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Table 3. Representative analyses of biotite of the porphyritic hornblende-biotite granite,
microgranular mafic enclave and biotite granodiorite, obtained by Electron Microprobe. Fe
assigned as total FeO.

Samples Porphyritic hornblende-biotite granite Microgranular mafic enclaves Biotite granodiorite

SiO, 39,32 39,8 39,26 38,8 38,66 39,23 37,81 38,45 38,11
TiO, 4,67 3,49 3,61 3,82 3,54 2,78 2,49 2,73 31

Al,O3 12,83 13,17 12,42 12,86 12,56 12,28 14,33 14,23 14,04
FeO (1) 15,1 15,29 14,75 16,59 15,23 14,61 15,78 16,22 16,92
MnO 0,62 0,8 0,59 0,45 0,93 0,66 1,21 0,42 0,44
MgO 15,59 15,62 15,93 14,41 14,94 16,17 12,88 12,94 12,88
CaO 0 0,04 0,01 0,2 0,07 0 0 0 0,04
Na,O 0,22 0,22 0,18 0,05 0,18 0,14 0,03 0,08 0,13
K0 9,48 9,25 9,54 9,54 9,37 9,77 9,71 9,81 9,68
F 1,64 1,51 1,78 1,25 1,38 1,64 0,94 0,92 0,93
Cl 0,11 0,11 0,14 0,14 0,08 0,16 0,02 0,03 0,05
-O=F 0,69 0,64 0,75 0,53 0,58 0,69 0,40 0,39 0,39
-0=Cl 0,02 0,02 0,03 0,03 0,02 0,04 0,00 0,01 0,01
Total 98,86 98,64 97,43 97,55 96,34 96,71 94,80 95,44 95,92

Structural formulae on the basis of 220

Si#* 5,73 58 58 5,76 5,79 5,85 5,76 5,81 5,75
Al 2,27 2,2 2,16 2,24 2,21 2,15 2,24 2,19 2,25
T Site 8 8 8 8 8 8 8 8 8

Ti* 051 0,38 0,4 0,43 04 0,31 0,29 0,31 0,35
AV 0 0,06 0 0,01 0,01 0,01 0,34 0,34 0,25
Fe?* 1,84 1,86 1,82 2,06 191 1,82 2,01 2,05 2,14
Mn2* 0,08 0,1 0,07 0,06 0,12 0,08 0,16 0,05 0,06
Mg?* 3,39 3,39 3,51 3,19 3,34 3,59 2,93 2,91 2,9
O Site 5,75 58 5,79 5,75 5,77 5,82 5,72 5,67 5,69
Ca?* 0 0,01 0 0,03 0,01 0 0 0 0,01
Na* 0,06 0,06 0,05 0,01 0,05 0,04 0,01 0,02 0,04
K* 1,75 1,71 1,79 1,8 1,78 1,85 1,88 1,88 1,85
A Site 1,82 1,78 1,84 1,84 1,84 1,89 1,89 19 19
F 0,76 0,70 0,83 0,59 0,65 0,77 0,45 0,44 0,44
Cl 0,03 0,03 0,04 0,04 0,02 0,04 0,01 0,01 0,01
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2.7 GEOCHRONOLOGY

2.7.1 U-Pb zircon dating

The hornblende-biotite syenogranite (DFR-15) and hornblende-biotite monzogranite
(DFR-39) are porphyritic, hololeucocratic, pink, medium to coarse grained and exhibit colorless
to pink zircon grains, which is similar to most of the selected crystals. They have a bipyramidal
prismatic habit and are elongated, with a length versus width ratio of 2/1 and 3/1. They are usually
fractured, with sizes between 50 and 200 um. The backscattered electron (BSE) imaging shows
relatively regular light and dark zoning bands, which were interpreted as variations in the chemical
contents of U (Sato et al. 2008), thus indicating igneous growth (Figure 21-A and B). Thus, 19
grains were analyzed for sample DFR-15 and 20 grains were analyzed for sample DFR-39, and
they were used to plot the concordia diagrams. Concordant U-Pb analyses revealed an upper
intercept age of 1790.9 + 6.0 Ma (mean square of the weighted deviates [MSWD] = 1.3 for sample
DFR-15; Figure 21-A) and 1795.1 + 5.8 Ma (MSWD = 1.2 for sample DFR-39; Figure 21-B).
Th/U ratios vary between 0.41 and 1.16 for sample DFR-15 and between 0.41 and 1.32 for sample
DFR-39. The data are shown in Table 4 and 4.1 (annex).

The microgranular mafic enclave represented by the DFR-02D sample of quartz diorite
composition with mesocratic, dark gray, porphyritic, and fine-grained characteristics exhibits
colorless to beige zircon grains, which is similar to most selected crystals. These grains are
elongated with a bipyramidal prismatic habit, in with a length versus width ratio of 2/1 and size
between 50 and 110 um. From this sample, 23 grains were analyzed and used to plot the concordia
diagrams. Thus, the concordant U-Pb analyses reveal an upper intercept age of 1790 + 7.5 Ma
(MSWD = 0.84; Figure 21-C) and Th/U ratios ranging between 0.42 and 1.0 (Table 4.2, annex).

The ignimbrite (DFR-33) with a quartz-feldspar composition and dark gray color ranges
from micro- and cryptocrystalline holocrystalline rocks to hemicrystalline rocks, and it shows
colorless to beige zircon grains that are elongated with bipyramidal prismatic habit, have a length
versus width ratio of 3/1 and are usually fractured and range from 110 to 210 um. BSE imaging
shows relatively regular light and dark zoning bands, which are interpreted as variations in the
chemical contents of U (Sato et al. 2008), indicating igneous growth (Figure 21-D). Thus, 28
grains were analyzed, and the concordant U-Pb analyses revealed an upper intercept age of 1792
+ 14 (MSWD = 0.92; Figure 21-D) and Th/U ratios between 0.37 and 1.49 (Table 4.3, annex).
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Figure 21. Concordia Diagram U-Pb (LA-ICP-MS) showing age concordance. (A)
concordant U-Pb analyses revealed an upper intercept age of 1790.9 + 6.0 Ma; (B) concordant
U-Pb analyses revealed an upper intercept age of 1795.1 + 5.8 Ma; (C) the concordant U-Pb
analyses reveal an upper intercept age of 1790 + 7.5 Ma; (D) the concordant U-Pb analyses
revealed an upper intercept age of 1792 + 14 Ma, interpreted as the age of crystallization.
Backscattered electron images were used to indicate the application sites of the laser ion beam.

The inequigranular syenogranite (DFR-17) is hypidiomorphic and fine to medium grained,
contains colorless to beige zircon grains, is elongated, and presents a bipyramidal prismatic habit,
in which the length versus width ratio is 2/1. The grains are commonly fractured, with sizes ranging
from 50 pum to 200 um (Figure 22-A). Thus, 15 grains were analyzed to plot the concordia
diagrams. The concordant U-Pb analyses reveal two upper intercept ages, one of 1763 + 14 Ma
(MSWD = 2.0) and another one of 1811 + 15 Ma (MSWD = 2.3; Figure 22-A) and Th/U ratios
ranging between 0.69 - 1.56 and 0.94 - 1.48, respectively (Table 4.4, annex). The youngest age is
considered because it has the lowest MSWD value.

The biotite granodiorite (DFR-22) is inequigranular, sometimes porphyritic, medium to
coarse-grained, has colorless to yellowish elongated zircon grains, with some that are oval and
zoned and present a bipyramidal prismatic habit, in which the length versus width ratio is 2/1 and
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3/1. The grains are often fractured, with sizes between 50 and 200 pum (Figure 22-B). A total of 18
grains were analyzed to plot the concordia diagrams, whose concordant U-Pb analyses reveal two
upper intercept ages of 2001 + 13 Ma (MSWD = 2.9; Figure 21-B) and Th/U ratios between 0.20
and 0.76 (Table 4.5, annex).
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Figure 22. (A) The concordant U-Pb analyses reveal two upper intercept ages, one of
1763 + 14 Ma and another one of 1811 + 15 Ma; (B) concordant U-Pb analyses reveal two upper
intercept ages of 2001 + 13 Ma, interpreted as age of crystallization. Backscattered electron
images were used to indicate the application sites of the laser ion beam.

2.7.2 Lu-Hf zircon data

The in situ analyses of Lu-Hf for the biotite granodiorite (DFR-22) were performed on five
zircon grains, and the results are shown in Table 5. The eHFy) values are between -1.98 and -15.75,
and the model ages fall between 2.47 and 3.32 Ga. These zircon crystals have *"6Lu/*""Hf ratios of
0.0018838 to 0.0007552 and "®Hf/*""Hf of 0.28154337 to 0.2811512, with different U-Pb ages
between 1987 Ma and 2053 Ma (Table 5; Figure 23-B). In Figure 23, the results of the analyses
are illustrated by diagrams, which show the eHF values and the initial "*Hf/*""Hf ratio relative
to the crystallization ages of these zircon crystals. The dashed areas indicate the isotopic evolution
trend in a closed system being projected for the evolution curve of the depleted mantle (DM)
according to Goodge & Vervoort (2006).

For the DFR-33 sample of ignimbrite, the Lu-Hf analysis was performed on 12 zircon
grains, which have eHF ) values between -1.98 and -11.67 and model ages (Hf Tom) between 2.49
and 3.02 Ga. These zircon crystals have °Lu/*"’Hf ratios between 0.001806434 - 0.000966605,
L6 Hf/2"Hf ratios between 0.28165798 - 0.28138886 and U-Pb ages between 1768 Ma and 1780
Ma (Table 5; Figure 23-C).

The analyses for the porphyritic hornblende-biotite granite (DFR-15) were performed on
six zircon grains, which present acquired eHF () values between -4.64 and -0.51 and model ages
between 2.42 and 2.57 Ga. They have 7°Lu/*""Hf ratios between 0.001394713 - 0.000785433 and
164f /L7"Hf ratios between 0.28160834 - 0.28151628, with U-Pb ages between 1763 Ma and 1796
Ma (Table 5; Figure 23-D). Thus, 5 grains of zircon were analyzed for sample DFR-39, which is
also from the porphyritic hornblende-biotite granite, and the eHF ) values are between -0.48 and -
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4.64 and the model ages (Hf Tpom) are between 2.42 and 2.57 Ga. They have 75Lu/*""Hf ratios
between 0.003491049 - 0.001038568 and 1"°Hf/*’"Hf between 0.28175904 - 0.28158187 and U-
Pb ages between 1768 Ma and 1786 Ma (Table 5; Figure 23-E).

The microgranular mafic enclave (DFR-02D) was analyzed using six zircon grains. These
zircon crystals have 1"®Lu/*""Hf ratios between 0.003360767 - 0.000979014 and 1"®Hf/*""Hf ratios
between 0.28184679 - 0.28157332 and U-Pb ages between 1757 Ma and 1773 Ma, and a
discrepancy in eHF ) values, with values between -4.27 and 0.92 and a Hf Tpwm age between 2.19
and 2.56 Ga (Table 5; Figure 23-F).

Figure 22-A shows homogeneous eHF 1) values (-15 to 0) for the biotite granodiorite (DFR-
22), porphyritic hornblende-biotite granite (DFR-39 and 15) and ignimbrite (DFR-33), suggesting
a crustal origin or high crustal reworking for this magmatism. The mafic microgranular enclave
(DFR-02D), which has eHF ) values ranging from -3.36 to 3.21, is interpreted as the result of a
mixture of mantle and crustal sources (Figure 23-F). The ens () associated with model ages, allowed
the interpretation that the zircon crystals of these rocks derive from the Archean crust.
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Table 5. Hf data in zircon for the studied rocks.

DFR-22 (Biotite granodiorite)

176Lu 176Hf 176Hf
Grain T (Ma) 177Hf +26 177Hf +26 177Hfy +2¢ eHfy =16 Tom (Ga)
002_ZR16 2053 0,0016369 0,000014 0,28154337 0,0000328030330 0,281477203 0,000033 -0,03 1,17 2,47
003_ZR20 2003 0,0010348 0,000016 0,28123666 0,0000310513730 0,281195864 0,000031 -11,17 1,10 3,10
004_ZR21 2041 0,0016243 0,000066 0,28141414 0,0000410442910 0,281348862 0,000041 -4,86 1,46 2,81
005 ZR22 1993 0,0007552 0,000027 0,28134483 0,0000240476670 0,281315216 0,000024 -7,17 0,85 2,89
006_ZR24 1987 0,0018838 0,000097 0,2811512 0,0001795284600 0,281077545 0,000180 -15,75 6,38 3,32
Sample DFR-33 (Ignimbrite)
176Lu 176Hf 176Hf
Grain T (Ma) 177Hf +26 177Hf +2¢ 177Hfy +26 eHfy +l6¢ Tom (Ga)
002_ZR1 1780 0,001806434 0,000027 0,28160213 0,0000388215690 0,281538976 0,000039 -4,11 1,38 2,61
003_ZR5 1779 0,001118865 0,000006 0,28151616 0,0000242428700 0,281477067 0,000024 -6,33 0,86 2,73
004_ZR6 1771 0,000966605 0,000002 0,28163201 0,0000329756130 0,281598396 0,000033 -2,21 1,17 2,50
005_ZR8 1770 0,00151965 0,000032 0,28165798 0,0000261383950 0,281605144 0,000026 -1,98 0,93 2,49
006_ZR9 1778 0,001762456 0,000072 0,28138886 0,0001034302100 0,281327311 0,000103 -11,67 3,67 3,02
007_ZR12 1772 0,00130384 0,000053 0,28164367 0,0000278189080 0,281598292 0,000028 -2,18 0,99 2,50
008_ZR15 1768 0,001442932 0,000002 0,28159572 0,0000284535980 0,281545621 0,000028 -4,15 1,01 2,60
Sample DFR-39 (Hornblende-biotite granite porphyritic)
176Lu 176Hf 176Hf
Grain T (Ma) 177Hf 20 177Hf +20 177Hfy +20 geHfy +16 Tom (Ga)
002_ZR1 1770 0,001476766 0,00001 0,28158187 0,0000219358870 0,281530538 0,000022 -4,64 0,78 2,54
003_ZR6 1768 0,001038568 0,000019 0,2816013 0,0000377879430 0,281565241 0,000038 -3,45 1,34 2,57
004_ZR10 1786 0,003491049 0,000027 0,28175904 0,0000418661050 0,281636587 0,000042 -0,51 1,49 2,42
005_ZR16 1771 0,00209626 0,000028 0,28165248 0,0000282249330 0,281579583 0,000028 -2,88 1,00 2,54
006_ZR17 1786 0,002064927 0,000023 0,28170944 0,0000317387290 0,281636986 0,000032 -0,48 1,13 2,42
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Sample DFR-15 (Hornblende-biotite granite porphyritic)
176Lu 176Hf 176Hf
Grain T (Ma) 177Hf +26 177Hf +2¢ 177Hfw +2¢ eHfy 16 Towm (Ga)
002_ZR4 1796 0,001244489 0,000001 0,28155091 0,0000267436900 0,281507027 0,000027 -4,90 0,95 2,57
003_ZR11 1767 0,001286033 0,000009 0,28157109 0,0000225911850 0,281526471 0,000023 -4,86 0,80 2,64
004_ZR06 1794 0,001394713 0,000025 0,28160834 0,0000243215390 0,281559197 0,000024 -3,07 0,86 2,57
005_ZR13 1794 0,000785433 0,000003 0,28151805 0,0000301644440 0,281490376 0,000030 -5,52 1,07 2,70
006_ZR12 1786 0,0012538 0,000022 0,28157909 0,0000296592530 0,281535097 0,000030 -4,10 1,05 2,62
007_ZR24 1763 0,001306448 0,000031 0,28151628 0,0000230923980 0,281471039 0,000023 -6,90 0,82 2,75
Sample DFR-02D (Microgranular enclave)
176Lu 176Hf 176Hf
Grain T (Ma) 177Hf +26 177Hf +26 177Hfw +20 eHfw +lo Tom (Ga)
002_ZR6 1773 0,000979014 0,000025 0,28157332 0,0000425921800 0,28153924 0,000043 -4,27 151 2,52
003_ZR09 1769 0,001712649 0,000075 0,2817469 0,0000582696460 0,281687393 0,000058 0,92 2,07 2,33
004_ZR11 1765 0,003360767 0,00003 0,281774 0,0000337823600 0,281657518 0,000034 -0,24 1,20 2,39
005_ZR13 1757 0,001573097 0,000025 0,28162531 0,0000650927820 0,281571026 0,000065 -3,49 2,31 2,56
006_ZR30 1761 0,002579003 0,000016 0,28184679 0,0000441797240 0,281757624 0,000044 3,21 157 2,19
007_ZR29 1771 0,001065118 0,000004 0,28160311 0,0000261557260 0,281566074 0,000026 -3,36 0,93 2,56
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Figure 23. Diagram of evolution of the values of gHf (t) versus age (Ga). The dashed areas indicate the tendency of evolution
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enclave samples. The dashed areas indicate the trend of evolution towards the rocks.
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2.7.3 Sm-Nd whole rock data

Samples of the porphyritic hornblende-biotite granite (DFR-02; DFR-42; DFR-44 and
DFR-15), microgranular mafic enclave (DFR-02C), granite alkali feldspar (DFR-06), biotite
granodiorite (DFR-22) and ignimbrite (DFR-33) were analyzed. All data are shown in Table 6 and
Figure 24.

The samples analyzed for the porphyritic hornblende-biotite granite had eNdy) values of -
1.69, -1.77, -3.48 and -4.03 and Tpm ages ranging from 2.19 to 2.41 Ga. The microgranular mafic
enclave had a value of -1.58 for eNd) and Towm age of 2.20 Ga. The alkali feldspar granite exhibited
a eNdy value of -3.63 and Tpmage of 2.41 Ga, and the biotite granodiorite showed a éNd( value
of -2.87 and Tpwm age of 2.44 Ga. However, the eNd( value for the ignimbrite was 0.37, and the
Tom age was 2.02 Ga.

Most of the analyzed rocks had eéNd) with negative values except for the ignimbrite. These
values indicate derivation or assimilation of older crustal rocks (Faure, 1986). eNd values
fluctuating between weakly positive and negative indicate an interaction between mantle and
crustal sources.

Table 6. Sm-Nd analyzes for the granites and ignimbrites of the northern region of
Guaranté do Norte, MT.

Sm Nd 147Sm 143N d/*Nd Tcrur  Towm
Sample Rock T(Ga) (ppm) (ppm) Nd + 2SE ENd(O) ENd(H  (Ga)  (Ga)
DFR06  Alkali-feldspar granite 1,76 4,031 19,674 0,1238 0.511614+/-13 -19,97 -3,63 2,13 241

DFR02  Hornblende-biotite granite porphyritic 1,79 8,635 50,324 0,1037 0.511457+/-11 -23,03 -1,69 1,93 2,19
DFR15 Hornblende-biotite granite porphyritic 1,79 8,343 45,581 0,1106 0.511447+/-7 -23,23 -3,48 2,10 2,35
DFR42  Hornblende-biotite granite porphyritic 1,79 8,520 45,325 0,1136 0.511454+/-7 -23,10 -4,03 2,16 2,41
DFR44  Hornblende-biotite granite porphyritic 1,79 10,621 61,981 0,1036 0.511451+/-5 -23,16 -1,77 1,94 2,19

DFR02C Microgranular enclave 1,79 14529 79,792 10,1101 0.511537+-11 -21,49 -1,58 1,93 2,20
DFR33  Ignimbrite 1,79 6,924 44,917 10,0932 0.511438+/-9 -23,42 0,37 1,76 2,02
DFR22  Biotite granodiorite 2,01 4132 25502 0,0979 0.511185+/-8 -28,33 -2,87 223 244
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2.8 DISCUSSION
2.8.1 General aspects of biotite granodiorite

In the study area, an intrinsic relationship of isotropic granites and undeformed volcanic
rocks can be observed. In the southern part of the area, biotite granodiorite is observed, and it is
inequigranular, calc-alkaline, and slightly peraluminous and presents an enrichment of LREES
over HREEs and a moderate negative Eu anomaly. The biotite granodiorite is intruded by biotite
monzogranite to syenogranite attributed by Souza et al. (2005) to the Matupa Intrusive Suite. The
geological, petrological and isotopic characteristics are consistent with I-type granites, such as
those of the Lachlan Belt (Chappell & White, 1992), which were generated in mature magmatic
arc environments. The slightly negative Eng Value (-2.87), the U-Pb zircon age of 2001 + 13 Ma
associated with the Nd Tpm model age of 2.44 Ga and the values obtained for EHf(y range between
-1.98 and -15.75 suggest magmas with strong crustal reworking. Similar crystallization ages were
obtained in isotropic granites (1995 + 5 Ma) and with tectonic foliation (2009 + 4 Ma) from the
Garimpo Aragéo region, which is southwest of the municipality of Novo Mundo by Dezula et al.
(2018), and foliated biotite tonalite (1978 + 8 Ma) from the eastern portion of the AFGP by Assis
(2015). In addition, ages of 2036 + 8 Ma and 1992 + 7 Ma were obtained for biotite granodioritic
gneiss in the Nova Guarita region (Deitos et al. 2016) and granite orthogneiss in the region of the
municipality of Alta Floresta (Souza et al. 2005), respectively. The rocks are interpreted herein as
belonging to a possible extension to the south under the Cachimbo Graben of the Cuiu-Cuid
Magmatic Arc due to the similarity of ages (2033 £ 7 to 2005 £ 7 Ma) based on Santos et al. (1997,
2001) and Vasquez et al. (2013) and present geological characteristics similar to granites from the
Tapajos Mineral Province. The Nd Tom model ages for rocks related to the Cuiu-Cuitd Complex in
the AFGP indicate values of 2.67 and 2.18 Ga, with Eng Values of +2.4 and -0.96 (Paes de Barros
2007; Pimentel 2011; Assis 2015; Oliveira et al. 2016 and Dezula et al. 2018). It is observed that
these model ages show a diversity of crustal sources in the generation of granites of the Cuil-Cuil
Complex in the AFGP.
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2.8.2 General aspects of volcanic rocks

The ignimbrites are deposited on the granite rocks of the Cuil-Cuit Complex (biotite
granodiorites) and the Matupa Intrusive Suite (biotite monzogranites to syenogranites) in the
Guarantd do Norte region. They are crystal-rich holocrystalline to hemicrystalline and slightly
peraluminous and have enrichment of LREEs over HREEs, with a subtle negative Eu anomaly and
a horizontalized HREE pattern. The crystallization age of the ignimbrite (1792 + 14 Ma) allows to
correlate it with the magmatism of the Colider Group in the AFGP, whose crystallization ages
range from 1820 * 28 to 1757 + 14 Ma (Pinho et al. 2001, 2003; Moreton & Martins 2003; Alves
et al. 2010; Bini et al. 2015; Duarte 2015). Sm-Nd isotope data for the Colider Group obtained by
Pinho et al. (2003), Souza et al. (2005), Duarte (2012; 2015), Ribeiro & Duarte (2010) and Silva
& Abram (2008) present End(t) values that range from positive (0.1 to 2.2) to negative (-0.2 to -
3.9) and Nd Tom model ages that generally range from 2.40 to 1.94 Ga. The EHfy) values in this
study range between -1.98 and -11.67, evidencing a fully crustal or mantle magmatism with high
reworking. In turn, the positive Eng Value (+0.37) and the Nd Tom model age (2.02 Ga) suggest
that the magmatic source has a mantle signature and was extracted from the mantle in the Orosirian
period. The geological, petrological and isotopic data are also consistent with magmatism
generated in a magmatic arc environment, with a crustal reworking.

2.8.3 General aspects of porphyritic hornblende-biotite granites and microgranular mafic
enclaves

The hornblende-biotite monzogranites and porphyritic syenogranites intrude the granites
of the Matupé Intrusive Suite and the Cuid-Cuit Complex and the volcanic rocks of the Colider
Group in the Guarantd do Norte region. They often contain microgranular mafic enclaves whose
textural (fine-grained) and morphological (globular bodies with abrupt and transitional contacts)
features indicate the action of partial magma mixing processes, which is based on features
demonstrated by Barbarin & Didier (1992) and representative of an intermediate hybridization
stage. Regardless of the interpretation of magma mixture, the presence of microgranular mafic
enclaves indicates the existence of contemporaneity between a felsic magma and a mafic magma
as well as the participation of mantle magmas concomitantly with the felsic magmas. Mechanical
exchange features (xenocrysts of alkali feldspar and ocellar quartz) corroborate the interpretation
of microgranular mafic enclaves generated by partial magma mixing processes. In addition to
microgranular mafic enclaves, there are frequent leucodioritic enclaves with cumulative features
dispersed in the granite matrix. These enclaves require a cautious interpretation of geochemical
and Sm-Nd isotope data from the hornblende-biotite monzogranites to porphyritic syenogranites,
since the geochemical signatures may be representing hybrid compositions between granites and
the geochemical data of the hornblende-biotite monzogranites to porphyritic syenogranites point
to I-type affinities, with LREE enrichment relative to HREES and moderate negative Eu anomalies.
The crystallization ages (1790 £ 6 and 1795 + 6 Ma) indicate that the hornblende-biotite
monzogranites to porphyritic syenogranites are contemporary with the ignimbrites of the Colider
Group. The crystallization ages between 1819 + 6 and 1788 + 8 Ma (JICA/MMAJ 2000; Silva &
Abram 2008; Duarte 2015; Deitos et al. 2016; Silva et al. 2016) in the isotropic granites of the
AFGP have led different authors to include them in the Paranaita Intrusive Suite, an interpretation
consistent with the data obtained herein. The EHfy) values vary between -0.51 and -6.90, indicating
a crustal origin or mantle magma with high crustal reworking. The microgranular mafic enclave
shows a discrepancy in the EHf{y) values, which range from -4.27 to 0.92. Sm-Nd isotopic data for
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the Paranaita Intrusive Suite indicate Eng Values of + 0.68 to -3.09 and Nd Tpm model ages of 2.40
to 1.90 Ga (Pinho 2003; Oliveira & Albuquerque 2003; Souza et al. 2005; Silva & Abram 2008;
Ribeiro & Duarte 2010; Duarte 2012; 2015), which is similar to the data obtained in this study (End
=-1.69 to -4.03 — Nd Tom age models = 2.19 Ga to 2.41 Ga). The geological, petrological and
isotopic data suggest that hornblende-biotite granites were generated in a mature magmatic arc
environment.

2.8.4 General aspects of Alkali-feldspar granites and syenogranites

The alkali-feldspar granites and syenogranites outcrop in the western part of the area and
intrude all the other rocks in the area, and they consist of equigranular isotropic granites with a
geochemical signature of magmatic arc to postcollisional calc-alkaline granites. However, the Sm-
Nd isotopic data for the alkali feldspar granite studied indicate Eng values of Nd Tpm model ages
of 2.41 to 1.94 Ga. The intercept age at 1763 + 14 Ma obtained for the alkali feldspar granite is
assumed to be its crystallization age, whereas the intercept age at 1811 + 15 Ma is interpreted as
the inherited age. An inherited age of 1810 + 14 Ma was obtained by Bini et al. (2015) in a
rheomorphic ignimbrite of the Colider Group outcropping in Serra do Cachimbo, ~40 km north of
the study area, with a crystallization age of 1757 + 14 Ma, which is consistent with the
crystallization age of the alkali feldspar granite of 1757 £ 16 Ma, 1760 £ 12 Ma and 1782 + 17 Ma
obtained respectively by Moreton & Martins (2003), Santos et al. (2001) and Silva & Abram
(2008) for granites included in the Teles Pires Intrusive Suite. However, Pinho et al. (2001)
obtained an intercept age of 1779 £ 5 Ma for an outcropping porphyritic microgranite in Balneario
Braco Norte belonging to the same granitic body studied herein, and Alves et al. (2010), Miguel
Jr. (2011) and Assis (2015) obtained similar but slightly older ages of 1775 £ 4 Ma, 1774 + 8 Ma
and 1773 + 6 Ma for granites related to the Teles Pires Intrusive Suite, respectively. This age
variation may indicate that the magmatism that generated Teles Pires Intrusive Suite granites
continued for ~30 Ma. The Teles Pires Intrusive Suite is generally classified as postcollisional and
intraplate. The data presented herein, however, are consistent with a magmatic arc environment
with a significant crustal contribution.

2.8.5 Petrogenetic Processes

The volcanic rocks included in the Colider Group consist predominantly of primary
deposits of andesites, trachytes, rhyolites, ignimbrites and surge deposits, with subordinate
occurrences of volcano-sedimentary deposits. The geochemical affinities are calc-alkaline and the
isotopic ages range from 1.81 to 1.76 Ga, with Nd Tpm model ages between 1.94 and 2.40 Ga, in
addition to Eng fluctuating from negative (-0.2 to -3.9) to positive (0.1 to 2.0) (Pinho et al. 2003;
Silva & Abram 2008; Ribeiro & Duarte 2010; Duarte et al. 2012; Duarte et al. 2015). The field
aspects allow for the identification of granitic intrusions in volcanic rocks of the Colider Group,
which is related to the Paranaita and Teles Pires intrusive suites.

The granite rocks outcropping near the municipality of Paranaita were initially called
Paranaita granitoids by Rosa et al. (1997) and later grouped in the Paranaita Intrusive Suite by
Oliveira & Albuquergue (2003). These authors describe the occurrence of monzonites and
monzogranites in the form of extensive batholiths that are oriented in the NW-SE direction,
intrusive in the granites of the Juruena Intrusive Suite and in tectonic contact with the Sdo Pedro
Granite and the Colider Group. The calc-alkaline magma series associated with an alumina
saturation index ranging from metaluminous to peraluminous suggests a mixed crustal-mantle
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source for the magmatism of these rocks that prevails in the crustal component (Barbarin 1999).
The U-Pb crystallization ages range from 1.82 to 1.79 Ga, Nd Tpm model ages between 1.9 and
2.4 Ga, and negative and positive fluctuations of the Engranging from -0.21 to -4.03 and 0.6 to 2.5,
respectively (JICA/MMAJ 2000; Pinho et al. 2003; Silva & Abram 2008; Ribeiro & Duarte 2010;
Duarte et al. 2012; 2015; Silva et al. 2015; Deitos et al. 2016).

Several authors interpret the volcano-plutonic rocks of the region as a result of an intraplate
magmatism related to extensional structures of the Ventuari-Tapajos Province, as well as being
related to the dismemberment of the Columbia (Nuna) Supercontinent, considering this
magmatism as part of the Teles Pires Intrusive Suite (1800 and 1776 Ma; Pinho 2003; Néder et al.
2002; Cordani & Teixeira 2007; Barros et al. 2009). Other authors interpret the volcano-plutonism
in northern Mato Grosso as a volcanic arc to postcollisional magmatism related to the subduction
of the Juruena Magmatic Arc (Tassinari 1996; Sato & Tassinari 1997; Santos et al. 2000 and 2008;
Souza et al. 2005). In this study, the inequigranular to porphyritic isotropic granites as well as
volcanic and volcaniclastic rocks have geological, petrographic and geochemical characteristics
of volcanic arc, calc-alkaline granites, with an age range between 2.0 and 1.75 Ga, and they are
interpreted as having formed in an environment of successive magmatic arcs with a lesser or
greater degree of crustal reworking. The younger alkali-feldspar granite to syenogranite attributed
to the Teles Pires Suite has more striking characteristics of prominent crustal contribution.
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2.9 CONCLUSIONS

The biotite granodiorite studied was interpreted as part of a possible extension to the south
under the Cachimbo Graben of the Cuiu-Cuit Magmatic Arc. It has geochemical characteristics
that suggest a relationship with magmas generated in mature magmatic arc environments by the
melting of Arquean continental crust (Nd Tom model age of 2.44 Ga) and placed at 2001 + 13 Ma.
The values obtained for €Hfy range between -1.98 and -15.75, suggesting magmas with strong
crustal reworking.

The volcanic rocks of the Colider Group consist of crystal-rich ignimbrites and rhyolites,
deposited on the granitic rocks of the Cuiu-Cuit Complex (biotite granodiorites) and the Matupéa
Intrusive Suite (biotite monzogranites to syenogranites) of calcium-alkaline nature. The
crystallization age is 1792 + 14 Ma, and the Sm-Nd isotopic data (Eng = +0.37; Nd Tom model age
= 2.02 Ga) indicate a relationship with mantle source extracted from the mantle in the Orosirian
period and positioned at the base of the crust, where it was subsequently melted in a magmatic arc.
The values obtained for EHf(y range between -1.98 and -11.67, thus showing fully crustal
magmatism with high reworking.

The granitic rocks related to the Paranaita Intrusive Suite (hornblende-biotite
monzogranites to porphyritic syenogranites) contain microgranular mafic enclaves indicative of
partial magma mixing processes, and they have geochemical signatures typical of calc-alkaline
granites generated in a volcanic arc environment. The Sm-Nd isotopic data suggest crustal
derivation or a mixture of mantle and crustal sources (Eng = -1.69 to -4.03) and different periods of
crustal residence as indicated by significantly variable model ages (Nd Tpm = 2.19 to 2.41 Ga).
The crystallization ages of the hornblende-biotite monzogranites to porphyritic syenogranites are
1790 = 6 and 1795 + 6 Ma, and the crystallization age of the microgranular mafic enclaves is 1790
+ 8 Ma. These ages combined with that of the Colider Group ignimbrite (1792 + 14 Ma) attest to
contemporaneity among these rocks. The acquired €Hfy) values range between -0.51 and -6.90,
suggesting a mixture of crustal and mantle sources with high reworking. The microgranular mafic
enclave shows a discrepancy in the EHf values, which vary between -4.27 and 0.92, a mixture of
sources and a large amount of crustal reworking. It can be concluded that an important mantle
component combined with this volcano-plutonism generated the microgranular mafic enclaves.

The alkali-feldspar granites and syenogranites were interpreted here as belonging to the
Teles Pires Intrusive Suite and are the youngest rocks among those studied, and they intrude all
other rocks in the area. The petrographic and geochemical characteristics of these granites are
consistent with I-type calc-alkaline granites that were generated in a magmatic arc environment,
have mantle sources and were subjected to significant crustal contamination processes (eND = -
3.63). The U-Pb zircon age was 1763 + 14 Ma, and an inherited age of 1811 + 15 Ma was identified.
The data preclude the occurrence of a rapakivi texture in these granites as well as the possibility of
this suite being generated in an intraplate environment; thus, they are not an A-type granite.

The intrinsic occurrence of granitic and metamorphic rocks with Tapajés isotopic
signatures (Cuit-Cuit Complex) associated with rocks with ages related to the Juruena Magmatic
Arc (Colider Group and Paranaita and Teles Pires intrusive suites) indicates that all granitic,
volcanic and volcanoclastic rocks were generated in a mature magmatic arc environment.
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The results obtained contribute to a better understanding of the geology, geotectonic
environment and metallogenetic potential of the central-south portion of the Amazon Craton and
similar Paleoproterozoic regions.
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Abstract

Granite intrusions generated in a Paleoproterozoic magmatic arc environment are widely
distributed in the Amazon Craton, more precisely in the south-central portion, where the Ronddnia-
Juruena and Tapajos-Parima geotectonic provinces are part. The granites of the Intrusive Paranaita
Suite, in the Guarantd do Norte region, Mato Grosso, make up the picture of these intrusive bodies,
whose base consists of orthogneisses and amphibolites of the Cuit-Cuid Magmatic Arc. According
to the petrographic descriptions, these granites are classified into syenogranites and monzogranites,
porphyritic texture, with potassic feldspar and amphibole phenocrysts. Frequently occurring
microgranular enclaves of dioritic and tonalitic composition, varying dimensions and shapes, and
abrupt contact with the host granite occurs. The enclaves present field features that shows magma
mixing processes, such as mechanical migration of potassic feldspar phenocrysts from the host
granite to the enclave, besides the oceli quartz mantling by hornblende and xenocrysts of potassic
feldspar mantling by plagioclase, also observed petrographically, and which in this work are
interpreted as a result of the thermal imbalance, caused by the mixing process. Data on amphibole,
plagioclase, biotite and titanite mineral chemistry of the granite classified as porphyritic
hornblende-biotite granite and microgranular enclaves are presented, as well as the crystallization
parameters of these rocks. The amphibole for both is a prismatic subhedral, with chemical
characteristics pointing to Mg-hornblende calcium amphibole. The plagioclase of the two rocks
(oligoclase, Anisos) occurs as twinned prismatic or ripiform grains, with chemical zoning
evidenced by marked changes to sericite, epidote, and carbonates in the center of the crystals. The
biotite of both rocks is brown, lamellar, being partially substituted the chlorite, titanite, and epidote,
corresponding chemically to Mg-biotite. The titanite is a subhedral, with strong relief, usually
found as inclusions in hornblende and biotite. The AIT content of the hornblende indicates the
crystallization pressure of the granite and enclave lower than 1.0 kbar. The saturation
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geothermometer of the zircon in total rock shows temperatures between 790 - 822 ° C for granite
and 759 ° - 833 ° C for microgranular enclaves, interpreted as closer to the liquidus temperature of
granodioritic to tonalitic magmas.

Keywords: Amazon Craton, Magmas Mixing, Mineral Chemistry

3.1 INTRODUCTION

The processes of magmatic differentiation, such as magma mixing, are important in the
study of the evolution of igneous rocks. They usually occur due to the interaction of two merged
in a semi-solid state, of compositions, temperatures, densities, viscosities and crystallization stages,
different or similar, heterogeneous or homogeneous (Fenner, 1926; Toselli, 2010 in: Perugini &
Poli, 2012). The heterogeneous mixing (mingling) allows recognizing the mixed members, in the
form of enclaves of one fluid within the other. However, the homogeneous mixing (mixing), the
merged, mix in an intimate fusion scale, and cannot be identified (Hibbard, 1991).

The mingling process can occur when magmas of different chemical composition are
subjected to turbulent flow. The flow can cause rapid cooling of the most mafic magma within the
most felsic magma, or generate a gravitational stratification, where the denser liquid tends to sink
and the lighter to rise. The turbulent flow can cause fractures and very little reaction between the
two liquids, dispersing partially the crystallized mafic magma (Hibbard, 1991; Best, 2003 in:
Perugini & Poli, 2012). The magma mixing process can occur at any stage of a magmatic system
and does not necessarily require the presence of extreme generated from different sources, with
changes in the chemical and temperature gradients present in a magmatic system (Perugini & Poli,
2012).

Geobarometers and geothermometers for estimating pressures, temperatures, and oxygen
leakage conditions of magma have been widely used, as they involve the geochemical equilibrium
of the mineral assemblage of interest and rebalancing or not the magmatic crystallization/cooling
in the final stages. Their quality allows the obtaining of physical parameters for the interpretation
of the housing / intrusion level and crystallization conditions of the magma (Nascimento, 2000).

The study region is located in the Provincia Tapajos-Parima, south-central Amazon Craton
(Santos et al., 2008; figure A), the eastern portion of the Provincia Aurifera de Alta Floresta
(PAAF), an elongated northwest-southeast area, limited to the north by the Graben of Cachimbo,
which separates it from the Provincia Aurifera de Tapajés, and to the south by the Graben of
Caiabis, recording voluminous felsic magmatism, with plutono-volcanic units characterized as
post-orogenic to intraplate (Dardene & Chobbenhaus, 2001). The study area is approximately 50
km2, located north of the municipality of Guarantd do Norte (MT), composed of hornblende-biotite
syenogranites to monzogranites, with features suggestive of partial magma mixing processes.
Research related to the chemical analysis of minerals is used to estimate crystallization parameters,
such as crystallization pressure and temperature and oxygen fugacity of granitic magmas. In this
work we present results of chemical analysis on amphibole, plagioclase, biotite, and titanite of
porphyritic  hornblende-biotite granite and microgranular enclaves, in addition to
geothermobarometric calculations, aiming at a better understanding of the placement conditions of
this pluton.

In this context, the characterization of this portion, which shows evidence of magma mixing
process, is of great importance for understanding the evolution of late granitogenesis in the norther
of Mato Grosso.
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3.2 METHODS

The petrographic study was performed using the Olympus binocular optical microscope,
model BX50, at the IG-UnB Microscopy Laboratory. This stage emphasized the petrographic
characterization of granites and enclaves by estimating their modal composition (quantitative
modal analysis) and petrographic relations in 80 thin bipolid slides. Modal percentages were
calculated by counting approximately 1,000 points per section under a petrographic microscope.
For the classification of the lithological types were considered the modal composition, the textural
aspects (size and arrangement between the grains) and the abundance of mafic minerals. Estimation
of plagioclase anorthite content (review Deer et al., 1983, Hibbard 1995) was based on the
extinction angle in sections perpendicular to the plane (010) by the Michel-Levy method. The
modal percentages for the studied granites are presented in Table 7.

The chemical analyzes were performed by electron microprobe (EPMA - Electron Probe
Microanalyser) in the UnB Electronic Microsonde Laboratory in 20 thin bipolid slides. In this
work, biotite, hornblende, plagioclase and titanite crystals were analyzed in the electron
microprobe by the WDS system. The device used is the JEOL JXA8230 model and the WDS
system has been configured to operate with 15 and 20 kV, 20nA and 10s counting time (Table 8
and annex).

For the estimation of oxygen pressure and fugacity (fO2), calculations were made based
on the Al content in amphibole, together with the Fe/(Fe + Mg) ratio (Anderson & Smith, 1995;
table 9). According to equation 1:

T2—-675
85

P (+0,6) = 4,76 Al - 3,01 ( ) 0,530 Al + 0,005294 (T —675) (1)

The geochemical results used to discuss intensive crystallization parameters by the
saturation of Zr (ppm) in total rock, were obtained from the chemical analysis of 8 representative
samples of porphyritic hornblende-biotite granite and 8 representative samples of microganular
enclaves. For the calculation of temperatures, Equations 2 and 3 of Watson e Harrison (1983; table
10):

T(oK) = 12900/[In(DZr/magma/ZrRT) + 3,8 + 0,85(M-1)] 2
T(oK) = 1018/[In(DZr/magma/ZrRT) + 1,16(M - 1) + 1,48] (3)
In these equations, DZr / magma = 476000 (zirconium partition coefficient relative to

zirconium saturated magma; Miller et al., 2003); T = absolute temperature (Kelvin degree); ZrRT
= concentration of Zr in the sample.

3.3 GEOLOGICAL CONTEXT

The study area is located in the eastern portion of the Provincia Aurifera de Alta Floresta -
PAAF (Dardene & Chobbenhaus, 2001), tectonically inserted in the south-central portion of the
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Amazon Craton, between the Tapajos-Parima (2.03 - 1 88 Ga) geochronological provinces and
Rondonia-Juruena (1.75 - 1.47 Ga; Santos et al., 2000; Figure 25-A). It comprises a belt in direction
W-NW which is bounded to the north by the graben of Cachimbo, which separates it from the
Provincia Aurifera do Tapajos, and to the south by the graben of Caiabis. According to Souza et
al., (2005), the provincial units would have been generated in three magmatic arcs, such as the
Cuit-Cuit Magmatic Arc (2.1-1.95 Ga); the Juruena Magmatic Arc (1.95-1.75 Ga; and the
Roosevelt Magmatic Arc (1.74 Ga).

The study area is located in the Tapajos-Parima (2.03 to 1.88 Ga) tectonic province,
consisting of four main domains: Peixoto de Azevedo, Uaimiri, Parima, and Tapajos, more
precisely north of the Peixoto de Azevedo Domain (Figure 25-B). The units belonging to these
domains would have been formed at the stage of four magmatic arcs: (1) Cuid-Cuiu Arc (2.03-2.0
Ga): province basement, composed of oceanic and magnesian basalts related to a primordial
oceanic magmatism, truncated by gneisses; (2) Creporizdo Arc (1.98-1.95 Ga): calc-alkaline,
composed of more evolved granitic rocks with assimilation of continental crust, constituting the
Mundurucus Orogenesis. According to the author, a tectonic hiatus of approximately 40 to 50 Ma
followed before the third arch; (3) Arc troops (1.9 and 1.89 Ga), consisting of tonalites, andesites,
and basalt; (4) Parauari Arc (1.879-1.883 Ma): monzogranites and felsic volcanic, generated in a
new phase of primitive continental arc, that truncate the above units. These magmatic arc sequences
are covered by the Buigu Group river sediments, with maximum and minimum ages of 1,879 + 12
Ma (Santos et al., 2008).

Another proposal is that the Juruena Magmatic Arc begins around 1820 Ma, with
compressive movements from SW to NE, forcing the movement of an oceanic plate towards the
Tapajos/Peixoto de Azevedo domain, with consequent subduction and consumption of this plate.
Therefore, the initial phase of the orogenesis is represented by the Volcanic Domain, the granite
rocks of the Intrusive Paranaita Suite (1808-1769 Ma) and the volcanic rocks of the Colider Group
(1803-1766 Ma). These units are in tectonic contact with deeper portions of the arch, where are
found medium to a high grade of metamorphic rocks, interpreted as their root (Duarte, 2012).

Seven stages are also interpreted for the evolution of the Provincia Aurifera de Alta Floresta
(PAAF); (1) generation of a set of rocks generated in a probable context of extensional tectonics;
(2) generation of the Cuit-Cuit and Juruena magmatic arches, including rocks of the calc-alkaline
affinity of active continental margin; (3) a collisional phase represented by the leucogranites of
the Apiacas Granite unit, with an age of staterian crystallization (1784 + 32 Ma) and an older age
(1871 £+ 21 Ma); (4) crustal delamination, with consequent generation of intra-plate magmatism
(Flor da Serra); (5) generation of a basin in which the volcano-sedimentary sequence was
generated; (6) closing of the orogen, accompanied by progressive deformation, with the generation
of transcurrent shear mega-structures and (7) generation units of the Nova Canad Suite and Teles
Pires Granite, in a late phase (post-deformation of the orogen) (Silva and Abram 2008).

Assis (2015) proposes four main geological domains for the province. (1) deformed granite
basement and metamorphosed of 2.81 and 1.99 Ga; (2) plutono-volcanic sequences and felsic
volcano-sedimentary belonging to the magnetite series (type | granites; 1.97 - 1.78 Ga); (3)
plutono-volcanic units post-orogenic and intraplate (1.78 - 1.77 Ga) and (4) clastic sedimentary
sequences (~ 1.37 Ga).
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Figure 25. Geochronological Provinces of the Amazon Craton. The study area is located
in Tapajos-Parima Province (red square), Santos et al., (2008); (B) Detail of the subdivision into
domains of the Tapajos-Parima Province, in which the area is inserted in the Peixoto de Azevedo
domain (Santos et al., 2004).

3.4 GEOLOGY AND PETROGRAPHY OF THE GRANITES OF THE
INTRUSIVE PARANAITA SUITE

3.4.1 Field Features

The mapping of the units in the studied area allowed to identify hornblende-biotite
sienogranites and porphyritic monzogranites with microgranular enclaves correlated to the
Intrusive Paranaita Suite (Figure 26).

The hornblende-biotite granites of sienogranitic and monzogranitic composition, emerges
as large slabs and blocks of pink to reddish color (Figure 27-A and B), characterized of porphyritic
rocks. They are hololeucocratic and constituted by potassic feldspar, plagioclase, quartz and mafic
minerals (biotite and hornblende, figure 27-C). Microgranular enclaves from decimetric to metric
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sizes are often observed, with rounded to subarranged forms, irregular borders and abrupt contacts
with granite (Figure 27-D). Also, microenclaves of centimetric dimensions to millimeters are

identified throughout the pluton, suggesting the performance of partial magma mixing processes
(Figure 27-E and F).
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Figure 26. Geological map of the rocks of the Guarantd do Norte region (modified by F. Santos Santos et al. 2019). Figure of the
geochronological and tectonic compartmentalization of the Amazon Craton (Simplified from Santos, 2003).
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Figure 27. Macroscopic features of porphyritic hornblende-biotite granites in Guaranta do
Norte region, Mato Grosso. (A and B) They emerge in the form of blocks and flagstones; (C and
D) Porphyritic texture, rounded and irregular microgranular enclaves with abrupt contact with the
syenogranite; (E and F) Porphyritic texture, microenclaves throughout the pluton, phenocrystals
of potassic feldspar maintained by plagioclase in the monzogranite.

The larger microgranular enclaves have dioritic composition, they are dark gray. The
primary mineralogy consists essentially of plagioclase, quartz, biotite, and hornblende (Figure 28).
Xenocrysts of potassic feldspar, sometimes mantled by plagioclase and ocellar quartz surrounded
by hornblende, are interpreted as the product of thermal imbalance due to the magma mixing
process (Figure 28-E). Also noteworthy are processes of mechanical migration of phenocrysts of
potassic feldspar from granite to the enclave (Figure 28-F). The microenclaves are of tonalitic
composition and are constituted by plagioclase, quartz, biotite and hornblende, covering the whole
granitic body.
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Figure 28. Macroscopic features of the microgranular enclave of dioritic composition in
granites from Guarantd do Norte region, Mato Grosso. (A and B) Microgranular enclaves of
decimetric to metrics dimensions, with rounded and subarranged shapes, irregular edges and
abrupte contact with granite; (C and D) Dioritic quartz composition, dark grey color; (E and F)
xenocrystals of potassic feldspar, sometimes surrounded by plagioclase and ocellar quartz
surrounded by hornblende. The picture shows a mechanical migration of potassic feldspar
phenocrystal from the granite to the enclave.
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3.4.2 Intrusive Paranaita Suite Petrography

The figure 29 shows the distribution of selected samples for porphyritic hornblende-biotite

granite and microgranular enclaves in the igneous rock modal classification diagrams (QAP)
(Streckeisen 1976, Lameyre & Bowden 1982; table 7).

Q

AN

Monzogranite

\

@ Porphyritic hornblende-biotite granite;

* Microgranular enclaves.
Figure 29. QAP diagram (Streckeisen 1976, Lameyre & Bowden 1982). Magmatic series,
where T = tholeitic; A = alkaline, calc-alkaline; a = k-low; b = k-intermediate; ¢ = k-high.
Porphyritic hornblende-biotite granite samples plot between the sieno- and monzogranite fields,
while enclaves plot between tonalite and diorite fields.
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Table 7. The modal percentage for more representative samples of the granite and enclaves of the Intrusive Paranaita Suite.

Porphyritic hornblende-biotite granites Microgranular enclaves
Samples 2A3 2D 2D2 2B2 2B1 2A2 11B 11 2C2 21C 15A 15A1 2B 2C1-A 11-E
Quartz 29,17 29,44 30,61 33,76 2758 2455 20,76 25,14 23,06 23,60 7,86 5,39 6,07 13,85 13,76

Potassic feldspar |36,58 36,90 3455 27,35 3393 47,14 36,29 3592 4461 3881 0,00 0,00 0,44 1,38 1,68
Plagioclase 24,63 2494 2714 2995 2969 21,51 30,79 29,82 22,34 31,11 | 50,62 51,61 64,45 66,89 67,41

Biotite 337 206 244 285 325 214 367 311 383 087 | 17,76 1848 371 1454 14,04
Hornblende |4,03 370 1,76 303 284 214 48 359 335 166 | 1226 1325 1923 000 0,00
Titanite 146 147 149 164 179 151 310 131 159 078 031 030 247 1,66 1,40
Apatite 000 000 000 000 000 009 000 000 000 150 314 308 1,23 000 0,00
magnetite 0,73 1,40 1,97 130 089 089 056 1,07 1,19 1,50 723 7,08 236 1,66 1,68
Quartz 2327 32,25 3316 37,07 3024 2634 23,63 27,66 2562 2523 | 1344 945 855 1686 16,61
Potassic feldspar |40,47 40,42 37,43 30,03 37,19 5057 41,31 3952 4955 4149 | 000 000 063 168 2,03
P(':?]'fg!;f)e 2725 2732 2940 32,88 32,56 23,08 3504 32,80 2482 3327 | 8655 90,54 90,80 81,45 81,35

XMafics 9,59 8,63 7,66 8,82 8,77 6,77 12,13 9,08 9,96 6,31 40,70 42,19 29,00 17,86 17,12
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3.4.2.1 Porphyritic hornblende-biotite sienogranite

The porphyritic hornblende-biotite sienogranite, is characterized by potassic feldspar
phenocrysts (> 2.0 mm), oligoclase (> 2.0 mm), quartz (> 1.0 mm), biotite (0.7 mm) and
hornblende (1.0 mm), immersed in a fine to medium grain matrix. Composed of an average of
approximately 42% microcline, 25% oligoclase, 23% quartz, 5% biotite and 5% hornblende.
Titanite, apatite, zircon and magnetite are accessory minerals and epitope, chlorite and sericite
occur as secondary minerals Table 7; figure 29).

The potassic feldspar is subhedral, exhibits grid twinning of the albite + periclinic type, is
generally pertitic and with inclusions of apatite and biotite. It is commonly mantled by plagioclase
(Figure 30-A). Anhedral quartz is commonly recrystallized, sometimes corroded and exhibits
undulatory extinction (Figure 30-B). The plagioclase (Anis2g) is subhedral, has twinning albite
and pericline, myrhechetic intergrowth and is frequently saussuritized. Hornblende occurs as
subhedral prisms, with perfect cleavage in {110} and sporadically presents sectoral twinning
(Figure 30-B). The pleochroism varies from yellowish green to olive green. The biotite is lamellar,
partially to fully chloritized, sometimes shows kink bands and has pale, yellow and brownish
colors (Figure 30-B). As accessory minerals occur titanite (0.5 mm) euhedral, often associated
with biotite, hornblende and magnetite. Acicular apatite (<0.3 mm) occurs in primary minerals, as
well as zircon and magnetite. The secundary minerals are chlorite, after biotite and hornblende, as
well as epidotes and sericites from the alteration of plagioclase.

3.4.2.2 Porphyritic hornblende-biotite monzogranite

The hornblende-biotite monzogranite is also characterized by porphyritic texture,
evidenced by potassic feldspar phenocrysts (> 2.0 mm), oligoclase (> 2.0 mm), biotite (0.5 mm)
and hornblende (0.6 mm) in a fine to medium grain matrix. It presents composition in an average
of 30% quartz, 31% microcline, 27% oligoclase, 7% biotite and 5% hornblende (table 7, figure
29). As accessory minerals occur titanite, apatite, zircon and magnetite, and chlorite and sericite
as secondary minerals.

The potassic feldspar is subhedral, shows gridded twinning and are perthitic (Figure 30-
A). Quartz is anhedral is commonly recrystallized and exhibits undulatory extinction. The
plagioclase (Anis-p7) is subhedral, has twinned albite and pericline and is often saussuritized. The
hornblende occurs as subhedral prisms, with perfect cleavage in {110}, pleochroism green
yellowish to olive green. The biotite is lamellar, partially chloritized, yellow and brown in color,
sometimes with deformation lamellar (Figure 30-B and C). The accessory minerals are titanite (0.5
mm) euhedral (Figure 30-C). Acicular apatite (<0.3 mm) is included in the primary minerals, as
well as zircon and magnetite. The secundary minerals are chlorite, epidotes and sericites.
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Figure 30. Textural features of porphyritic hornblende-biotite granite. (A) The
phenocrystal of potassic feldspar with plagioclase in sienogranite; (B) Porphyritic texture with
hornblende and biotite phenocrystals in sienogranite; (C) Porphyritic texture with plagioclase
phenocrystals in monzogranite; (D) Plagioclase and biotite crystals with deformation lamellar
(Light photos with cross-polarization).
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3.4.3 Petrography of microgranular enclaves
3.4.3.1 Microgranular enclaves of dioritic composition

The biotite quartz diorite is characterized by the ubiquitous presence of hornblende and
plagioclase, with a lower proportion of quartz (figure 31-A). They present a porphyritic texture
evidenced by the presence of xenocrystals of potassic feldspar mantled by plagioclase (An.s),
hornblende (> 1.0 mm) and ocellar quartz, often enclaves encompass plagioclase xenocrystals
from granitic magma. Presents composition with an average of plagioclase (~ 80 to 90%), quartz
(~ 9 to 16%) and mafic minerals (~ 15 to 20%) as biotite and hornblende (table 7; figure 29). The
accessory phase comprises titanite, apatite and zircon, while the secondary phase, chlorite, epidote
and sericite (figure 31-A).

The quartz forms interstitial crystals, with undulatory extinction, when anedrics with
inclusion and mantled of hornblende. This relationship is interpreted as ocellis developed in the
context of magma mixing, in which quartz (felsic pole) is partially dissolved with the change in
magma composition and, at the same time, the crystallization of mafic minerals around, leading to
late edges (\VVernon 1991).

The plagioclase (0.2 to 1 mm; Ani7-25) occurs as subhedral phenocrystals and in the matrix
as submillimeter slats (<1.0 mm), rarely with strongly sericified preserved gemination (Figure 31-
B). Quartz forms interstitial crystals with undulatory extinction and inclusions of apatite and
titanite. The biotite (<1.0 mm) has inclusions of apatite, titanite and zircon, sometimes chloritized.
The hornblende occurs as prismatic phenocrysts in the form of elongate aggregates or minute
prisms (<0.3 mm) surrounding quartz ocelli. The accessory minerals are represented by brown-
yellow titanium, subhedral (<1.0 mm) and associated with magnetite. The apatite is acicular,
commonly included in the plagioclase and also dispersed in the matrix, without preferential
direction. The zircon is prismatic (<0.5 mm) while the most common oxide is the subhedral
magnetite (<0.4 mm). The secondary phases are represented by chlorite, hornblende, sericite and
epidote.

3.4.3.2 Microgranular enclaves of tonalitic composition

The enclaves of tonalitic composition, with porphyritic texture and consist of an average
of plagioclase (~ 53 to 65%), quartz (~21 to 26%), potassic feldspar (~ 0.2 to 1.5%), biotite to
17%) and hornblende (~ 2 to 6%). The accessory phase is represented by titanite, apatite, zircon
and magnetite, while the secondary phase is represented by chlorite, epitope and sericite.

The plagioclase (0.5 to 1 mm; Ania-5) occurs with polysynthetic twinning according to the
law of the albite and apatite and biotite inclusions, quite saussuritized (Figure 31-C). The potassic
feldspar (0.2 mm) has polysynthetic twinning in the albite-periclinic law. The biotite (0.3 to 1 mm)
defines lamellar with strong brown or green pleocroism, generally chloritized (Figure 31-D).
Hornblende (0.3 to 1 mm) occurs as dark green, sometimes chloritized green to brown crystals
(Figure 31-D). Titanite (0.1 and 0.7 mm) forms anhedral crystals, whose contact relationships
indicate formation from the destabilization of biotite and hornblende (Figure 31-D). The apatite
(up to 0.3 mm) is elongated or acicular, included in quartz, feldspar, biotite, hornblende and
titanite, being its most abundant presence in diorite quartz. The zircon (<0.05 mm) occurs even in
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the biotite. The anhedral magnetite, commonly associated with the destabilization of biotite,
hornblende and titanite (Figure 31-D).

Figure 31. Photomicrographies of microgranular enclaves of dioritic composition (A-B)
and tonalitic (C-D). (A) Enclave of dioritic composition composed of plagioclase, biotite,
hornblende, magnetite and quartz; (B) Porphyritic texture evidenced for phenocrystal of
plagioclase intensely sericitized; (C) Microenclaves, consisting of agglomerated biotite,

plagioclase, magnetite and quartz; (D) Agglomerate plagioclase, biotite, titanite and hornblende
(Light photos with cross-polarization).
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3.4.4 Textures indicatives of magma mixing processes

Mafic microgranular enclaves are very common in felsic host when there is a process of
mixing magmas. In well mixed hybrid portions of crystal-bearing magma, the enclaves mingle
with the hybrid host and are interpreted as a consequence of the mixing of magmas (\VVernon, 1991,
Barbarin, 1990; Barbarin and Didier, 1991). The following special textures are present in both the
sienogranites and the monzogranites of the Paranaita Intrusive Suite. These are:

-Mafic agglomerates of plagioclase, biotite and hornblende, with dimensions exceeding
2 mm, with rounded to irregular shapes (Figure 32-B);

- Apatite acicular with elongated crystals, whose distribution does not show a preferential
direction. They are present in the different mineral phases (plagioclase, quartz, biotite and
hornblende, figure 32-C). They are formed when during its development a fast cooling of the
system occurs;

-Fenocrystals of spongy and poyquilithic plagioclase, characterized by quartz
exsolutions and fine hornblende inclusions, due to the strong thermal imbalance with the fine
diorite matrix (Figure 32-D).

) 100pm JEOL  8/21/2014
15.0kV COMPO NOR WD 11.2mm 11:53:51

Figure 32. Photomicrographs of special textures that can evidence magmas mixing
processes. (A) the plagioclase cluster; (B) mafic cluster, with biotite, plagioclase, hornblende,
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titanite and magnetite; (C) detail for apatites accicular, BSE image; (D) xenocrystal of spongy
cellular plagioclase. Photomicrographs with cross Polarizer, except the figure C.

-Quartz oceli mantled by hornblende, which consists of a large quartz crystal with the
inclusion of small prismatic hornblende crystals (Figure 33-A, B E C). The mixture of two systems,
one more felsic with early quartz crystals and another more mafic system containing small
hornblende crystals, generated by cooling, juxtaposes quartz and hornblende. Surface loose
hornblende crystals attached to quartz surfaces, provide the basis for their incorporation into quartz
(Vernon, 1990; Hibbard, 1991);

-Poyquilithic quartz with inclusions of biotite, titanite, apatite and zircon (Figure 33-D).
According to Hibbard (1991), in the context of mixing magmas, they result from the last stage of
crystallization of the felsic liquid, after crystallization of a large amount of plagioclase,
hornblende, biotite and apatite, generated by cooling.

Figure 33. Photomicrographs with special textures that can evidence processes of magma
blending. (A) quartz ocelli mantled by hornblende; (B) drawing extracted from Hibbard (1991)
showing the matting; (C) detail of prismatic hornblende crystals by mantled quartz ocelli; (D)
poyquilithic quartz oceli. Photomicrographs with crossed polarizer, except figure C, in natural
light.
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3.5 MINERAL CHEMISTRY

Table 8 presents representative data of mineral chemistry for the porphyritic hornblende-

biotite granite (PHBG) and for the microgranular enclaves of dioritic and tonalitic composition
(ME). Biotite, amphibole, plagioclase, apatite and titanite were analyzed. The results of the
electron microprobe analyzes are presented in the tables (attached).

microgranular enclaves.

Table 8. Representative analyses of porphyritic hornblende-biotite granite and

Rock Porphyritic hornblende-biotite granite ‘ Microgranular enclaves

Mineral  Oligoclase  Albita  Biotite Ho:\gl%-nde Titanite  Oligoclase  Biotite Hol\glge-nde Titanite
SiO, 65,1 69,66 40,16 47,26 29,8 65,64 37,06 47,84 30,03
TiO, 0,01 0,09 4,23 0,42 33,4 0 4,2 1,17 33,69
Al,03 22,89 20,02 12,76 6,35 1,69 22,8 14,06 6,08 1,9
FeO(t) 0,29 0,06 14,93 14,47 1,29 0,25 17,89 13,91 2,12
CaOoO 4,02 1,14 0,02 11,58 25,73 3,36 0,14 11,43 27,82
Na,O 8,98 10,52 0,32 1,99 0,06 9,48 0,11 1,77 0,03
K20 0,58 0,07 9,41 0,9 0 0,34 8,27 0,74 0
BaO 0 0 0 0 0 0 0 0 0,09
MgO 0,02 0 15,83 13,97 0 0,03 13,29 14,28 0
MnO 0,03 0,09 0,54 1,13 0,17 0 0,31 0,81 0,27
La,O3 0 0 0 0 0,57 0 0 0 0,42
Ce;03 0 0 0 0 2,99 0 0 0 1,85
Cr203 0 0 0 0 0 0 0 0 0
Gd;03 0 0 0 0 0,18 0 0 0 0,05
Y203 0 0 0 0 0,24 0 0 0 0,16
SrO 0 0 0 0 0 0 0 0 0
P205 0 0 0 0 0,13 0 0 0 0
Cl 0 0 0 0 0 0 0 0 0
F 0 0 1,74 1,68 0,81 0 0,94 0,96 0,99
OH 0 0 0 0 0 0 0 0 0
Total 101,91 101,65 99,94 99,73 97,06 101,92 96,27 98,99 99,41
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3.5.1 Porphyritic hornblende-biotite granite and microgranular enclaves

dioritic and tonalitic

3.5.1.2 Biotite

The biotite of the porphyritic hornblende-biotite granite are brownish and occur in a
lamellar form, and as minute subhedral crystals, together with quartz, plagioclase and potassic
feldspar. The microgranular mafic enclave contains lamellar biotite crystals with strong brown or
green pleochroism, as can be observed in petrography previously.

Both are homogeneous with composition between annite and phlogopite (Fig. 34-A, Deer
et al. 1992) and re-equilibrated magmatic primary composition (Fig 34-B; Nachit 1994). The
structural formula was calculated based on 22 oxygen atoms and it was assumed that all iron is in
the Fe?* state, being; K176 Nao.os (Mgs.42 Fe1.s7 Tioa Alo.os MNo.os)s.77 (Sis.gs Al2.16)s O20 (OH,F)4 for
the hornblende-biotite granite porphyritic, and microgranular enclaves;
K1.77Nao.04(Mg3.35F€1.95 Ti0.40MnNo.10Al0.02)5.79 (Sis.76 Al2.24)8 O20 (OH,F)a.

The biotite crystals of porphyritic hornblende-biotite granite do not show significant
variations in FeO = 14.05 - 16.46% by weight, while in the enclaves the variation is 14.27 - 19.83%
by weight. The biotite of the hornblende-biottia porphyritic granite has Fe / (Fe + Mg) ratio ranging
from 0.33 to 0.39. In the enclave this ratio ranges between 0.32 and 0.43. The biotite ALiv is
constant in the granite, ranging from 1.93 to 2.35 (Table attached). In the Mg versus total Al
diagram (Nachit et al. 1985), the biotite of the porphyritic hornblende-biotite granite and the
microgranular mafic enclave plot the transition between the subcalc and calc-alkaline fields and
calc-alkaline granites, with a mean of FeOt, MgO and Al.O3 of 15.1%, 15.4% and 12.3%,
respectively, for the biotite of the porphyritic hornblende-biotite granite. The biotite of the enclaves
with mean values for FeOt (15.5%), MgO (15.3%) and Al;Os (12.6%). Constant values
corroborate with the Abdel-Rahman diagram (1994; Tables 8, Fig. 34-D).
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Figure 34. Composition of the biotite of the porphyritic hornblende-biotite granite
(PHBG) and microgranular enclave (ME): (A) Fe / (Fe + Mg) x AlIV (Deer et al. 1992) diagram
and (B) (FeO + MnQ) - (10 * TiO2) - MgO diagram (fields of Nachit 1994), where P = field of
primary biotias; R = domain of rebalanced primary biotites and S = domain of secondary
biotites; (C) Mg x Altotal (Nachit et al. 1985) diagram and (D) FeO* -MgO-Al203 diagram
(fields of Abdel-Rahman 1994), where, A = biotite discrimination of anorogenic alkaline suites;
P = peraluminous suites, including S-type suites; and C = calc-alkaline orogenic suites.

3.5.1.3 Amphibole

The amphibole crystals of the porphyritic hornblende-biotite granite and the microgranular
enclaves subhedral, pleochroism green yellowish to olive green.

The amphibole of the porphyritic hornblende-biotite granite and the enclaves are
homogeneous, with Mg/(Mg + Fe) ratios between 0.67-0.88 for porphyritic hornblende-biotite
granite and 0.76-1.0 for enclaves. Oxides of TiO2 = 1.01-2.04% and 0.86-1.67% by weight for the
porphyritic hornblende-biotite granite and enclaves respectively. Oxides of Al.Os, FeO, MgO and
MnO with values between 4,28-7,05%; 11.10-14.27%; 13.37-16.52%; 0.57-0.85% by weight for
porphyritic hornblende-biotite granite respectively. The enclaves present values between 5,32-
7,05%; 11.51-13.14%; 14.39-16.24%; 0.53-1.0% by weight for Al>Os;, FeO, MgO and MnO
respectively. The oxides of CaO, Na>O and KO for the porphyritic hornblende-biotite granite with
values between 10,81-11,78%; 1.39-2.25%; 0.58-0.96% by weight respectively. For the same
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oxides, the enclaves present the respective values of 10,53-11,40%; 1.46-2.17%; 0.58-0.92% by
weight. The chemical characteristics point to calcium amphibole with Ca values between 1.57 and
1.87 a.p.u.f. for both, being classified as magnesium-hornblende, according to the nomenclature
suggested by the IMA (International Mineralogical Association), presented by Leake et al. (1997,
Table 8, Figure 35).

The simplified average chemical formula, calculated on the basis of 23 oxygen equivalents
for the porphyritic hornblende-biotite granite amphibole type, is: (Naoe1Ko15)076
Caz,6(MQgs2Fe0,01Mno07Tio,18Alo,03)4,39 (Sis,sAl1,10)79 O22 (OH)2. The simplified average chemical
formula, calculated on the basis of 23 oxygen equivalents for the amphibole types of the enclaves,
iS: (Nao,41Ko,10)0,51 Ca1,7(Mgs,1Fe1,00Mno10Tio,10Al0,02)4,41 (Siz1Alog)79 O22 (OH). for magnesium-
hornblende.
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Figure 35. Classification diagram of amphibole according to Leake et al. (1997) for
porphyritic hornblende-biotite granite (PHBG) and for microgranular enclaves (ME).

3.5.1.4 Plagioclase

The analyzed plagioclase crystals present composition between albite (Anzs) and
oligoclase (Anis2s) for the porphyritic hornblende-biotite granite and oligoclase composition
(Anws-27) for the microgranular enclaves, the results of which are shown in table 8. The crystals
analyzed do not exhibit chemical zoning, only portions of different compositions. The albite occurs
at the edges of some grains, and rarely constitutes small grains dispersed in the matrix. Some
oligoclase xenocrysts present in the enclaves can be interpreted as reabsorbed from porphyritic
granite, since it has the same composition.

3.5.1.5 Titanite

The titanite of the hornblende-biotite granite porphyritic presents average contents of
29.8% of SiO3, 33.4% of TiO», 1.69% of Al.O3, 0.81% of F, 0.13% of Nb2Os and 0.34% of La>0O3
+ Ce20z. The titanite of the enclaves had a mean content of 29.6% SiO2, 34.2% TiO2, 1.68% Al>Os,
0.76% F and 0.41% La>Oz + Ce»O3 (Table 6). The titanite crystals of both have moderate to low
Al>,Oz contents, around 1.69%, typical of magmatic titanite. Data show that all titanites are
characterized by relatively low Al (0.05-0.08 a.p.f.u.), high Fe (0.03-0.06 a.p.f.u.) and low Al/Fe
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ratios (0.08-0.15), characteristics of magmatic titanite of igneous rocks (Aleinikoff et al. 2002,
Fig. 36). Chemically the titanite of both rocks have similar chemical composition.
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Figure 36. Diagram vs. Fe Al showing the magmatic origin of the granite and enclave
titanites (Aleinikoff et al. 2002, in Jiang et al. 2016); (B) SiO2 versus 10 * (La,O3 + Ce03).

3.6 DISCUSSIONS

3.6.1 Geological setting of porphyritic hornblende-biotite granite

The field study and petrography showed several macro and microstructural features in the
porphyritic hornblende-biotite granite and in the microgranular enclaves that suggest evidence of
magma mingling processes. Porphyritic hornblende-biotite granite emerges as large reddish-
colored slabs and blocks, characterized by phenocrysts of potassic feldspar in a fine granulation
matrix. They are hololeucocrat and constituted by potassic feldspar, plagioclase, quartz and mafic
minerals (biotite and hornblende). It’s observed microgranular enclaves of centimetric to metric
dimensions, with rounded to subarranged forms, irregular borders and abrupte contacts with
granite. The macroscopic features are evidenced by the mechanical migration of phenocrystals of
potassic feldspar from the granite to the microgranular enclave, without deformation and with
plagioclase, as well as quartz ocelli mantled by hornblende, probably formed due to the thermal
imbalance caused by the magma mixing process.

These rocks require a cautious interpretation of geochemical and Sm-Nd isotope data and
they have geochemical signatures typical of calc-alkaline granites generated in a volcanic arc
environment. The Sm-Nd isotopic data suggest crustal derivation or a mixture of mantle and crustal
sources (Eng = -1.69 to -4.03) and different periods of crustal residence as indicated by significantly
variable model ages (Nd Tpm = 2.19 to 2.41 Ga). The crystallization ages of the hornblende-biotite
monzogranites to porphyritic syenogranites are 1790 + 6 and 1795 + 6 Ma, and the EHf{y values
vary between -0.51 and -6.90, indicating a crustal origin or mantle magma with high crustal
reworking. The crystallization age of the microgranular mafic enclaves is 1790 + 8 Ma, and shows
a discrepancy in the EHfy) values, which range from -4.27 to 0.92. Sm-Nd isotopic data for the
Paranaita Intrusive Suite indicate Eng Values of + 0.68 to -3.09 and Nd Tpom model ages of 2.40 to
1.90 Ga (Pinho 2003; Oliveira & Albuquerque 2003; Souza et al. 2005; Silva & Abram 2008;
Ribeiro & Duarte 2010; Duarte 2012; 2015), which is similar to the data obtained in this study (Eng
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=-1.69 to -4.03 — Nd Tom model ages = 2.19 Ga to 2.41 Ga). The geological, petrological and
isotopic data suggest that the hornblende-biotite granites were generated in a mature magmatic arc
environment.

3.6.2. Textures indicatives of magma mixing processes

Mafic microgranular enclaves are very common in felsic host when there is a process of
mixing magmas. In well mixed hybrid portions of crystal-bearing magma, the enclaves mingle
with the hybrid host and are interpreted as a consequence of the mixing of magmas (\VVernon, 1991,
Barbarin, 1990; Barbarin and Didier, 1991). The following special textures are present in both the
sienogranites and the monzogranites of the Paranaita Intrusive Suite. For exemple:

The mafic agglomerates of plagioclase, biotite and hornblende, with dimensions exceeding
2 mm, with rounded to irregular shapes;

The apatite acicular with elongated crystals, whose distribution does not show a
preferential direction. They are present in the different mineral phases (plagioclase, quartz, biotite
and hornblende). They are formed when during its development a fast cooling of the system occurs;

The fenocrystals of spongy and poyquilithic plagioclase, characterized by quartz
exsolutions and fine hornblende inclusions, due to the strong thermal imbalance with the fine
diorite matrix.

The quartz oceli mantled by hornblende, which consists of a large quartz crystal with the
inclusion of small prismatic hornblende crystals. The mixture of two systems, one more felsic with
early quartz crystals and another more mafic system containing small hornblende crystals,
generated by cooling, juxtaposes quartz and hornblende. Surface loose hornblende crystals
attached to quartz surfaces, provide the basis for their incorporation into quartz (\Vernon, 1990;
Hibbard, 1991), and the poyquilithic quartz with inclusions of biotite, titanite, apatite and zircon
(Figure 33-D). According to Hibbard (1991), in the context of mixing magmas, they result from
the last stage of crystallization of the felsic liquid, after crystallization of a large amount of
plagioclase, hornblende, biotite and apatite, generated by cooling.

According to Vernon (1990), the presence of crystals of elongated forms, especially
plagioclase, hornblende and apatite (of acicular habit); Potassic feldspar with poiquilitic inclusions
of plagioclase and mafic and presence of ocelli in mafic enclaves are common in magma mixing
processes. The microstructures, besides evidencing a magmatic crystallization, can also reflect the
crystallization history of these enclaves: the very fine granulometry of the enclaves evidence,
according to Vernon (1991), a high nucleation ratio and low growth rate, which occurs when the
degree of subcooling of the magma is relatively large. The initial thermal equilibrium of the
enclave in the host magma produces fast crystallization; subsequently, crystallization in the
enclaves proceeds with the same ratio of the host magma, when then mineral nucleation occurs,
forming larger crystals, which include poiquilitically the small crystals, previously formed.

All these microstructural evidences point to a thermal imbalance, which produces fast
crystallization, due to the high degree of cooling of the magma, forming larger crystals, which
commonly include poiquilitically the small crystals, previously formed.

In the case of the porphyritic hornblende-biotite granite, the focus of this work, the study
of mineral chemistry and petrography of encasing rock and enclaves, suggest that there was partial
mixing of magmas of similar compositions in a mingling-like process. This process occurs when
temperatures are different, however the compositions are similar.
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3.6.3 Conditions of crystallization

Calc-alkaline granites commonly contain the mafic assemblage biotite + hornblende +
titanite + Fe and Ti oxides, along with quartz and feldspars; a feature that renders these rocks as
important sites for petrologic studies using mineral chemistry (e.g. VVyhnal et al., 1991; Ague,
1997; Stein and Dietl, 2001; Helmy et al., 2004). The chemistry mineral shows that the minerals
analyzed for porphyritic hornblende-biotite granite and the enclaves are homogeneous, primary
and demonstrate a calc-alkaline affinity for these rocks.

The mineral association hornblende + biotite + titanite + magnetite (+ quartz + plagioclase
+ feldspar potassic) found in the porphyritic hornblende-biotite granite and enclaves allowed the
application of the Al geobarometer in amphibole. For the estimation of oxygen pressure and
fugacity (fO2), calculations were made based on the Al content in amphibole, together with the
Fe/(Fe + Mg) ratio (Anderson & Smith, 1995; table 9).

According to figure 37, the rocks demonstrate high fugacity of oxygen and P <1.0 kbar.
The zircon was used as a geothermometer to calculate the temperature according to Watson &
Harrison (1983), the temperatures closest to liquidus were estimated at about 790°C to 822°C for
the porphyritic hornblende-biotite granite, and 759°C to 833°C for the enclaves (table 10). The
fO2 exerts strong chemical control over the main mafic phases of granite rocks (Anderson &
Smith, 1995). In this way, it can be considered that the magma placement occurred in a relatively
cold crust, after the formation of the Juruena Magmatic Arc.

The chemical compositions of amphibole and biotite show moderate Fe/(Fe + Mg) ratio,
lower than 0.90. When related to the hornblende ALiv content, these values indicate crystallization
with high fugacity of oxygen. Such interpretation is evidenced by magnetite + titanite paragenesis
of these rocks. The circulation of late to post-magmatic fluids would have been responsible for
carbonation and saussuritization of plagioclase. In biotite, these same fluids may have favored
partial substitution by titanite, chlorite and epitope.
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Figure 37. (A) Diagram Fe / (Fe + Mg) versus Aliv and fO, of amphiboles (Anderson &

Smith, 1995); (B) Diagram Fe / (Fe + Mg) versus Alr of amphiboles (Anderson & Smith, 1995),

showing probable intervals of amphibole crystallization. (porphyritic hornblende-biotite granite -
PHBG, microgranular enclaves - ME).
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Table 9. Calculations based on the Al content in amphibole, together with the Fe/(Fe + Mg)
ratio, for the estimation of oxygen pressure and fugacity (fO2) (Anderson & Smith, 1995).
* HBGP (porphyritic hornblende-biotite granite).

Rock Enclaves HBGP

Elemento 2B 2B 2C1A 2Cl1A | DFR-15A2 DFR-2B2
SiO2 48,33 48,52 46,33 4840 | 48,03 49,08 47,98 49,63
Tioz 1,22 112 167 133 | 107 1,38 145 141
Al;03 558 6,34 69 590 | 674 621 581 5091
FeO 12,02 12,88 12,09 11,61 |11,83 11,48 14,27 11,61
MnO 082 080 064 053|103 058 063 082
MgO 15,86 14,39 1523 1595|1559 16,37 13,37 1534
CaO 10,84 10,83 10,77 10,96 | 10,88 11,03 10,51 10,88
Na20 1,80 193 206 182 | 1,94 169 211 1,97
K20 081 087 08 079 |08 08 08 081
Total 97,36 97,68 96,62 97,30 | 97,93 98,65 96,95 98,38
Si em formula 764 767 770 780 | 767 7,67 768 7,01
NaB 006 007 000 004 |008 007 008 016
Li 0,00 000 000 000 |000 000 000 0,00
LiB 0,00 000 000 000 |000 000 000 0,00
LiC 0,00 000 000 000 |000 000 000 0,00
CaA 0,00 000 000 000 | 000 000 000 0,00
CaB 1,94 187 1,9 191 | 1,89 187 182 1,83
Ti 003 002 000 001 |000 002 000 004
(Ca+Na)B 200 194 198 195 | 197 1,94 190 1,99
TA 002 002 006 001 |00l 002 001 016
¥ L-type B 000 006 000 004 | 002 006 010 0,00
(Na+K)A 002 002 006 001 |00l 002 001 016
VIAI 004 010 000 002 | 003 010 011 035
Fe3+ 031 023 023 018 | 038 023 029 058
Mn3+ 0,00 000 000 000 | 000 000 000 0,00
Mn2+ + Mn3+ 007 005 013 00 | 004 005 007 0,08
VIAI+Fe3++Fe2++Mg 521 520 508 508 | 534 520 531 547
OH+F+CI 200 200 200 200 |200 200 200 200
Mg/(Mg+Fe2+) 080 08L 063 073|084 08l 08 072
Mg/(Mg+Mn2+) 098 099 09 097 |09 099 098 0097
AlT 039 043 030 022|036 043 043 135
Fe(Fe+Mg) 022 021 038 028|019 021 019 033
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Table 10. Zr saturation temperature calculated for total rock chemical composition of
porphyritic hornbleda-biotite granite samples and microgranular enclaves.

Zr Zr

Lithology Samples (ppm) M (saturacao) T°C

PHBG DFR02 248,00 1,63 126,70 807,50
PHBG DFR38 269,00 1,59 123,20 817,50
PHBG DFR21 286,40 1,66 130,90 817,80
PHBG DFRO05 252,90 1,61 125,10 810,50
PHBG DFR42 214,90 1,65 129,20 793,10
PHBG DFR44 276,20 1,56 119,50 822,80
PHBG DFR15 228,40 1,62 125,60 800,90
PHBG DFR39 246,00 1,63 127,40 806,30
Enclaves DFR02B 257,20 2,10 190,20 775,10
Enclaves DFR02C 248,00 2,15 197,40 768,90
Enclaves DFR15A2 257,00 1,84 152,00 794,50
Enclaves DFR15B1 291,00 1,85 152,90 805,00
Enclaves DFR15B2 466,00 2,11 190,70 828,00
Enclaves DFRO2E 218,00 2,02 177,40 767,00
Enclaves DFR02D 228,00 2,18 203,30 759,40
Enclaves DFR05B 408,40 1,90 159,20 832,60

(Watson e Harrison, 1983).

Calc-alkaline magmas are characterized according to the differentiation magmatic series
(Lameyre and Bowden, 1982), while crustal granites are established mainly based on geochemical
criteria according to Chappell and White (1984) and Whalen et al., (1987). The type-1 granites
have geochemical signatures similar to those of calc-alkaline series granite. Mantellic granites are
easily determined by their environment, for example, magmatic arc granites, which have a more
evolved geochemical pattern as the magmatic arc becomes more mature.

Pearce et al., (1984) establish diagrams of geotectonic classification of granite, based on
their geochemical trace element patterns, however, they are dependent on the parent source of the
magma and the fractional crystallization process rather than the geotectonic environment in which
the magma would have been generated. The difficulty in determining the geochemical affinity and
geotectonic environment of granite, in the absence of intermediate to basic compositional terms,
is frequent in the characterization of granite (Nardi, 2016), making the regional geological context
and detail of a particular granite body indispensable the understanding of their genesis. According
to detailed geological data, the porphyritic hornblende-biotite granite, which involves petrography,
geochemical data, isotopic and mineral chemistry, it was possible to classify this granite as calc-
alkaline, type-I, generated in a magmatic arc environment.

3.7 CONCLUSIONS

Porphyritic hornblende-biotite granites were identified with a large proportion of enclaves
that demonstrates features indicative of the magma mixing process. The porphyritic hornblende-
biotite granite was previously dated by and the obtained age was 1790 £ 6 and 1795 + 5.8 Ma (U-
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Pb in zircon), which allowed to correlate it with the Intrusive Paranaita Suite. The microgranular
enclaves present the same age (1790 + 7.5 Ma, U-Pb in zircon).

The granite has a composition ranging from monzogranite to sienogranite, mechanical
migration of phenocrysts of potassic feldspar, sometimes with albite blanketing of the granite for
the enclave, besides ocellar quartz mantled by hornblende, features suggestive of magma mixing
processes.

The microgranular enclaves have diorite to tonalite quartz composition, have a porphyritic
texture. They also show textures that may also show processes of magma mixing, classified as
ocellar quartz mantled by amphibole and or poiquilitic, apatite acicular, spongy plagioclase,
plagioclase agglomerates and agglomerates of mafic minerals. The textures here considered as
indicative of magma mingling processes can occur at any stage of a magmatic system and do not
necessarily require the presence of extreme limbs (mafic and felsic) generated from different
sources. They occur in response to changes in chemical and thermal gradients in a magmatic
system.

The amphibole of the hornblende-biotite granite porphyritic and the enclaves are Mg-
hornblende. The chemical composition of the biotite crystals for both, shows enrichment in the
phlogopite molecule, with characteristics of calc-alkaline magmas. The plagioclase of the granite
shows oligoclase composition (Anss.s), albite (Anzs), while in the enclaves the plagioclase
exhibits oligloclase composition (Anis27). Moderate Fe/(Fe + Mg) ratios of amphibole and biotite
of these rocks, and mineral assemblage: quartz + magnetite + titanite suggest the prevalence of
high fO. conditions. The initial crystallization temperature of the porphyritic hornblende-biotite
granite, close to the liquidus was estimated between 790 and 822°C and for the enclaves between
759 and 833°C, according to the Zr (ppm) total rock geothermometer. According to used
geobarometers, allied to the analysis of mineral paragenesis, it is estimated that the best
crystallization pressure for the granite and enclave occurred with <1,0 Kbar.

The porphyritic hornblende-biotite granite and enclaves demonstrate features indicative of
partial magma mixing processes of similar compositions in a mingling-like process. This process
occurs when temperatures are different, however the compositions are similar.
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4.0 DISCUSSOES

Aspectos gerais das rochas da regido de Guarantad do Norte, MT

A érea de estudo, localizada no extremo norte de Mato Grosso, na regido de Guaranta do
Norte, apresenta uma intrinseca relagdo de granitos isotropicos e rochas vulcanicas indeformadas
com caracteristicas geoquimicas de rochas célcio-alcalinas, do tipo-I, geradas em ambiente de arco
magmatico.

Na porcéo sul da area, ocorrem biotita granodioritos célcio-alcalinos, intrudidos por biotita
monzogranitos a sienogranitos atribuidos por Souza et al. (2005) & Suite Intrusiva Matupé. As
caracteristicas geoquimicas e a evolucdo e cristalizagdo do magma granitico sugerem
caracteristicas semelhantes as dos granitos do Tipo-I félsicos do Cinturdo Lachlan (Chappell &
White, 1992) gerados em ambientes de arco magmatico maduro. Os dados de quimica de biotita
demonstram composicdo homogénea e afinidade célcio-alcalina para esta rocha. O valor de Eng
levemente negativo (-2,87) pode indicar a ocorréncia de magmas oriundos de fontes mantélicas
com expressiva contaminacao crustal ou a geragdo de magmas puramente crustais. A idade U-Pb
em zircdo de 2001+13 Ma associada a idade modelo Nd Tpm de 2,44 Ga indica um periodo de
residéncia crustal de ~400 Ma, sugerindo que a fonte magmatica dessa rocha possui relagdo com
crosta continental Paleoproterozoica Sideriana. Os valores obtidos para EHf) variam entre -1,98 e
-15,75, sugerindo magmas crustais com forte retrabalhamento. Idades de cristalizagdo semelhantes
foram obtidas em granitos isotropicos (1995+5 Ma) e com foliacdo tectdnica (2009+4 Ma) da
regido do Garimpo Aragéo, sudoeste do municipio de Novo Mundo por Dezula et al. (2018) e em
biotita tonalitos foliados (1978+8 Ma) da porcéao leste da PAAF por Assis (2015). Além disso,
idades de protélito de 20368 Ma e 1992+7 Ma foram obtidas, respectivamente, em biotita gnaisse
granodioritico da regido de Nova Guarita (Deitos et al. 2016) e em ortognaisse granitico na regido
do municipio de Alta Floresta (Souza et al. 2005). As rochas sdo aqui interpretadas como
pertencentes ao Complexo Cuil-Cuil devido a similaridade de idades (20337 a 2005+7 Ma)
obtidas em granitos da regido da Provincia Mineral do Tapajos por Santos et al. (1997, 2001) e
Vasquez et al. (2013). As idades-modelo Nd Towm para rochas relacionadas ao Complexo Cuiu-
Cuil na PAAF indicam para valores de 2,67 e 2,18 Ga, com &Eng de + 2,4 e -0,96 (Paes de Barros,
2007; Pimentel, 2011; Assis, 2015; Oliveira et al. 2016 e Dezula et al. 2018). Observa-se que essas
idades-modelo evidenciam diversidade de fontes crustais na geracdo de granitos do Complexo
Cuit-Cuiu na PAAF.

Os ignimbritos estdo depositados sobre as rochas graniticas do Complexo Cuiu-Cuid
(biotita granodioritos) e da Suite Intrusiva Matupa (biotita monzogranitos a sienogranitos) na
regido de Guarantd do Norte. A idade de cristalizacdo do ignimbrito (1792+14 Ma) permite
correlaciona-lo com o magmatismo do Grupo Colider na PAAF, cujas idades de cristalizacao
variam de 1820+28 a 1757414 Ma (Pinho et al. 2001, 2003; Moreton & Martins, 2003; Alves et
al. 2010; Bini et al. 2015; Duarte, 2015). Os valores obtidos para EHf) variam entre -1,98 e -11,67
evidenciando um magmatismo puramente crustal com alto retrabalhamento. Aliado a isso, o valor
de Eng positivo (+0,37) e a idade modelo Nd Tpwm (2,02 Ga) sugerem que a fonte magmatica possui
assinatura mantélica, extraida do manto no periodo Orosiriano e posicionada na base da crosta,
onde foi posteriormente fundida para gerar o magmatismo do Grupo Colider na regido de Guaranta
do Norte no Stateriano. Dados de is6topos de Sm-Nd para o Grupo Colider (Eng positivos 0,1 a 2,2
e End Negativos -0,2 a -3,9) e idades-modelo Nd Tpm de 2,40 a 1,94 Ga) obtidos por Pinho et al.
(2003), Souzaet al. (2005), Duarte (2012; 2015), Ribeiro & Duarte (2010) e Silva & Abram (2008)
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corroboram com essa interpretacdo, exceto a idade modelo Nd Tpwm de 2,78 Ga obtida por Alves
et al. (2010).

O hornblenda-biotita granito porfiritico intrude as rochas descritas anteriormente.
Frequentemente contém enclaves méaficos microgranulares cujas fei¢des texturais (granulagéo
fina) e morfoldgicas (corpos globulares com contatos difusos e transicionais) indicam a atuacdo
de processos de mistura parcial de magmas, conforme aquelas feicdes demonstradas por Barbarin
& Didier (1992) como representantes de um estagio intermediario de hibridizacdo. Fei¢bes de troca
mecanica (xenocristais de feldspato alcalino e de quartzo ocelar) corroboram para a interpretacao
de enclaves maficos microgranulares gerados por processos de mistura parcial de magmas. As
idades de cristalizagdo (1790+6 e 17956 Ma) indicam que os hornblenda-biotita granitos
porfiriticos sdo contemporaneos aos ignimbritos do Grupo Colider. Idades de cristalizagdo entre
1819+6 e 178818 Ma (JICA/MMAJ, 2000; Silva & Abram, 2008; Duarte, 2015; Deitos et al. 2016;
Silva et al. 2016) em granitos isotropicos da PAAF tém levado os diferentes autores a inclui-los
na Suite Intrusiva Paranaita. Valores obtidos para EHfy) variam entre -0,51 e -6,90, refor¢ando a
origem crustal com alto retrabalhamento desse magma. O enclave micrgranular apresenta uma
discrepancia nos valores de EHfy), que variam de -4,27 a 0,92. Dados isotdpicos de Sm-Nd para a
Suite Intrusiva Paranaita indicam valores de E€ng de +0,68 a -3,09 e idades modelos Nd Tpwm de
2,40 a 1,90 Ga (Pinho, 2003; Oliveira e Albuquerque, 2003; Souza et al. 2005; Silva & Abram,
2008; Ribeiro & Duarte, 2010; Duarte, 2012;2015), semelhantes aos dados obtidos neste trabalho
(End =-1,69 a -4,03 — idades modelos Nd Tpm = 2,19 Ga a 2,41 Ga).

Os Aalcali-feldspato granitos e sienogranitos afloram na porcdo oeste da area e
intrudem todas as demais rochas da area. Consistem de granitos isotropicos equigranulares com
assinatura geoquimica de granitos calcio-alcalinos do tipo I. A idade de intercepto em 1763+14
Ma obtida para o feldspato alcalino granito € assumida como a idade de cristalizacdo do mesmo,
enquanto a idade de intercepto em 1811+15 Ma é interpretada como idade herdada. Uma idade
herdada de 1810+14 Ma foi obtida por Bini et al. (2015) em um ignimbrito reomorfico do Grupo
Colider aflorante na Serra do Cachimbo, ~40 km ao norte da area de estudo, com idade de
cristalizacdo de 1757+14 Ma, concordante com a idade de cristalizacdo do feldspato alcalino
granito. A idade de cristalizacdo do feldspato alcalino granito € concordante com idades de
1757+16 Ma, 1760+12 Ma e 1782+17 Ma obtidas respectivamente por Moreton & Martins (2003),
Santos et al. (2001) e Silva & Abram (2008) para granitos incluidos na Suite Intrusiva Teles Pires.
No entanto, Pinho et al. (2001) obtiveram idade de intercepto do 177945 Ma para um microgranito
porfiritico aflorante no Balneario Braco Norte, pertencente ao mesmo corpo granitico estudado
neste trabalho, e Alves et al. (2010), Miguel Jr. (2011) e Assis (2015) obtiveram respectivamente
idades de 1775+4 Ma, 1774+8 Ma e 1773+6 Ma para granitos relacionados a Suite Intrusiva Teles
Pires, porém ligeiramente mais antigas. Essa variacdo de idades pode estar indicando que o
magmatismo que gerou 0s granitos da Suite Intrusiva Teles Pires se estendeu por ~30 Ma.

As rochas wvulcanicas englobadas no Grupo Colider consistem dominantemente de
depdsitos primarios constituidos por andesitos, traquitos, riolitos, ignimbritos e depdsitos de surge,
com ocorréncias subordinadas de depdsitos vulcanossedimentares. As afinidades geoquimicas sao
calcio-alcalinas e as idades isotdpicas variam de 1,81 a 1,76 Ga, com idades modelo Nd Tpwm entre
1,94 a 2,40 Ga, além de Eng 0scilando de negativo (-0,2 a -3,9) a positivo (0,1 a 2,0) (Pinho et al.
2003; Silva & Abram, 2008; Ribeiro & Duarte, 2010; Duarte et al. 2012; Duarte et al. 2015).
Aspectos de campo permitem identificar intrusbes graniticas em rochas vulcanicas do Grupo
Colider, relacionadas as suites intrusivas Paranaita e Teles Pires.
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As rochas graniticas aflorantes nas proximidades do municipio de Paranaita foram
inicialmente denominadas de Granitoides Paranaita por Rosa et al. (1997) e posteriormente
agrupadas na Suite Intrusiva Paranaita por Oliveira e Albuquerque (2003). Esses autores
descrevem a ocorréncia de monzonitos e monzogranito sob a forma de extensos batélitos
orientados na dire¢do NW-SE, intrusivos nos granitoides da Suite Intrusiva Juruena e em contato
tectdnico com o Granito S&o Pedro e com o Grupo Colider. A série de magma célcio-alcalina,
juntamente com um indice de saturacdo de alumina, que varia de metaluminoso a peraluminoso,
sugere uma fonte mista crustal-mantélica para 0 magmatismo dessas rochas que prevalece no
componente crustal (Barbarin, 1999). As idades de cristalizagdo U-Pb variam de 1,82 a 1,79 Ga,
idades modelo Nd Tpmentre 1,9 e 2,4 Ga, com oscilag@o positiva e negativa do EngVvariando entre
-0,21e-4,03e 0,6 22,5 (JICA/MMAJ, 2000; Pinho et al. 2003; Silva & Abram, 2008; Ribeiro &
Duarte, 2010; Duarte et al. 2012; 2015; Silva et al. 2015; Deitos et al. 2016).

Vaérios autores interpretam as rochas vulcano-pluténicas da regido como resultado de um
magmatismo intraplaca relacionado a estruturas extensionais da Provincia Ventuari-Tapajos, bem
como relacionada com o desmembramento do Supercontinente Columbia (NUNA), considerando
este magmatismo como parte da Suite Intrusiva Teles-Pires (1800 e 1776 Ma; Pinho 2003; Néder
et al. 2002; Cordani e Teixeira 2007; Barros et al. 2009). Outros autores interpretam o vulcano-
plutonismo no norte de mato Grosso como um magmatismo de Arco Vulcanico a Pos-Colisional
relacionado a subducgdo do Arco Magmatico Juruena. (Tassinari, 1996; Sato & Tassinari, 1997;
Santos et al. 2000 e 2008; Souza et al. 2005).

O modelo de evolugdo magmatica de um cinturdo colisional para leucogranitos do
Himalaia, proposto por Harris et al. (1986), adaptado por Crawford & Windley (1990), pode ser
comparado a geracdo do Vulcano-plutonismo em ambiente pds-colisional. Suites calcio-alcalinas
em ambiente colisional podem originar-se durante a fase de subduccdo de placa oceéanica ou
durante a fase pos-colisional, sob influéncia da cunha de manto existente sobre a litosfera oceanica
subductada.

Neste trabalho, granitos isotropicos inequigranulares a porfiriticos, com assinatura
geoquimica de granitos calcio-alcalinos do tipo-1, com intervalo de idade entre 1,80 e 1,75 Ga séo
relacionados ao desenvolvimento do arco magmatico Cuiu-Cuiu (2.1 a 1.95 Ga), formados em um
cenario de arco magmatico maduro, contendo granitos com altas concentracdes de Rb-Ta-Yb e
assinaturas isotdpicas oscilando entre negativas e positivas de End € Enr. Os dados de quimica de
biotita reforcam a natureza célcio-alcalina das rochas. As amostras situam-se no campo da maioria
das biotitas naturais (entre Annita e Flogopita), priméarias e primarias reequilibradas, calcio-
alcalina,s com uma media de valores de FeOt, MgO e Al>Os de aproximadamente 15,1%, 15,4% e
12,3% respectivamente, proximos dos valores obtidos para suites orogénicas calcio-alcalinas de
Abdel-Rahman, (1994).

Processos Magmaticos

Feicdes indicativas de processos de mistura de magmas

O estudo de campo e a petrografia evidenciaram vérias feicGes macro e microestruturais
no hornblenda-biotita granito porfiritico e nos enclaves microgranulares que sugerem evidéncias
de processos de mistura de magmas. As feicbes macroscopicas sdo evidenciadas por migracéo
mecanica de fenocristais de feldspato potéssico do granito para o enclave microgranular, sem
deformacdo e com manteamento de plagioclasio, assim como ocelis de quartzo manteados por
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hornblenda, provavelmente formados devido ao desequilibrio térmico causado pela mistura. Como
feicBes microestruturais apresentam:

-Aglomerados de plagioclasio frequentemente com macla polissintética, alteracdo sericitica e
exsolucbes de quartzo e em alguns casos quartzo poiquiliticos;

-Aglomerados méficos de plagioclasio, biotita e hornblenda, com dimensdes que excedem 0s 2
mm, com formas arredondadas a irregulares;

-Apatita acicular com cristais elongados, cuja distribuicdo ndo mostra uma direcdo preferencial.
Estdo presentes nas distintas fases minerais (plagioclasio, quartzo, biotita e hornblenda). Séo
formadas quando durante seu desenvolvimento ocorre um resfriamento rapido do sistema, no qual
produzira cristais com habito aciculares no lugar de tabulares ou prismaticos, de acordo com
Williams et al. (1983);

-Fenocristais de plagioclasio esponjoso e poiquilitico, caracterizados por conter exsolugdes de
quartzo e inclusdes de hornblenda fina, produto do forte desequilibrio térmico com a matriz fina
do diorito;

-Quartzo ocelar manteado por hornblenda, que consiste em um cristal de quartzo grande, com
inclusdo de pequenos cristais prismaticos de hornblenda na sua zona de borda. A mistura de dois
sistemas, um mais felsico com cristais precoces de quartzo e outro mais mafico contendo pequenos
cristais de hornblenda, gerados por resfriamento, justapde quartzo e hornblenda. Cristais de
hornblenda superficiais soltos anexados as superficies de quartzo, fornecem a base para sua
incorporacgdo no quartzo (\VVernon, 1990; Hibbard, 1991);

-Quartzo poiquilitico, com inclusdes de biotita, titanita, apatita e zircdo. De acordo com Hibbard
(1991), no contexto de mistura de magmas, resultam do Gltimo estagio de cristalizacéo do liquido
felsico, apos a cristalizagdo de uma grande quantidade de plagioclasio, hornblenda, biotita e
apatita, gerados por resfriamento.

De acordo com Vernon (1990), a presenca de cristais de formas alongadas, especialmente
plagioclasio, hornblenda e apatita (de habito acicular); feldspato potassico com inclusdes
poiquiliticas de plagioclasio e méaficos e presenca de ocelos nos enclaves méafico sdo comuns em
processos de mistura de magmas. As microestruturas, alem de evidenciar uma cristalizacao
magmatica, podem também refletir a histdria de cristalizacdo desses enclaves: A granulometria
muito fina dos enclaves evidencia, segundo Vernon (1991), uma alta razdo de nucleacao e baixa
razdo de crescimento, que ocorre quando o grau de subresfriamento do magma é relativamente
grande. O equilibrio térmico inicial do enclave, no magma hospedeiro, produz cristalizacao rapida;
subsequentemente, a cristalizacdo nos enclaves se processa com a mesma razao do magma
hospedeiro, quando entdo ocorre nucleacdo de minerais, formando cristais maiores, que incluem
poiquiliticamente 0s pequenos cristais, previamente formados. Todas essas evidéncias
microestruturais, apontam para um desequilibrio térmico, que produz cristalizacdo rapida, devido
ao alto grau de resfriamento do magma, formando cristais maiores, que comumente incluem
poiquiliticamente 0s pequenos cristais, previamente formados.

Condicdes de cristalizacdo do hornblenda-biotita granito porfiritico e enclaves

microgranulares

A associacdo mineral hornblenda + biotita * titanita + magnetita (+ quartzo + plagioclasio
+ feldspato potassico) encontrada no hornblenda-biotita granito porfiritico e enclaves possibilitou
a aplicacdo do geobarémetro Al em anfibdlio. As rochas demonstram alta fugacidade de oxigénio
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e aP <1,0 kbar. O zircéo foi utilizado como geotermdmetro para calcular a temperatura de acordo
com Watson & Harrison (1983), as temperaturas mais proximas de liquidus foram estimadas em
cerca de 790°C a 822°C para o hornblenda-biotita granito porfiritico, e 759°C a 833°C para 0s
enclaves. As composicfes quimicas de anfibdlio e biotita mostram moderada razdo de
Fe/(Fe+Mpg), inferiores a 0,90. Quando relacionados ao contetido de AI'Y da hornblenda, esses
valores indicam cristalizacdo com elevada fugacidade de oxigénio. Tal interpretacdo é evidenciada
pela paragénese magnetita + titanita dessas rochas. A circulacéo de fluidos tardi a p6s-magmaticos,
teria sido responsavel por carbonatacao e saussuritizacdo do plagioclasio. Na biotita, esses mesmos
fluidos podem ter favorecido a substituicdo parcial por titanita, clorita e epidoto.

No caso do hornblenda-biotita granito porfiritico, foco deste trabalho, o estudo da quimica
mineral e petrografia da rocha encaixante e enclaves, sugerem que houve mistura parcial de
magmas de composi¢des similares num processo do tipo mingling. Esse processo ocorre quando
as temperaturas sdo diferentes, entretanto as composi¢des sao similares.

5.0 CONCLUSOES

A area de estudo exibe uma intrinseca relacéo de rochas graniticas e vulcénicas de idades
Orosirianas e Staterianas. As relacdes de contato e os dados isotdpicos U-Pb em zircéo indicam a
ocorréncia de rochas graniticas isotrépicas associadas ao Arco magmatico Cuit-Cuil e as suites
intrusivas Paranaita e a rochas descritas como Teles Pires, alem de rochas vulcénicas pertencentes
ao Grupo Colider.

O biotita granodiorito estudado foi interpretado como parte de uma possivel extensdo para
sul, por sob o Graben do Cachimbo, do Arco Magmatico Cuiu-Cuiu. Possui caracteristicas
geoquimicas que sugere relacdo com magmas gerados em ambientes de arco magmatico maduro,
por fusdo de crosta continental paleoproterozoica (idade-modelo NdTpm de 2,44 Ga) e
posicionados em 2001+13 Ma. Os valores obtidos para €Hfyy variam entre -1,98 e -15,75,
sugerindo magmas com forte retrabalhamento crustal.

As rochas vulcanicas do Grupo Colider consistem de ignimbritos ricos em cristais e
riolitos, depositados sobre as rochas graniticas do Arco Cuiu-Cuiu (biotita granodioritos) e da Suite
Intrusiva Matupa (biotita monzogranitos a sienogranitos) de natureza célcio-alcalina. A idade de
cristalizacdo é de 1792+14 Ma e os dados isotépicos Sm-Nd (Eng = +0,37; idade modelo Nd Tpm
= 2,02 Ga) indicam relacdo com fonte mantélica extraida do manto no periodo Orosiriano e
posicionada na base da crosta, onde foi posteriormente fundida, em um contexto de arco
magmatico a pods-colisional. Os valores obtidos para EHfy variam entre -1,98 e -11,67,
evidenciando um magmatismo puramente crustal ou derivado de mistura de magma mantélico com
crustal, com alto retrabalhamento.

As rochas graniticas relacionadas a Suite Intrusiva Paranaita (hornblenda-biotita
monzogranitos a sienogranitos porfiriticos) contém enclaves maficos microgranulares indicativos
de processos de mistura parcial de magmas e possuem assinaturas geoquimicas tipicas de granitos
calcio-alcalinos gerados em ambiente de arco vulcanico a pos-colisional. Os dados isotopicos de
Sm-Nd sugerem derivacdo crustal ou mistura de fontes mantélica e crustal (Eng = -1,69 a -4,03) e
diferentes periodos de residéncia crustal, conforme indicado pelas idades-modelo
significativamente variaveis (Nd Tom = 2,19 a2 2,41 Ga). As idades de cristalizagdo dos hornblenda-
biotita monzogranitos a sienogranitos porfiritico sdo de 1790+6 e 1795+6 Ma, e a dos enclaves
maéficos microgranulares é de 1790+8 Ma. Essas idades, aliadas aquela do ignimbrito do Grupo
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Colider (1792+14 Ma), atestam contemporaneidade entre essas rochas. Valores adquiridos para
EHfy variam entre -0,51 e -6,90, sugerindo mistura de fontes crustais e mantélicas, com alto
retrabalhamento. O enclave mafico micrgranular apresenta discrepancia nos valores de €Hfy, com
valores entre -4,27 e 0,92, evidenciando mistura de fontes e grande quantidade de retrabalhamento
crustal. Pode-se concluir que, aliado a esse vulcano-plutonismo, existe importante componente
mantélico gerador dos enclaves maficos microgranulares.

Os enclaves microgranulares apresentam composicdo de quartzo diorito a tonalito,
possuem textura porfiritica. Demonstram ainda texturas que também podem evidenciar processos
de mistura de magmas, classificadas como: quartzo ocelar manteado por anfibdlio e ou
poiquilitico, apatita acicular, plagioclasio esponjoso, aglomerados de plagioclasio e aglomerados
de minerais méaficos. As texturas aqui consideradas como indicativas de processos de mistura de
magmas, podem ocorrer em qualquer estagio de um sistema magmatico e ndo necessariamente,
exigem a presenca de membros extremos (mafico e félsico) gerados a partir de diferentes fontes.
Ocorrem como resposta a mudangas nos gradientes quimicos e térmicos em um sistema
magmatico.

O anfibdlio do hornblenda-biotita granito porfiritico e dos enclaves sdo Mg-hornblenda. A
composicdo quimica dos cristais de biotita para ambos, mostra enriquecimento na molécula de
flogopita, com caracteristicas de magmas calcio-alcalinos. O plagioclasio do granito mostra
composicao de oligoclasio (Anis.2s), raramente albita (Anz-), enquanto nos enclaves o plagioclasio
exibe composigéo de oligloclasio (Anis-27). Moderadas razdes de Fe/(Fe+Mg) de anfibolio e biotita
dessas rochas, e assembleia mineral: quartzo+magnetita+titanita sugerem a prevaléncia de
condi¢des de fO elevada. A temperatura de cristalizacéo inicial do HBGP, préxima ao liquidus
foi estimada entre 790 e 822°C e para os enclaves entre 759 e 833°C, de acordo com o
geotermémetro de Zr (ppm) em rocha total. De acordo com geobarémetros empregados, aliados a
analise da paragénese mineral, estima-se que a melhor pressao de cristalizacdo para o granito e
enclave ocorreu com <1,0 Kbar.

O hornblenda-biotita granito porfiritico e os enclaves demonstram fei¢des indicativas de
processos de mistura parcial de magmas de composicdes similares em um processo do tipo
mingling em que ambos sd0 cogenéticos. Esse processo ocorre quando as temperaturas Sao
diferentes, entretanto as composicdes sdo similares. A variacdo do gradiente termal indica que a
camara magmatica foi reabastecida com magmatismo mais felsico que o primeiro pulso, causando
uma queda brusca da temperatura dos magmas precoces mais mesocraticos, solidificando-os em
grande proporc¢éo, mas devido ao fluxo turbulento misturam-se parcialmente.

Os élcali-feldspato granitos e sienogranitos foram interpretados aqui como pertencentes a
Suite Intrusiva Teles Pires e sdo as rochas mais jovens dentre as estudadas, intrudindo todas as
demais rochas da area. As caracteristicas petrograficas e geoquimicas desses granitos sdo coerentes
com granitos calcio-alcalinos, do tipo I, gerados em ambiente de arco magmatico a pds-colisional,
com fontes mantélicas e submetidos a expressivos processos de contaminagao crustal (eNd = -
3,63). A idade de cristalizacdo U-Pb em zircdo é de 1763+14 Ma e foi identificada uma idade
herdada de 1811+15 Ma. Os dados obtidos permitem descartar a existéncia de textura Rapakivi
nesses granitos, bem como a possibilidade dessa suite ter sido gerada em ambiente intraplaca, ou
seja, de serem granito do tipo-A.

A intrinseca ocorréncia de rochas graniticas e metamorficas com assinaturas isotdpicas
Tapajonicas (Complexo Cuiu-Cuil) associadas a rochas com idades relacionadas ao Arco
Magmatico Juruena (Grupo Colider e suite intrusivas Paranaita e Teles Pires) considera que todas
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as rochas graniticas, vulcanicas e vulcanoclasticas estudadas foram geradas ambiente de arco
magmatico maduro.

Os resultados obtidos contribuem para o melhor entendimento da geologia, do ambiente
geotecténico e do potencial metalogenético da porcdo centro-sul do Craton Amaz6énico e de
regides paleoproterozoicas semelhantes.
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Table 4. LA-ICP-MS Data of U-Pb in zircon of the hornblende-biotite sienogranite porphyritic (DFR-15).

Samples DFR-15 Ages (Ma)

({;) )206 Th 206pb  207Pb ' g/") L 207pb e;r g") 206Pb e';r g@ 207Pb 26 207Ph 26 206Pb 26  Rho °§Q,§'
GRAIN u 204Pb  206Pb 235U 238U 206Pb 235U 238U
047-Zir28 | 0,0021 0588 64461 0,109 8,525 5,022 1,322 033 0887 1781 33 1860 29 1823 22 0,671 102
046-Zir27 | 00034 0,694 88925 0,109 6,946 4929 0891 0329 0608 1774 19 183 19 1807 15 0,683 102
045-Zir26 | 00065 0639 137838 0,109 6607 4946 0943 0328 0655 1789 21 1828 21 1810 16 0695 101
042-Zir25 | 0,0075 0,512 176073 0,109 8,159 5,599 1,068 0372 0,746 1786 24 2038 26 1916 18 0699 107
041-Zir24 | 0,0020 0,412 65947 0,108 7,077 5,476 1,413 0368 1,021 1764 33 2020 35 1897 24 0,722 108
035-Zir21 | 10,0103 0,844 5462 0,112 7,796 3,847 1,91 0250 1,775 1825 27 1438 46 1603 31 0905 88
033-Zir19 | 0,0047 0,441 87597 0,110 22,815 4,722 1,420 0311 1225 1799 22 1748 37 1771 24 0863 98
029-Zirl7 | 10,0301 0525 107550 0,110 9,218 5,071 0862 033 0666 1798 15 1861 22 181 15 0773 102
024-zZir15 | 0,0025 0,537 110925 0,109 8,390 4,922 1,468 0328 1,193 1782 28 1827 38 1806 25 0813 101
022-Zir13 | 0,0042 0,440 128909 0,110 7,390 5,092 1,240 0337 0990 1794 24 1871 32 1835 21 0,798 102
021-Zirl2 | 0,0034 0,436 101929 0,109 7,487 5,196 1,824 0345 1584 1787 30 1911 52 1852 31 0869 104
018-zirll | 0,0018 0,730 63195 0,108 6,981 5,371 1,922 0360 1,410 1767 45 1984 48 1880 33 0,734 106
015-Zir8 | 0,0052 0,969 182279 0,110 7,895 4,876 1,197 0321 0,799 1803 29 1794 25 1798 20 0668 100
011-Zir6 | 0,0062 0,390 137475 0,110 6,928 5,373 1,063 035 0842 1794 19 1960 28 1881 18 0,792 105
010-Zir5 | 0,0136 0,437 230930 0,110 7,629 5,271 0918 0,348 0684 1797 18 1925 23 1864 16 0,745 104
009-Zir4 | 0,0149 0,408 578508 0,110 7,413 5,348 0929 0,353 0644 1796 20 1951 22 1877 16 0694 105
006-Zir3 | 0,0232 0448 24139 0,111 7,537 5,315 1,008 0346 0647 1822 25 1916 21 1871 17 0642 103
005-Zir2 | 0,0204 0575 65073 0,108 7,191 5,358 0921 0360 0682 1767 18 1980 23 1878 16 0,740 106
004-Zirl | 0,0142 0,413 341395 0,109 6,879 5,078 0872 0337 0628 1788 17 1872 20 1832 15 0,720 103
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Table 4.1. LA-ICP-MS data of U-Pb in hornblende-biotite monzogranite porphyritic zircon (DFR-39).

Samples DFR-39 Ages (Ma)

({;) )206 Th 206Pb  207Pb erlr g/") 207Pb erlr g/") 206Pb e;r gA’) 207Pb 26 207Pb é 206Pb 26  Rho °§Q,§'

GRAIN U 204Pb  206Pb 235U 238U 206Pb 235U 238U

012-Zir06 | 0,0010 0,8870 34940  0,1081 7.1 5,0105 246 03360 1,78 1768 60 1867 58 1821 41 0,72 103
047-Zir27 | 0,0190 0,5914 8074 0,1094 7.5 4,8897 197 03241 1,81 1789 24 1810 57 1800 33 0,92 101
046-Zir26 | 0,0289 0,5826 21273  0,1110 8,0 51872 098 073389 0,76 1816 18 1881 25 1851 17 0,77 102
045-Zir25 | 0,0024 11,3235 75372  0,1100 6,7 53889 146 073552 107 1800 33 1960 36 1883 25 0,73 105
042-Zir24 | 0,0435 0,4165 474248  0,1100 48 5,0987 1,33 0330 1,13 1800 21 1868 37 1836 22 0,85 102
041-Zir23 | 0,0098 05476 172799  0,1099 69 49090 093 03240 070 1797 18 1809 22 1804 16 0,75 100
040-Zir22 | 0,167 08776 30834 0,103 11,3 50406 100 03314 0,79 1805 18 1845 25 1826 17 0,79 101
039-Zir21 | 0,0405 0,6188 474571  0,1088 9,1 49434 141 03294 118 1780 25 1836 38 1810 24 0,84 102
036-Zir20 | 0,0239 05138 310123 0,1086 88 5099 1,20 03404 087 1777 27 1889 28 1836 20 0,73 103
035-Zirl9 | 0,0213 04742 329222 0,1086 7,9 50268 101 0338 079 1776 18 1866 25 1824 17 0,78 103
034-Zirl8 | 0,0090 0,5253 3103 0,1125 89,2  3,6282 1,60 02338 128 1841 32 1355 31 1556 25 0,80 85
033-Zirl7 | 0,0059 0,9407 189968  0,1090 7.3 5,0536 1,48 0,333 090 1782 40 1869 29 1828 25 0,61 103
030-Zirl6 | 0,0252 0,5328 569855  0,1083 7,4 5,2391 1,45 03508 121 1771 26 1938 41 1859 25 0,83 105
029-Zirl5 | 0,0137 04648 261215  0,1083 8,2 5,0222 1,06 0333 081 1771 21 1869 26 1823 18 0,77 103
028-Zirl4 | 0,0222 0,8129 6324 0,111 101 541767 090 03379 062 1818 19 1877 20 1849 15 0,69 102
024-Zirl3 | 0,0268 0,5081 374429  0,1090 5,6 5,1368 1,05 03417 o078 1783 22 1895 25 1842 18 0,74 103
023-zirl2 | 0,0133 0,5641 223198  0,1087 6,7 52020 091 03471 065 1778 19 1921 21 1853 15 0,71 104
021-Zirl0 | 0,0112 0,7409 193630 0,1092 6,7 48983 1,17 03253 0,93 1786 22 1815 29 1802 20 0,80 101
011-Zir05 | 0,0098 04184 246008  0,1097 6,9 49966 098 03305 070 1794 21 1841 23 1819 17 0,72 101
010-Zir04 | 0,0163 05669 142192  0,1091 4,7 51188 1,10 0,3404 084 1784 22 1889 27 1839 19 0,76 103
009-Zir03 | 0,0102 04468 180098  0,1098 7,6 50496 1,14 03334 080 1797 26 1855 26 1828 19 0,71 102
004-Zir01 | 00248 055372 401285 0,1083 163 51331 094 053438 067 1770 20 1905 22 1842 16 0,71 104
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Table 4.2. LA-ICP-MS data of U-Pb in zircon of the microgranular dioritico enclave (DFR-02D).

Samples DFR-02D Ages (Ma)

206 ({@ Th  206Pb  207Pb (Oe/:)r so7ph  ©T(%) 206Pb e (%) 207Pb 26 207Pb 26 206Pb 26 Rho Cg%'
GRAIN U  204Pb  206Pb 16 235U 16 238U 16  206Pb 235U 238U
046-ZR30 | 0,0023 0,828 1410019 010772 84 4,612 2,23 03105 169 1761 51 1743 52 1751 37 076 99
045-ZR29 | 0,0016 0,542 465584  0,10830 3,7 4,783 2,06 03203 144 1771 52 1791 45 1782 34 070 101
044-ZR28 | 0,0057 0915 25398  0,10875 7,0 4,610 1,88 03074 154 1779 37 1728 47 1751 31 082 98
040-ZR27 | 0,0030 0,463 76909  0,10047 469 4753 220 03149 173 1791 48 1765 53 1777 37 078 99
037-ZR25 | 0,0052 0,561 7162  0,11099 4,3 4,463 154 02916 122 1816 31 1650 36 1724 25 080 95
036-ZR24 | 0,0040 0,697 151949  0,10831 2,9 4881 151 03268 116 1771 32 1823 37 1799 25 0,77 102
033-ZR22 | 0,0050 0,497 111383  0,11025 40 5104 1,99 03357 1,73 1804 33 1866 56 1837 33 0,87 102
029-ZR20 | 0,0103 0,424 269214  0,10830 43 5274 160 03531 129 1771 32 1950 43 1865 27 0,81 105
027-ZR18 | 0,0094 0,743 150294  0,10928 7,2 538 161 03576 141 1787 25 1971 48 1883 27 0,88 105
026-ZR17 | 0,0069 0,625 40241  0,11007 59 4774 1,62 03145 141 1801 26 1763 43 1780 27 087 99
025-ZR16 | 0,0031 0,706 71175  0,10758 58 4,910 1,71 03310 142 1759 32 1843 45 1804 29 083 103
024-ZR15 | 0,0007 1,059 24210  0,11307 13,5 4,906 2,92 03147 231 1849 63 1764 71 1803 49 079 98
020-ZR14 | 0,0065 0,624 4734 011134 6,7 4,69 1,93 03059 1,63 1821 35 1720 49 1767 32 085 97
019-ZR13 | 00128 0,508 322952  0,10752 6,1 4912 1,89 03313 159 1758 34 1845 51 1804 32 084 103
018-ZR12 | 0,0021 0,755 53365  0,10858 51 5102 3,13 03408 214 1776 81 1890 70 183 52 068 103
017-ZR11 | 0,0116 0,760 526808  0,10797 52 5110 147 03432 124 1765 26 1902 41 1838 25 0,84 104
015-ZR09 | 0,0071 0,874 155826  0,10822 6,1 5071 1,38 03398 1,12 1770 26 1886 37 1831 23 081 103
014-ZRO8 | 0,0111 0,942 2995  0,10881 7,1 5024 1,33 03349 098 1780 30 1862 31 1823 22 073 102
013-ZRO7 | 0,0042 0,504 48838  0,10909 6,0 4,953 1,56 03293 1,17 1784 35 1835 37 1811 26 075 102
010-ZRO6 | 0,0032 0431 111411  0,10842 6,7 5015 156 03355 1,11 1773 38 1865 36 1822 26 071 103
008-ZRO4 | 0,0024 0,564 74852  0,11804 4,6 4,848 165 03196 1,18 1799 39 1788 37 1793 28 072 100
006-ZRO3 | 0,0011 0,843 34988  0,10999 4,6 4,574 2,23 02975 1,67 1824 51 1679 49 1745 37 075 96
005-ZRO2 | 0,0026 0,636 94737 0111152 58 509 1,65 03367 126 1795 36 1871 41 1835 28 077 102
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Table 4.3. LA-ICP-MS data of U-Pb on crystal-rich ignimbrito zircon (DFR-33).

Samples DFR-33 Ages (Ma)

f206(%) Th  206Pb 207Pb err(%) 207Pb err (%) 206Pb err (%) 207Pb 26 207Pb 26 206Pb 26 Rho conc.
GRAIN U 204Pb  206Pb 16 235U 16 238U 16  206Pb 235U 238U (%)
024-Zirl5 0,0024 0,822 85078 0,10815 4,1 5,299 1,36 03553 1,06 1768 28 1960 36 1869 23 0,78 106
010-Zir6 0,0020 0,453 46896 0,10831 6,8 5,267 1,87 03526 1,49 1771 39 1947 50 1863 32 0,80 105
029-Zir20 0,0168 0,480 120131 0,10800 7,6 5,221 1,51 03505 1,02 1766 38 1937 34 1856 26 0,68 105
005-zirl 0,0071 0,854 132852 0,10969 6,9 5,168 1,14 03417 089 1794 22 1895 29 1847 19 0,78 103
008-Zir4 0,0125 0,458 133734 0,10990 6,7 5,166 1,19 03409 0,89 1798 25 1891 29 1847 20 0,75 103
039-Zir28 0,0114 0,594 494268 0,10867 6,4 5,142 1,52 0,3431 1,04 1777 38 1902 34 1843 26 0,68 104
013-Zir7 0,0016 0,474 35305 0,10758 7,2 5,133 1,87 03460 153 1759 36 1916 51 1842 31 0,82 105
019-Zir13 0,0213 0,505 287011 0,10805 6,8 5,130 1,18 10,3443 0,78 1767 29 1907 26 1841 20 0,66 104
014-Zir8 0,0048 0,660 144783 0,10829 59 5,079 1,26 0,3401 0,95 1771 27 1887 31 1833 21 0,75 103
007-Zir3 0,0136 0,488 641269 0,10882 9,3 5,050 1,14 03365 084 1780 25 1870 27 1828 19 0,73 103
018-Zir12 0,0063 0,374 179018 0,10839 7,9 5,031 1,30 0,336 0,96 1773 29 1870 31 1825 22 0,74 103
006-Zir2 0,0082 0,422 34535 0,11208 7,7 5,029 1,13 03254 081 1833 25 1816 26 1824 19 072 99
028-Zir19 0,0088 0,386 303591 0,10821 5,9 5,011 1,28 10,3358 086 1769 32 1867 28 1821 22 0,67 103
025-Zirl6 0,0055 0,747 127943 0,10863 4,8 5,009 1,04 03344 075 1776 22 1860 24 1821 17 0,72 102
020-Zir14 0,0035 0,686 85770 0,10879 6,9 5,006 1,39 03337 093 1779 35 1856 30 1820 23 0,67 102
004-Zirl 0,0025 0,852 58854 0,10886 6,7 4,981 1,37 03318 0,95 1780 33 1847 31 1816 23 0,70 102
015-Zir9 0,0082 0,507 243381 0,10875 7,8 4,971 1,33 03315 1,05 1779 26 1846 34 1814 22 0,79 102
030-zir21 0,0112 0,458 208810 0,10864 5,8 4,970 1,69 03318 1,08 1777 45 1847 35 1814 28 0,64 102
037-Zir26 0,0161 0,439 603155 0,10991 9,9 4,969 1,47 03279 1,12 1798 32 1828 36 1814 25 0,76 101
034-Zir23 0,0152 0,575 100213 0,10740 18,5 4,960 1,53 03350 1,12 1756 35 1862 36 1813 26 0,73 103
009-Zir5 0,0024 0,593 85135 0,10880 5,2 4,959 1,70 0,3305 1,20 1779 41 1841 38 1812 28 0,71 102
026-Zirl7 0,0072 0,397 114350 0,10817 10,0 4,930 1,12 03305 0,78 1769 26 1841 25 1807 19 0,70 102
017-Zir11 0,0128 0,584 152115 0,10879 8,3 4,907 1,28 03271 0,94 1779 28 1824 30 1803 21 0,74 101
038-Zir27 0,0177 0,609 132346 0,11008 5,8 4,896 1,63 03225 1,17 1801 39 1802 37 1802 27 0,71 100
033-Zir22 0,0189 0,535 365537 0,10737 9,3 4,879 1,50 03296 1,01 1755 38 1836 32 1799 25 0,67 102
016-Zir10 0,0019 0,617 56867 0,11001 5,8 4,827 1,34 03182 1,01 1800 29 1781 31 1790 22 076 99
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Table 4.4. U-Pb SHRIMP data on sienogranite zircon (DFR-17).

Common lead corrected isotopic ratios Ages (Ma)
DFR17 U Th  22Th/ 2%pp  208pp  207Pp/  Error 27Pbh/ Error  2%Pb Error  28Pb/ Error  2%pp 1s 27pp 1s Disc.
Spot ppm  ppm =8y ppm % 206ppy % 235 % 238 % 232Th % 238 Error  2%Pb  Error %

1503J.1-1 | 1209 1830 1,56 293 0,376 1807 15 4,29 2,06 1599 27 1592 32 1599 27 1807 15 13,0
1503J.9-1 148 148 1,03 40 0,000 1794 16 4,71 1,38 1749 17 1683 23 1749 17 1794 16 29
1503J.9-2 164 110 0,69 44 0,228 1753 15 4,64 1,68 17606 22,6 1731 31 17606 22,6 1753 15 -0,4
1503J.9-3 74 87 1,21 19 0,101 1808 24 4,65 1,93 1715 21 1614 30 1715 21 1808 24 58
1503J.8-1 155 205 1,37 42 0,107 1781 16 4,71 1,38 1759 17 1679 23 1759 17 1781 16 1,4
1503J.8-2 133 119 0,93 35 0,103 1821 17 4,75 1,47 1738 17 1766 26 1738 17 1821 17 52
150312-1 54 52 1,00 15 0,107 1768 25 468 210 1761 25 1658 35 1761 25 1768 25 0,4
150319-1 246 321 1,35 61 0,219 1762 17 4,33 1,33 1648 14 1572 19 1648 14 1762 17 73
15031.5-1 232 290 1,29 59 0,274 1823 14 4,55 1,20 1673 13 1672 20 1673 13 1823 14 9,3
N1411G.5-1| 128 182 1,48 33,5 0,01 1765 17 4,55 165 17186 20,5 1632 26 17186 20,5 1765 17 2,6
N1411G6-1 | 146 132 0,93 39,4 0,54 1740 29 458 2,08 17493 20,7 1644 36 17493 20,7 1740 29 -0,5
N1411G2-1 | 1607 211 0,14 5115 0,13 2135 42 6,78 286 2030,1 27,3 1936 47 2030,1 27,3 2135 42 4,9
N1411G5.2 | 116 116 1,03 24,3 0,65 1799 42 367 2,73 13970 179 1603 39 13970 179 1799 42 22,3
N1411G5.3 | 176 161 0,94 55,5 0,00 1978 12 6,13 1,44 2011,3 22,0 1963 29 2011,3 22,0 1978 12 -1,7
N1411G3-1 | 154 172 1,15 39,5 0,53 1791 19 4,48 167 16742 193 1596 29 16742 193 1791 19 6,5
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Table 4.5. LA-ICP-MS data of U-Pb on zircon of granite-granite biotite (DFR-22).

Samples DFR-22 Ages (Ma)
({,1/0 )206 Th  206Pb  207Pb ((j:)r 207Ph (;:)r 206Pb (Oe/:)r 2006 2 20Pb 2 206Pb 26 Rho  conc.
U 204Pb  206Pb 16 235U 16 238U 16  206Pb 235U 238U (%)
GRAIN
019-Zirl2B | 0,0028 0,403 33587 0,12192 54 7,000 177 04164 150 1984 31 2244 57 2111 31 085 106
023-Zir13B | 0,0049 0,348 6555 012255 89 6832 156 04043 1,11 1994 37 2189 41 2090 27 071 105
008-Zir5 | 0,0047 0,275 101521 012140 7,6 6,758 106 04037 0,79 1977 21 2186 29 2080 19 0,74 105
035-Zir22 | 0,0040 0,362 153452 0,12251 51 6734 109 03986 085 1993 21 2163 31 2077 19 o078 104
029-zirl9 | 0,0028 0,719 1765 012485 7,8 6695 168 03889 121 2027 39 2118 44 2072 29 072 102
026-Zirl6 | 0,0094 0526 409315 0,12674 6,3 6689 1,11 03828 083 2053 22 2089 30 2071 20 075 101
033-Zir20 | 0,0013 0,501 45297 012323 12 6629 200 03901 1,34 2003 51 2123 48 2063 35 067 103
007-Zir4 | 00049 0452 25953 0,12105 7,3 6442 110 0,389 076 1972 25 2104 27 2038 19 069 103
010-Zir7N | 0,0038 0,638 6742 0112352 84 6405 1,37 03761 1,04 2008 29 2058 37 2033 24 076 101
005-Zir2 | 00116 0,074 328311 012134 91 6357 093 03799 0,73 1976 16 2076 26 2026 16 0,78 103
025-Zirl5 | 0,0056 0,769 1196 012451 96 6340 1,16 03693 0,82 2022 26 2026 28 2024 20 070 100
034-Zir21 | 0,0008 0,646 28339 012591 3,1 6333 309 03648 256 2042 59 2005 88 2023 53 083 99
036-zir23 | 00115 0,612 3662 012156 123 6254 107 03731 0,72 1979 25 2044 25 2012 19 068 102
028-zir18 | 0,0105 0,408 86610 0,12400 9,9 6206 132 03630 110 2015 22 1996 38 2005 23 083 100
009-Zir6 | 00032 0500 68516 012375 7,0 6,173 1,74 03617 152 2011 26 1990 52 2000 30 o088 99
037-Zir24 | 00054 0449 120168 0,12211 82 6,170 103 03665 0,76 1987 21 2013 26 2000 18 0,74 101
039-Zir26 | 0,0016 0,371 17286 0,12542 62 6,147 214 03555 1,84 2035 37 1961 62 1997 37 086 98
014-Zir8 | 00015 0,720 21603 012628 72 5964 234 03425 206 2047 37 1899 68 1971 40 o088 96
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Tabela 8. Resultados das analises de microssonda eletronica do anfibdlio - enclaves.

Elementos

SiO2 47,75 49,26 48,33 48,52 48,03 49,29 48,74 49,22 47,07 48,37 47,58 4752 46,33 48,40 47,89
TiO2 1,64 100 1,22 1,12 1,05 1,13 1,03 1,51 1,00 1,08 154 148 167 133 1,30
Al203 6,51 499 558 6,34 6,50 5,32 5,61 5,78 705 612 6,32 6,79 6,9 590 6,11
FeO 12,78 13,14 12,02 12,88 12,75 11,95 12,11 11,77 12,44 11,89 12,04 11,98 12,09 11,61 11,54
MnO 055 086 0,82 0,80 0,76 0,86 1,00 1,04 058 061 079 065 064 053 0,73
MgO 14,74 1454 1586 14,39 14,71 1572 16,08 1567 1554 16,24 16,10 15,74 15,23 1595 15,73
Cao 10,97 11,40 10,84 10,83 11,07 10,53 10,98 1094 11,15 10,87 10,84 10,84 10,77 10,96 10,75
Na20 2,17 1,46 1,89 1,93 1,99 1,95 1,95 1,96 1,86 165 191 193 206 182 212
K20 0,83 058 0,81 0,87 0,85 0,72 0,89 0,90 09 079 08 092 08 079 081
F 1,36 0,71 1,32 1,21 1,08 1,42 1,33 1,36 1,27 1,40 1,23 1,27 138 120 1,36
Cl 0,07 0,05 0,07 0,04 0,07 0,04 0,04 0,06 0,11 009 008 011 0,09 0,07 0,12
Cr203 0,00 0,00 0,04 0,01 0,00 0,04 0,02 0,01 0,02 006 000 003 0,00 0,00 0,03
NiO 0,00 0,00 0,00 0,04 0,04 0,00 0,04 0,00 0,00 001 003 000 0,02 0,00 0,07
H20* 141 171 1,44 1,49 1,54 1,41 1,46 1,44 1,44 142 149 146 138 149 140
O=F,Cl 059 0,31 0,57 0,52 0,47 0,60 0,57 0,59 056 061 054 05 060 052 0,60
Total 100,69 99,84 100,42 100,46 100,50 100,50 101,52 101,67 100,34 100,92 101,18 100,98 99,63 100,23 100,03
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Continuagdo Tabela 8. Nimero de oxigénio 23

Férmula estrutural
Si

Al iv

Al vi

Ti

Cr

Fe3+

Fe2+

Mn

Mg

Ni

Zn

Li* (not implemented)
Ca

Na

K

Ba

Sr

Pb

F

Cl

OH*

Total

(Ca+Na) (B)
Na (B)

(Na+K) (A)
Mg/(Mg+Fe2)
Fe3/(Fe3+Alvi)
Sum of S2

Al total

6,91
1,09
0,02
0,18
0,00
0,54
1,01
0,07
3,18
0,00
0,00
0,00
1,70
0,61
0,15
0,00
0,00
0,00
0,62
0,02
1,36
17,46
2,00
0,30
0,46
0,76
0,96
13,00

7,17
0,83
0,03
0,11
0,00
0,50
1,10
0,11
3,16
0,00
0,00
0,00
1,78
0,41
0,11
0,00
0,00
0,00
0,33
0,01
1,66
17,30
2,00
0,22
0,30
0,74
0,95
13,00

6,96
0,95
0,00
0,13
0,00
0,84
0,61
0,10
3,41
0,00
0,00
0,00
1,67
0,53
0,15
0,00
0,00
0,00
0,60
0,02
1,38

17,35 17,38 17,43

2,00
0,33
0,35
0,85
1,00

13,00 13,00 13,00

7,03
0,97
0,11
0,12
0,00
0,56
1,00
0,10
3,11
0,00
0,00
0,00
1,68
0,54
0,16
0,00
0,00
0,00
0,55
0,01
1,44

2,00
0,32
0,38
0,76
0,84

6,96
1,04
0,07
0,11
0,00
0,60
0,95
0,09
3,18
0,00
0,00
0,00
1,72
0,56
0,16
0,00
0,00
0,00
0,50
0,02
1,49

2,00
0,28
0,43
0,77
0,90

1,11 086 095 108 1,11

7,07
0,90
0,00
0,12
0,00
0,80
0,64
0,11
3,36
0,00
0,00
0,00
1,62
0,54
0,13
0,00
0,00
0,00
0,64
0,01
1,35
17,29
2,00
0,38
0,29
0,84
1,00
13,00
0,90

6,95
0,94
0,00
0,11
0,00
0,87
0,58
0,12
3,42
0,01
0,00
0,00
1,68
0,54
0,16
0,00
0,00
0,00
0,60
0,01
1,39
17,38
2,00
0,32
0,38
0,86
1,00
13,00
0,94

7,01
0,97
0,00
0,16
0,00
0,64
0,76
0,13
3,33
0,00
0,00
0,00
1,67
0,54
0,16
0,00
0,00
0,00
0,61
0,01
1,37
17,37
2,00
0,33
0,37
0,81
1,00
13,00
0,97

6,80
1,20
0,00
0,11
0,00
0,83
0,63
0,07
3,35
0,00
0,00
0,00
1,73
0,52
0,17
0,00
0,00
0,00
0,58
0,03
1,39
17,41
2,00
0,27
0,41
0,84
1,00
13,00
1,20

6,90
1,03
0,00
0,12
0,01
1,01
0,41
0,07
3,45
0,00
0,00
0,00
1,66
0,46
0,14
0,00
0,00
0,00
0,63
0,02
1,35
17,26
2,00
0,34
0,26
0,89
1,00
13,00
1,03

6,80
1,07
0,00
0,17
0,00
0,99
0,44
0,10
3,43
0,00
0,00
0,00
1,66
0,53
0,16
0,00
0,00
0,00
0,56
0,02
1,42
17,35
2,00
0,34
0,35
0,89
1,00
13,00
1,07

6,81
1,15
0,00
0,16
0,00
0,88
0,56
0,08
3,36
0,00
0,00
0,00
1,66
0,54
0,17
0,00
0,00
0,00
0,58
0,03
1,40
17,37
2,00
0,34
0,37
0,86
1,00
13,00
1,15

6,76
1,20
0,00
0,18
0,00
0,82
0,66
0,08
3,31
0,00
0,00
0,00
1,68
0,58
0,16
0,00
0,00
0,00
0,64
0,02
1,34
17,43
2,00
0,32
0,43
0,83
1,00
13,00
1,20

6,97
1,00
0,00
0,14
0,00
0,74
0,66
0,06
3,42
0,00
0,00
0,00
1,69
0,51
0,15
0,00
0,00
0,00
0,55
0,02
1,43
17,34
2,00
0,31
0,34
0,84
1,00
13,00
1,00

6,93
1,04
0,00
0,14
0,00
0,74
0,66
0,09
3,39
0,01
0,00
0,00
1,67
0,59
0,15
0,00
0,00
0,00
0,62
0,03
1,35
17,41
2,00
0,33
0,41
0,84
1,00
13,00
1,04
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Tabela 8.1 - Resultados das andlises de microssonda eletrénica do anfibdlio, do biotita granito porfiritico.

Elementos
Sio2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
BaO
SrO
PbO
Zn0O

F

Cl
Cr203
NiO

50,04 49,26 48,69

1,18
5,98
11,10
0,85
16,52
10,81
1,82
0,75
n.a
n.a
n.a
n.a
1,37
0,11
0,01
0,07

1,37 1,55
6,86 7,05
11,36 12,17
0,73 0,70
16,35 15,79
11,20 10,87
2,20 2,03
0,90 0,96
n.a n.a
n.a n.a
n.a n.a
n.a n.a
1,67 1,39
0,12 0,10
0,01 0,01
0,00 0,00

48,53 49,74 51,34 48,03 49,08 4850 47,98 48,47 49,89

1,69
6,82

1,28
6,43

0,89
5,81

1,07
6,74

1,38
6,21

1,66
6,95

1,45
5,81

2,04
6,84

1,01
4,28

12,28 12,14 10,67 11,83 11,48 12,26 14,27 12,71 11,98

0,60

0,87

0,61

1,03

0,58

0,57

0,63

0,74

0,82

15,34 1469 16,18 1559 16,37 15,92 13,37 14,25 13,86
11,14 1099 11,13 10,88 11,03 10,98 10,51 10,81 11,78

2,25
0,85
n.a
n.a
n.a
n.a
1,26
0,10
0,00
0,00

2,05
0,81
n.a
n.a
n.a
n.a
1,23
0,11
0,00
0,05

2,02
0,69
n.a
n.a
n.a
n.a
1,54
0,10
0,00
0,02

1,94
0,83
n.a
n.a
n.a
n.a
1,51
0,03
0,06
0,00

1,69
0,85
n.a
n.a
n.a
n.a
1,11
0,07
0,09
0,03

2,07
0,85
n.a
n.a
n.a
n.a
1,32
0,08
0,04
0,00
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2,11
0,82
n.a
n.a
n.a
n.a
1,02
0,07
0,00
0,00

2,17
0,90
n.a
n.a
n.a
n.a
1,34
0,07
0,00
0,03

1,39
0,58
n.a
n.a
n.a
n.a
0,97
0,05
0,26
0,00

49,14
1,11
5,63
11,39
0,78
15,38
11,00
2,01
0,72
n.a
n.a
n.a
n.a
1,44
0,09
0,00
0,01

49,63
1,41
5,91

11,61
0,82

15,34

10,88
1,97
0,81

n.a
n.a
n.a
n.a
1,55
0,07
0,00
0,04



Continuacdo da Tabela 8.1 Numero de oxigénio 23

Si

Al iv
Al vi
Ti
Cr
Fe3+
Fe2+
Mn
Mg
Ni
Zn

Li* (not implemented)

Ca

Na

K

Ba

Sr

Pb

F

Cl

OH*

Total

(Ca+Na) (B)
Na (B)
(Na+K) (A)
Mg/(Mg+Fe2)
Fe3/(Fe3+Alvi)
Sum of S2

Al total

7,02
0,98
0,01
0,12
0,00
0,84
0,46
0,10
3,46
0,01
0,00
0,00
1,62
0,50
0,13
0,00
0,00
0,00
0,61
0,03
1,36
17,25
2,00
0,38
0,25
0,88
0,99
13,00
0,99

6,90
1,10
0,03
0,14
0,00
0,67
0,66
0,09
3,41
0,00
0,00
0,00
1,68
0,60
0,16
0,00
0,00
0,00
0,74
0,03
1,23

17,44 17,36

2,00
0,32
0,44
0,84
0,96

13,00 13,00

1,13

6,84
1,16
0,01
0,16
0,00
0,81
0,62
0,08
3,31
0,00
0,00
0,00
1,64
0,55
0,17
0,00
0,00
0,00
0,62
0,02
1,36

2,00
0,36
0,36
0,84
0,98

1,17

6,90
1,10
0,04
0,18
0,00
0,54
0,92
0,07
3,25
0,00
0,00
0,00
1,70
0,62
0,15
0,00
0,00
0,00
0,57
0,02
1,41
17,47
2,00
0,30
0,47
0,78
0,93
13,00

Férmula estrutural

7,10
0,90
0,18
0,14
0,00
0,38
1,07
0,10
3,12
0,01
0,00
0,00
1,68
0,57
0,15
0,00
0,00
0,00
0,56
0,03
1,42
17,39
2,00
0,32
0,39
0,74
0,68
13,00

7,22
0,78
0,18
0,09
0,00
0,38
0,88
0,07
3,39
0,00
0,00
0,00
1,68
0,55
0,12
0,00
0,00
0,00
0,69
0,02
1,29
17,35
2,00
0,32
0,35
0,79
0,67
13,00

6,87
1,13
0,01
0,12
0,01
0,85
0,56
0,13
3,33
0,00
0,00
0,00
1,67
0,54
0,15
0,00
0,00
0,00
0,68
0,01
1,31
17,36
2,00
0,33
0,36
0,85
0,99
13,00

6,93
1,03
0,00
0,15
0,01
0,84
0,51
0,07
3,45
0,00
0,00
0,00
1,67
0,46
0,15
0,00
0,00
0,00
0,49
0,02
1,49
17,28
2,00
0,33
0,28
0,87
1,00
13,00

6,82
1,15
0,00
0,18
0,00
0,82
0,62
0,07
3,34
0,00
0,00
0,00
1,65
0,56
0,15
0,00
0,00
0,00
0,59
0,02
1,40
17,37
2,00
0,35
0,37
0,84
1,00
13,00

7,06
0,94
0,07
0,16
0,00
0,48
1,28
0,08
2,93
0,00
0,00
0,00
1,66
0,60
0,15
0,00
0,00
0,00
0,47
0,02
1,51
17,41
2,00
0,34
0,41
0,70
0,87
13,00

6,96
1,04
0,11
0,22
0,00
0,40
1,13
0,09
3,05
0,00
0,00
0,00
1,66
0,60
0,17
0,00
0,00
0,00
0,61
0,02
1,38
17,43
2,00
0,34
0,43
0,73
0,78
13,00

7,41
0,59
0,16
0,11
0,03
0,00
1,49
0,10
3,07
0,00
0,00
0,00
1,87
0,40
0,11
0,00
0,00
0,00
0,45
0,01
1,53
17,34
2,00
0,13
0,38
0,67
0,00
12,96

7,12
0,88
0,08
0,12
0,00
0,45
0,93
0,10
3,32
0,00
0,00
0,00
1,71
0,57
0,13
0,00
0,00
0,00
0,66
0,02
1,32
17,41
2,00
0,29
0,41
0,78
0,85
13,00

1,14 108 09% 114 103 115 101 1,16 0,75 0,96

7,09
0,91
0,09
0,15
0,00
0,49
0,90
0,10
3,27
0,00
0,00
0,00
1,67
0,55
0,15
0,00
0,00
0,00
0,70
0,02
1,28
17,36
2,00
0,33
0,36
0,78
0,85
13,00
1,00
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Tabela 8.2. Andlises representativas de biotita do biotita granito porfiritico por Microssonda Eletronica.

Rocha

Amostra

Si02
TiO2
Al203
ZnO
FeO
MnO
MgO
BaO
CaO
Na20
K20
Rb20
F
Cl
Total
OH=
TOTAL

DFR-2A DFR-2B2 DFR-2B DFR-2D-1
cl1 Cl2 cCcll21 Cl281 C13 C6.32 C642 C753 C762 C471 C474 Cl ClI C2 C22 C21 C23 C24
4016 3932 39,88 3980 40,86 3890 38,79 40,28 41,05 39,49 4004 3735 3781 3926 3944 3938 3827 39,05
423 467 3,58 3,49 2,76 4,06 3,60 3,14 238 4,00 3,40 419 344 361 339 294 385 3,99
1276 12,83 1315 1317 11,82 12,20 12,36 11,77 11,55 11,01 12,04 1255 12,69 1242 12,26 12,32 1239 12,26
n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a
1493 1510 14,68 1529 14,05 1512 15,54 14,42 14,29 15,09 1529 1582 1646 1475 14,63 14,83 1601 1574
054 062 0,66 0,80 0,80 0,80 0,68 0,62 0,87 0,64 0,40 050 053 059 052 039 041 0,45
1583 1559 16,49 1562 1586 14,80 14,52 15,78 16,03 15,05 1507 14,12 1468 1593 1601 1661 1533 1500
n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a
002 0,00 0,05 0,04 0,03 0,03 0,00 0,01 0,01 0,03 0,02 004 003 001 004 000 000 0,01
032 022 0,16 0,22 0,13 021 0,12 014 0,16 0,26 0,19 011 019 018 015 009 011 0,13
941 948 9,63 9,25 9,55 9,32 9,21 9,38 9,37 9,38 931 898 894 954 947 933 959 957
n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a n.a
174 164 1,90 151 2,00 1,70 1,71 1,84 1,79 1,70 1,73 177 178 178 156 178 176 1,56
016 0,11 0,09 0,11 0,09 013 0,08 0,12 0,10 015 0,10 015 010 014 016 014 014 0,12
100,10 99,59 100,26 9930 97,95 97,28 96,62 97,49 97,62 97,70 9759 9559 9664 9822 9761 9781 9784 97,87
758 761 7,55 7,64 753 7,59 7,60 756 757 759 759 757 758 757 762 757 758 7,62
100,10 99,59 100,26 9930 97,95 97,28 96,62 97,49 97,62 97,70 9759 9559 9664 9822 9761 9781 9784 97,87
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Continuacao da tabela 8.2 Distribuic¢ao catidnica (22 O)

Si+3 5,81 5,73 577 5,80 6,03 5,82 5,84 5,98 6,07 5,87 5,94 5,72 573 5,81 5,85 5,84 573 581
AllV 2,19 2,27 2,23 2,20 1,97 2,18 2,16 2,02 1,93 2,13 2,06 2,28 2,27 2,19 2,15 2,16 2,27 2,19
Sitio T 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00
Ti+4 0,46 0,51 0,39 0,38 0,31 0,46 0,41 0,35 0,26 0,45 0,38 0,48 0,39 0,40 0,38 0,33 0,43 0,45
AlVI -0,02 -0,07 0,01 0,06 0,09 -0,03 0,04 0,03 0,08 -0,04 0,05 -0,02 -0,01 -0,03 -0,01 -0,01 -0,09 -0,04
Zn+2 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Fe+2 1,81 1,84 1,78 1,86 1,73 1,89 1,96 1,79 1,77 1,88 1,90 2,03 2,09 1,82 1,81 1,84 2,00 1,96
Mn+2 0,07 0,08 0,08 0,10 0,10 0,10 0,09 0,08 0,11 0,08 0,05 0,07 0,07 0,07 0,07 0,05 0,05 0,06
Mg+2 341 3,39 3,56 3,39 3,49 3,30 3,26 3,49 3,53 3,34 3,34 3,22 3,32 3,51 3,54 3,67 3,42 3,33
Sitio O 5,73 5,75 5,81 5,80 5,72 5,73 5,75 5,74 5,76 571 5,72 5,78 5,85 5,79 5,79 5,87 5,82 5,75
Ba+2 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ca+2 0,00 0,00 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,01 0,00 0,00 0,00
Na+2 0,09 0,06 0,05 0,06 0,04 0,06 0,04 0,04 0,05 0,08 0,06 0,03 0,06 0,05 0,04 0,03 0,03 0,04
K+1 1,73 1,75 1,77 1,71 1,79 1,77 1,76 1,77 1,76 1,77 1,75 1,74 1,72 1,79 1,78 1,75 1,82 181
Rb+1 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Sitio A 1,82 1,82 1,82 1,78 1,83 1,84 1,80 1,81 1,81 1,85 1,81 1,78 1,78 1,84 1,83 1,78 1,85 1,84

F 0,40 0,38 0,44 0,35 0,46 0,39 0,39 0,42 0,41 0,39 0,40 0,41 041 041 0,36 041 041 0,36

Cl 0,02 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,02 0,01 0,02 0,01 0,02 0,02 0,02 0,02 0,01
TOTAL 10,24 10,21 10,27 10,14 10,30 10,24 10,20 10,25 10,23 10,26 10,22 10,21 10,20 10,27 10,21 10,21 10,28 10,22
Fe/Mg 0,53 0,54 0,50 0,55 0,50 0,57 0,60 0,51 0,50 0,56 0,57 0,63 0,63 0,52 0,51 0,50 0,59 0,59
Mg/Fe 1,89 1,84 2,00 1,82 2,01 1,74 1,66 1,95 2,00 1,78 1,76 1,59 1,59 1,93 1,95 2,00 1,71 1,70
Al total 2,18 2,20 2,24 2,26 2,06 2,15 2,19 2,06 2,01 2,09 2,11 2,26 2,27 2,17 2,14 2,15 2,19 2,15
Ti*10 4,60 5,12 3,89 3,83 3,07 4,57 4,08 3,50 2,65 4,47 3,80 4,83 3,92 4,02 3,78 3,27 4,33 4,46
R+2 5,29 5,30 5,41 5,35 5,32 5,30 531 5,36 541 5,30 5,28 531 5,47 541 5,42 5,56 5,48 5,34
Fe/(Fe+Mg) 0,35 0,35 0,33 0,35 0,33 0,36 0,38 0,34 0,33 0,36 0,36 0,39 0,39 0,34 0,34 0,33 0,37 0,37
Mg/(Fe+Mg) 0,65 0,65 0,67 0,65 0,67 0,64 0,62 0,66 0,67 0,64 0,64 0,61 0,61 0,66 0,66 0,67 0,63 0,63
TiO/AI203 0,33 0,36 0,27 0,27 0,23 0,33 0,29 0,27 0,21 0,34 0,28 0,33 0,27 0,29 0,28 0,24 0,31 0,33
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Tabela 8.3 Resultados das analises de microssonda eletrénica de biotita dos enclaves.

Elementos

Sio2 29,93 37,06 37,72 3880 3823 379 3866 37,9
TiO2 2,50 4,20 4,18 3,82 3,83 4,41 3,54 4,70
Al203 16,43 14,06 13,08 12,86 12,58 12,22 12,56 12,43
FeO 19,83 17,89 16,53 16,59 1520 1527 1523 1554
MnO 0,82 0,31 0,42 0,45 0,92 0,75 0,93 0,88
MgO 17,47 13,29 13,90 14,41 14,76 14,59 14,94 14,57
CaO 2,51 0,14 0,00 0,20 0,01 0,00 0,07 0,02
Na20 0,02 0,11 0,11 0,05 0,18 0,18 0,18 0,17
K20 0,42 8,27 9,26 9,54 9,26 9,15 9,37 9,36
F 0,64 0,94 1,21 1,25 1,35 1,29 1,38 1,29
cl 0,02 0,13 0,14 0,14 0,14 0,14 0,08 0,13
Total 90,58 96,40 96,54 98,10 96,46 9595 96,94 97,05
OH= 7,85 7,77 7,70 7,69 7,67 7,69 7,67 7,69

TOTAL 90,58 96,40 96,54 98,10 96,46 9595 96,94 97,05
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38,78
4,18
12,51
15,35
0,82
14,82
0,02
0,15
9,52
1,30
0,11
97,54
7,69
97,54

38,02
3,80
12,77
15,78
0,93
14,71
0,04
0,16
9,37
1,39
0,12
97,09
7,66
97,09

38,50
2,97
12,63
15,77
0,86
15,74
0,03
0,07
8,77
1,55
0,09
96,98
7,63
96,98

39,23
2,78
12,28
14,61
0,66
16,17
0,00
0,14
9,77
1,64
0,16
97,43
7,60
97,43

37,60
3,37
12,58
15,71
0,66
14,84
0,05
0,18
9,24
1,31
0,10
95,63
7,69
95,63

38,05
3,52
12,33
15,31
0,76
14,79
0,06
0,23
8,95
1,57
0,10
95,66
7,63
95,66

38,60
3,28
12,02
14,64
0,53
16,08
0,05
0,22
9,12
1,57
0,11
96,21
7,62
96,21



Continuagdo da Tabela 8.3 Resultados das analises de microssonda eletronica de biotita dos enclaves.

Si+3
AllV
Sitio T
Ti+4
AlVI
Zn+2
Fe+2
Mn+2
Mg+2
Sitio O
Ba+2
Ca+2
Na+2
K+1
Rb+1
Sitio A
F
Cl
TOTAL
Fe/Mg
Mg/Fe
Al total
Ti*10
R+2
Fe/(Fe+Mg)
Mg/(Fe+Mg)
TiO/AI203

474
3,26
8,00
0,30
-0,20
0,00
2,63
0,11
4,12
6,96
0,00
0,43
0,01
0,08
0,00
0,52
0,15
0,00
8,67
0,64
1,57
3,07
2,98
6,86
0,39
0,61
0,15

5,59
2,41
8,00
0,48
0,09
0,00
2,26
0,04
2,99
5,85
0,00
0,02
0,03
1,58
0,00
1,64
0,22
0,02
9,87
0,75
1,32
2,50
4,76
5,29
0,43
0,57
0,30

5,69
2,31
8,00
0,48
0,02
0,00
2,09
0,05
3,13
5,76
0,00
0,00
0,03
1,77
0,00
1,81
0,28
0,02
10,10
0,67
1,50
2,33
4,75
5,27
0,40
0,60
0,32

5,76
2,24
8,00
0,43
0,01
0,00
2,06
0,06
3,19
5,75
0,00
0,03
0,01
1,80
0,00
1,84
0,29
0,02
10,15
0,65
1,55
2,25
4,26
531
0,39
0,61
0,30

5,76
2,24
8,00
0,43
-0,01
0,00
1,92
0,12
3,32
5,78
0,00
0,00
0,05
1,77
0,00
1,83
0,31
0,02
10,15
0,58
1,73
2,23
4,34
5,35
0,37
0,63
0,30

Distribuigdo catidnica (22 O)

5,75
2,25
8,00
0,50
-0,07
0,00
1,93
0,10
3,29
5,75
0,00
0,00
0,05
1,76
0,00
1,81
0,30
0,02
10,12
0,59
1,70
2,18
5,02
5,32
0,37
0,63
0,36

5,79
2,21
8,00
0,40
0,01
0,00
1,91
0,12
3,34
5,77
0,00
0,01
0,05
1,78
0,00
1,84
0,32
0,01
10,17
0,57
1,75
2,22
3,99
5,36
0,36
0,64
0,28

5,70
2,30
8,00
0,53
-0,10
0,00
1,95
0,11
3,26
5,75
0,00
0,00
0,05
1,78
0,00
1,84
0,30
0,02
10,15
0,60
1,67
2,20
531
5,32
0,37
0,63
0,38

5,77
2,23
8,00
0,47
-0,03
0,00
1,91
0,10
3,29
5,74
0,00
0,00
0,04
1,80
0,00
1,84
0,30
0,01
10,16
0,58
1,72
2,20
4,68
5,30
0,37
0,63
0,33

571
2,29
8,00
0,43
-0,02
0,00
1,98
0,12
3,30
5,80
0,00
0,01
0,05
1,79
0,00
1,84
0,32
0,02
10,18
0,60
1,66
2,26
4,29
5,40
0,38
0,62
0,30

5,77
2,23
8,00
0,33
0,00
0,00
1,98
0,11
3,51
5,93
0,00
0,00
0,02
1,67
0,00
1,69
0,36
0,01
10,06
0,56
1,78
2,23
3,35
5,60
0,36
0,64
0,24

5,85
2,15
8,00
0,31
0,01
0,00
1,82
0,08
3,59
5,82
0,00
0,00
0,04
1,85
0,00
1,89
0,38
0,02
10,29
0,51
1,97
2,16
3,11
5,50
0,34
0,66
0,23

5,73
2,27
8,00
0,39
-0,01
0,00
2,00
0,09
3,37
5,83
0,00
0,01
0,05
1,79
0,00
1,85
0,30
0,01
10,16
0,59
1,68
2,26
3,87
5,46
0,37
0,63
0,27

5,79
2,21
8,00
0,40
0,00
0,00
1,95
0,10
3,35
5,80
0,00
0,01
0,07
1,73
0,00
1,81
0,36
0,01
10,18
0,58
1,72
2,21
4,02
5,40
0,37
0,63
0,29

5,81
2,19
8,00
0,37
-0,05
0,00
1,84
0,07
3,61
5,84
0,00
0,01
0,06
1,74
0,00
1,81
0,36
0,01
10,19
0,51
1,96
2,13
3,71
5,52
0,34
0,66
0,27
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Tabela 8.4 Resultados das analises de microssonda eletrdnica de biotita do biotita granodiorito.

Amostra

Sio2 36,67 37,85 37,03 36,70 37,60 37,81 37,33 37,04 37,60 37,96 37,82 37,69 38,45 38,11 38,06 37,55 36,85
TiO2 3,27 2,19 3,39 2,17 3,58 2,49 3,22 2,98 2,91 2,64 3,36 2,09 2,73 3,10 2,82 3,01 2,83
Al203 14,06 14,24 14,15 14,43 13,60 14,33 13,82 13,64 13,87 14,27 13,74 13,80 14,23 14,04 13,78 13,98 13,97
FeO 16,99 15,19 16,42 15,79 16,09 15,78 15,77 1584 15,77 15,67 15,90 15,85 16,22 16,92 16,57 15,97 16,63
MnO 0,58 1,15 0,42 0,69 0,25 1,21 0,90 0,59 0,64 0,58 0,67 0,52 0,42 0,44 0,47 0,38 0,60
MgO 12,70 13,05 12,27 12,87 12,52 12,88 12,67 12,81 12,72 12,90 12,61 12,82 12,94 12,88 13,00 13,11 12,62
CaO 0,03 0,04 0,07 0,02 0,05 0,00 0,00 0,02 0,00 0,05 0,00 0,03 0,00 0,04 0,00 0,04 0,03
Na20 0,13 0,15 0,15 0,10 0,15 0,03 0,17 0,10 0,19 0,09 0,19 0,11 0,08 0,13 0,07 0,06 0,07
K20 9,22 9,85 9,81 9,16 9,70 9,71 9,80 9,52 9,83 9,70 9,64 9,77 9,81 9,68 9,95 9,69 9,67
F 0,92 0,99 0,90 0,97 1,00 0,94 0,85 0,94 0,88 0,92 0,81 0,94 0,92 0,93 0,82 0,95 0,84
cl 0,05 0,05 0,04 0,04 0,02 0,02 0,00 0,02 0,02 0,02 0,00 0,03 0,03 0,05 0,01 0,03 0,02
Total 94,28 9438 9430 9251 9433 95,03 9423 93,18 9414 9455 94,49 93,29 95,46 96,03 9525 9441 93,80
OH=

TOTAL 94,28 9438 9430 9251 9433 95,03 9423 93,18 9414 9455 9449 93,29 95,46 96,03 9525 9441 93,80
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Continuagdo da Tabela 8.4 Resultados das anlises de microssonda eletronica de biotita do biotita granodiorito.

Distribuigdo catidnica (22 O)

Si+3 565 579 570 572 577 576 574 575 578 579 578 584 581 575 578 574 570
AllvV 235 221 230 228 223 224 226 225 222 221 222 216 219 225 222 226 230
Sitio T 8,00 800 800 800 800 800 800 800 800 800 800 800 800 8,00 8,00 8,00 8,00
Ti+4 038 025 039 025 o041 029 037 03 034 030 039 024 031 035 032 035 0,33
AlVI 021 036 026 038 023 034 024 025 029 036 026 036 034 025 025 0,26 0,25
Zn+2 0,00 000 0,00 000 000 000 o000 o000 000 000 000 000 000 0,00 0,00 0,00 0,00
Fe+2 219 194 211 206 207 201 203 206 203 200 203 205 205 214 2,11 2,04 215
Mn+2 008 015 005 009 003 016 0,12 0,08 008 008 009 0,07 005 0,06 0,06 005 0,08
Mg+2 292 298 281 299 287 293 290 297 291 293 287 29 291 290 295 299 291
Sitio O 577 569 564 577 561 572 566 570 565 567 563 568 567 569 569 569 5,73
Ba+2 0,00 000 000 000 000 000 o000 o000 000 000 000 000 000 0,00 0,00 0,00 0,00
Cat+2 001 o001 001 000 001 000 o000 o000 000 001 000 000 000 0,01 0,00 0,01 0,00
Na+2 0,04 004 004 003 005 001 005 003 006 003 006 003 002 004 0,02 0,02 0,02
K+1 180 191 192 181 189 18 191 187 192 188 187 192 188 185 1,92 1,88 1,90
Rb+1 0,00 000 000 000 000 000 o000 o000 000 000 000 000 000 0,00 0,00 0,00 0,00
Sitio A 18 19 197 184 194 189 19 191 197 191 193 19 19 1,90 1,94 191 193
F 021 023 021 022 023 022 020 022 020 021 019 022 021 021 0,19 022 0,19
cl 001 001 000 001 000 000 o000 o000 000 000 000 000 000 0,01 0,00 0,00 0,00
TOTAL 10,07 10,20 10,18 10,07 10,18 10,11 10,16 10,13 10,18 10,12 10,12 10,18 10,12 10,12 10,13 10,13 10,12
Fe/Mg 07 065 075 069 072 069 070 069 070 068 071 069 070 074 0,71 068 0,74
Mg/Fe 133 153 133 145 139 145 143 144 144 147 141 144 142 136 1,40 1,46 1,35
Al total 255 257 257 265 246 257 250 250 251 257 248 252 253 250 247 252 255
Ti*10 379 251 392 255 413 28 372 348 336 302 38 243 310 351 322 346 3,29
R+2 518 507 498 514 49 510 505 510 502 501 499 508 502 5,09 511 508 5,14
Fe/(Fe+Mg) 043 040 043 041 042 041 041 041 041 041 041 041 041 042 042 041 042
Mg/(Fe+Mg) 057 060 057 059 058 059 05 05 05 05 05 05 05 0,58 058 059 0,58
TiO/AI203 023 015 024 015 026 017 023 022 021 018 024 015 0,19 0,22 020 0,22 0,20
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Tabela 8.5 Resultados das analises de microssonda eletronica de titanita dos enclaves.

Amostra
Elementos
Sio2
TiO2
AI203
Fe203
La203
Ce203
Gd203
Yb203
Y203
MnO
CaO
Nb205
Ta205
K20
Na20
P205
HfO2
Zr02
Ho203
Er203
Tm203
Lu203
PbO
Sm203
Eu203
Th203
Dy203
ThO2
SrO
Pr203
Nd203
uo2
BaO
F
-O=F
Total
10*(La203+C203)
La203+C203
10*F
10*BaO

29,20
32,90
1,62
1,80
0,18
1,53
0,27
0,08
1,32
0,12
24,32
0,00
0,24
0,01
0,03
0,08
0,06
0,04
0,16
0,06
0,05
0,02
0,05
0,19
0,06
0,00
0,09
0,05
0,05
0,14
0,67
0,00
0,01
0,72

96,12
17,02
1,70
7,24
0,12

29,47
34,23
1,51
1,67
0,21
1,32
0,08
0,06
0,20
0,17
24,76
0,00
0,00
0,00
0,04
0,05
0,05
0,00
0,06
0,06
0,00
0,00
0,02
0,06
0,01
0,00
0,01
0,06
0,00
0,06
0,30
0,00
0,04
0,70

95,18
15,32
1,53
6,99
0,44

29,82
34,46
1,40
1,55
0,57
1,91
0,09
0,00
0,09
0,25
24,11
0,00
0,00
0,00
0,03
0,17
0,00
0,00
0,13
0,05
0,00
0,00
0,00
0,01
0,07
0,00
0,02
0,01
0,00
0,07
0,15
0,00
0,05
0,69

95,68
24,78
2,48
6,90
0,52

29,86
34,22
1,64
1,82
0,54
1,94
0,08
0,10
0,22
0,18
26,24
0,00
0,19
0,00
0,07
0,00
0,27
0,00
0,01
0,00
0,09
0,11
0,00
0,09
0,00
0,00
0,00
0,00
0,03
0,01
0,25
0,00
0,09
0,88

98,91
24,74
2,47
8,83
0,89
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Enclaves microgranulares

28,57
34,36
2,14
2,38
0,42
1,50
0,12
0,00
0,10
0,19
21,23
0,00
0,04
0,02
0,03
0,00
0,00
0,07
0,00
0,01
0,13
0,00
0,12
0,00
0,04
0,00
0,00
0,01
0,14
0,03
0,37
0,00
0,00
0,80

92,79
19,19
1,92
7,95
0,00

30,03
33,69
1,90
2,12
0,42
1,85
0,05
0,03
0,16
0,27
27,82
0,00
0,09
0,00
0,03
0,02
0,00
0,03
0,00
0,05
0,00
0,00
0,04
0,01
0,03
0,00
0,00
0,08
0,00
0,09
0,18
0,00
0,09
0,99

100,06
22,63
2,26
9,93
0,94

30,90
35,79
1,50
2,35
0,18
0,62
0,13
0,00
0,18
0,25
27,90
0,00
0,00
0,01
0,00
0,05
0,00
0,00
0,17
0,00
0,00
0,00
0,08
0,02
0,01
0,00
0,10
0,04
0,00
0,11
0,09
0,00
0,02
0,70

101,19

7,93
0,79
6,98
0,16

29,24
33,05
1,68
1,87
0,36
1,76
0,10
0,11
0,12
0,21
25,02
0,00
0,12
0,01
0,03
0,00
0,00
0,41
0,07
0,07
0,00
0,00
0,00
0,03
0,02
0,00
0,01
0,07
0,00
0,14
0,28
0,00
0,05
0,56

95,36
21,22
2,12
5,56
0,54

29,57
34,46
1,53
1,70
0,29
1,74
0,13
0,08
0,57
0,30
24,92
0,00
0,57
0,01
0,03
0,04
0,14
0,03
0,10
0,05
0,00
0,03
0,00
0,05
0,02
0,00
0,05
0,07
0,00
0,16
0,39
0,00
0,06
071

97,81
20,30
2,03
7,12
0,60

28,94
34,26
1,36
1,51
0,48
1,47
0,10
0,03
0,01
0,21
26,66
0,00
0,01
0,02
0,29
0,23
0,07
0,06
0,00
0,00
0,02
0,00
0,00
0,04
0,00
0,00
0,00
0,02
0,00
0,07
0,19
0,00
0,07
0,68

96,77
19,52
1,95
6,78
0,68



Formula estrutural com base em 5 Oxigénio

Si

Ti

Al
Fe3+
La3+
Ce3+
Gd3+
Yb3+
Y3+
Mg
Mn2+
Ca
Ycations
Si

Ti

Al

Fe
La
Ce
Gd
Yb

Y
Mg
Mn
Ca
Nb
Ta

K

Na

P

Hf
Zr
Ho
Er
m
Lu
Pb
Sm
Eu
Th
Dy

1,03
0,87
0,07
0,05
0,00
0,02
0,00
0,00
0,02
0,00
0,00
0,92
2,98

13.648,3 13.773,1
19.717,4  20.512,7

859,5 7975
1.2619 1.1710
1674 198,7
1.302,8 1.129,5
229,91 66,80
70,26 48,30
1.037,04 158,27
0,00 0,00
96,03 127,79
17.381,3 17.693,7
0,00 0,00

199,01 0,00
8,30 2,49
22,26 27,45
36,66 21,82
54,27 38,16
32,57 0,00
140,55 48,89
49,85 50,72
39,40 3,50
18,47 0,00
45,49 15,78
112,71 36,98
47,50 6,05
0,00 0,00
75,80 9,58

1,03
0,90
0,06
0,04
0,00
0,02
0,00
0,00
0,00
0,00
0,00
0,93
2,99

1,04
0,90
0,06
0,04
0,01
0,02
0,00
0,00
0,00
0,00
0,01
0,90
2,97

13.938,6
20.656,0

738,3
1.084,0
543,0
1.628,1
75,48
0,00
70,87
0,00
189,74

17.234,1

0,00
0,00
0,83
23,00
72,44
0,00
0,00
109,99
44,60
0,00
0,00
0,00
7,04
57,00
0,00
18,30

1,02
0,88
0,07
0,05
0,01
0,02
0,00
0,00
0,00
0,00
0,01
0,96
3,01

13.956,3
20.509,1

865,3
1.270,5
509,7
1.654,6
65,07
83,43
174,81
0,00
140,18

18.753,6

0,00
155,61
0,00
54,16
0,00
226,41
0,00
12,22
0,00
75,30
94,09
0,00
53,42
0,00
0,00
0,00

1,02
0,92
0,09
0,06
0,01
0,02
0,00
0,00
0,00
0,00
0,01
0,81
2,95
13.350,6
20.591,2
1.132,0
1.662,1
399,4
1.279,8
102,37
0,00
80,32
0,00
145,60
15.170,1
0,00
30,30
14,11
24,48
0,00
0,00
53,30
0,00
5,25
114,70
0,00
114,18
0,00
31,09
0,00
0,00
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1,01
0,85
0,08
0,05
0,01
0,02
0,00
0,00
0,00
0,00
0,01
1,00
3,04

14.036,7
20.190,9

1.007,6
1.479,5
394,6
1.577,8
40,78
27,22
122,05
0,00
209,88

19.879,9

0,00
72,89
0,00
24,48
9,16
0,00
22,21
0,00
41,98
0,00
0,00
39,92
7,63
24,18
0,00
0,00

1,02 1,03
0,88 0,87
0,06 0,07
0,06 0,05
0,00 0,00
0,01 0,02
0,00 0,00
0,00 0,00
0,00 0,00
0,00 0,00
0,01 0,01
0,98 0,94
3,02 3,00
14.441,0 13.664,7
21.450,7 19.809,7
791,2 889,1
1.643,7 13054
168,3 3414
525,9 1.505,2
115,39 84,16
0,00 97,48
144,10 92,13
0,00 0,00
192,84 163,41
19.942,8 17.883,1
0,00 0,00
0,00 95,82
8,30 8,30
2,23 20,03
21,82 0,00
0,00 0,00
0,00 300,56
151,02 57,62
0,00 56,84
0,00 0,00
0,00 0,00
70,55 0,00
9,98 15,85
6,05 19,86
0,00 0,00
87,13 6,97

1,02
0,89
0,06
0,04
0,00
0,02
0,00
0,00
0,01
0,00
0,01
0,92
2,99

1,00
0,89
0,06
0,04
0,01
0,02
0,00
0,00
0,00
0,00
0,01
0,99
3,01

13.819,4 13.524,0
20.655,4 20.532,5

811,3 717,6
11912  1.053,7
277,7 459,3
14838  1.254,2
111,05 84,16
68,50 22,83

449,62 8,66
0,00 0,00
231,56 158,76
17.808,7 19.053,0
0,00 0,00

467,64 9,01
10,79 17,43
20,77 212,91
18,76 101,68
117,87 59,36
18,51 45,16
85,55 0,00
44,60 0,00
0,00 14,01
29,90 0,00
0,00 2,78
31,70 24,07
13,82 0,00
0,00 0,00
40,08 0,00



43,94 50,09 7,03 0,00 12,30 65,91 38,67 60,64 60,64 14,94

39,74 0,00 0,00 24,52 115,84 0,00 0,00 0,00 0,00 0,00

123,04 54,69 58,10 8,54 23,92 78,61 93,14 117,06 137,57 60,67

571,85 256,35 126,03 213,48 317,22 150,04 78,88 238,34 337,79 158,61
0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

10,75 39,41 46,57 79,71 0,00 84,19 14,33 48,36 53,74 60,90
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Tabela 8.6 Resultados das analises de microssonda eletronica de titanita.

Amostra
Elementos
Sio2
TiO2
AI203
Fe203
La203
Ce203
Gd203
Yb203
Y203
MnO
CaO
Nb205
Ta205
K20
Na20
P205
HfO2
Zr02
Ho203
Er203
Tm203
Lu203
PbO
Sm203
Eu203
Th203
Dy203
ThO2
SrO
Pr203
Nd203
uo2
BaO
F
Total
10*(La203+C203)
La203+C203
10*F
10*BaO

28,59
35,69
1,16
1,29
0,57
2,99
0,18
0,04
0,24
0,17
25,73
0,00
0,19
0,00
0,06
0,06
0,06
0,00
0,08
0,01
0,00
0,00
0,00
0,06
0,11
0,00
0,00
0,03
0,00
0,14
0,49
0,00
0,00
0,50
98,44
35,55
3,56
4,99
0,00

28,46
34,10
1,57
1,74
0,42
1,77
0,10
0,01
0,16
0,30
28,06
0,00
0,07
0,01
0,05
0,05
0,00
0,06
0,00
0,04
0,00
0,12
0,00
0,06
0,05
0,00
0,00
0,06
0,04
0,00
0,22
0,00
0,00
3,35
100,85
21,86
2,19
33,50
0,00

28,32
34,60
1,39
1,55
0,44
1,96
0,11
0,02
0,36
0,28
26,57
0,00
0,09
0,00
0,07
0,09
0,00
0,11
0,01
0,00
0,00
0,04
0,00
0,05
0,13
0,00
0,00
0,08
0,00
0,02
0,69
0,00
0,10
0,73
97,80
23,96
2,40
7,33
0,95

Hornblenda-biotita granito porfiritico

29,47
34,80
1,43
1,59
0,49
2,14
0,14
0,07
0,26
0,21
24,94
0,00
0,00
0,00
0,12
0,03
013
0,12
0,06
0,03
0,00
0,01
0,18
0,07
0,03
0,00
0,06
0,03
0,00
0,25
0,44
0,00
0,08
0,55
97,72
13,41
1,34
8,91
0,00

23,84
38,68
1,69
1,88
0,32
2,00
0,13
0,01
0,77
0,65
13,29
0,00
0,05
0,03
0,07
0,26
0,38
1,36
0,00
0,11
0,01
0,00
0,00
0,01
0,11
0,00
0,00
0,08
0,06
0,24
0,37
0,00
0,14
0,37
86,90
23,23
2,32
3,68
1,40

29,77
35,58
1,43
1,59
0,27
2,24
0,16
0,08
0,73
0,24
24,16
0,00
0,01
0,01
0,08
0,06
0,10
0,00
0,00
0,09
0,00
0,06
0,04
0,14
0,09
0,00
0,08
0,09
0,00
0,37
0,79
0,00
0,01
0,47
98,74
25,16
2,52
4,67
0,13

30,21
34,80
1,59
1,76
0,40
1,29
0,13
0,08
0,12
0,29
29,52
0,37
0,05
0,02
0,02
0,12
0,00
0,55
0,01
0,00
0,00
0,00
0,00
0,00
0,06
0,00
0,05
0,07
0,00
0,03
0,23
0,00
0,08
0,68
102,53
16,86
1,69
6,80
0,84

30,22
35,67
1,40
1,55
0,35
1,86
0,14
0,00
0,20
0,27
28,97
0,71
0,00
0,00
0,07
0,04
0,17
0,04
0,00
0,00
0,00
0,00
0,00
0,12
0,02
0,00
0,12
0,01
0,00
0,18
0,32
0,00
0,08
0,76
103,26
22,14
2,21
7,56
0,78

29,99
34,58
1,54
1,71
0,31
1,80
0,08
0,00
0,17
0,25
26,07
0,00
0,09
0,04
0,08
0,00
0,00
0,00
0,24
0,00
0,05
0,00
0,00
0,06
0,06
0,00
0,00
0,03
0,05
0,25
0,35
0,00
0,10
0,66
98,58
21,17
2,12
6,63
1,02

28,88
33,61
1,56
1,73
0,32
2,86
0,29
0,04
1,04
0,35
23,51
0,00
0,00
0,00
0,04
0,05
0,01
0,04
0,01
0,00
0,00
0,00
0,00
0,26
0,14
0,00
0,03
0,02
0,00
0,52
1,09
0,00
0,01
0,33
96,73
31,81
3,18
3,29
0,11

30,17
34,20
1,47
1,64
0,47
1,46
0,04
0,00
0,26
0,27
27,72
0,00
0,16
0,02
0,01
0,08
0,13
0,00
0,11
0,10
0,00
0,00
0,00
0,19
0,04
0,00
0,04
0,09
0,00
0,00
0,41
0,00
0,11
0,88
100,07
19,36
1,94
8,81
1,06
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Formula estrutural com base em 5 Oxigénio

Si 0,99 0,98 0,98 1,02 0,91 1,01 0,99 0,99 1,02 1,01 1,02
Ti 0,93 0,88 0,90 0,88 1,12 0,91 0,86 0,88 0,89 0,89 0,87
Al 0,05 0,06 0,06 0,06 0,08 0,06 0,06 0,05 0,06 0,06 0,06
Fe3+ 0,03 0,05 0,04 0,04 0,05 0,04 0,04 0,04 0,04 0,05 0,04
La3+ 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01
Ce3+ 0,04 0,02 0,02 0,01 0,03 0,03 0,02 0,02 0,02 0,04 0,02
Gd3+ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Yb3+ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Y3+ 0,00 0,00 0,01 0,00 0,02 0,01 0,00 0,00 0,00 0,02 0,00
Mg 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mn2+ 0,01 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,01
Ca 0,95 1,04 0,99 0,98 0,55 0,88 1,04 1,02 0,95 0,88 1,00
Xcations 3,00 3,05 3,02 3,02 2,78 2,96 3,04 3,03 3,00 2,97 3,02
Si 13.362,3 13.299,7 13.238,0 14.066,2 11.139,9 13.914,7 141185 14.1255 14.017,6 13.497,8 14.100,8
Ti 21.390,2 20.437,8 20.734,5 20.7752 23.184,6 21.326,6 20.857,9 21.380,0 20.726,7 20.141,1 20.499,5
Al 612,8 828,2 737,2 811,3 895,5 758,9 839,4 739,9 815,55 8235 779,0
Fe 8998 12161 1.0824 11912 13148 11143 12324 1083 11974 12091 11438
La 537,3 399,4 416,5 2957 305,2 259,6 381,3 3357 298,6 302,4 4498
Ce 2.552,7 1.507,7 16717 8794  1.709,2 19150 1.097,1 15888 15393 24443 12491
Gd 159,6 87,6 96,3 0,0 109,3 137,1 1111 123,2 69,4 2551 38,2
Yb 36,9 6,1 21,1 65,9 12,3 71,1 69,4 0,0 0,0 34,3 0,0
Y 192,1 126,0 281,9 0,0 608,7 574,8 90,6 160,6 134,6 818,1 203,9
Mg 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Mn 134,8 233,1 2145 160,3 502,6 186,6 223,8 205,2 192,1 268,0 206,0
Ca 18.385,5 20.055,0 18.989,4 19.337,5 9.499,0 17.263,4 21.096,3 20.703,2 18.634,2 16.798,9 19.812,7
Nb 0,00 0,00 0,00 0,00 0,00 0,00 258,64 497,70 0,00 0,00 0,00
Ta 153,15 53,23 70,43 66,34 41,77 10,65 42,59 0,00 72,89 0,00 131,04
K 1,66 9,96 0,00 16,60 24,90 9,13 12,45 0,83 29,89 3,32 14,94
Na 43,77 39,32 54,16 19,29 48,22 58,61 11,87 54,90 58,61 28,19 4,45
P 27,93 23,13 37,97 19,20 113,46 25,31 52,80 16,15 0,00 21,82 34,91
Hf 48,33 0,00 0,00 21,20 323,08 87,34 0,00 139,91 0,00 11,02 111,93
Zr 0,00 40,72 79,21 24,43 1.006,81 0,00 410,13 27,39 0,00 27,39 0,00
Ho 73,33 0,00 6,98 165,86 0,00 0,00 11,35 0,00 209,51 10,48 96,90
Er 6,12 35,86 0,00 9,62 92,70 74,33 0,00 0,00 3,50 0,00 87,45
Tm 0,00 0,00 0,00 0,00 8,76 0,00 0,00 2,63 43,78 0,00 0,00
Lu 0,00 107,28 35,18 160,93 0,00 48,37 0,00 0,00 0,00 0,00 0,00
Pb 0,00 0,93 0,00 7,43 0,00 37,13 0,00 0,00 0,00 0,00 0,00
Sm 32,87 34,64 30,53 32,29 4,11 80,43 0,00 67,51 34,05 149,70 109,78
Eu 94,13 40,59 113,13 0,00 94,13 81,18 54,41 19,86 51,82 121,77 31,95
Tb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Dy 0,00 0,00 0,00 21,78 0,00 68,83 47,05 103,69 0,00 26,14 37,47
Th 29,88 55,36 73,82 28,12 68,55 79,97 64,15 7,03 29,00 20,21 82,61
Sr 0,00 32,98 0,00 0,00 52,43 0,00 0,00 0,00 45,66 0,00 0,00
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Pr 123,04 0,00 18,80 0,00 200,80 315,30 27,34 150,39 215,32 44432 0,00
Nd 417,53 186,90 588,14 0,00 317,22 673,02 198,90 270,92 298,36 937,94 350,65
U 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ba 0,00 0,00 85,09 0,00 125,39 11,64 75,23 69,86 91,36 9,85 94,94
Tabela 8.7 Dados de Microssonda Eletronica para apatita.
Elementos Enclaves microgranulares
Na20 0,21 0,45 0,18 0,31 0,40 0,31 0,28 0,27
MgO 0,01 0,01 0,00 0,01 0,04 0,03 0,00 0,07
F 4,83 4,11 3,88 4,16 4,29 6,15 6,55 4,09
Al203 0,01 0,00 0,08 0,07 0,02 0,00 0,02 0,00
K20 0,00 0,02 0,02 0,00 0,02 0,01 0,00 0,00
CaO 53,84 53,48 53,95 53,33 53,26 49,72 49,37 42,50
Cl 0,00 0,03 0,04 0,05 0,07 0,04 0,04 0,03
Si02 0,40 0,43 0,67 0,42 0,24 0,29 0,28 0,59
TiO2 0,03 0,12 0,00 0,00 0,00 0,11 0,06 0,04
MnO 0,22 0,13 0,29 0,10 0,11 0,11 0,03 0,30
Cr203 0,02 0,00 0,00 0,00 0,00 0,02 0,04 0,15
P205 43,76 41,45 41,86 42,07 42,31 40,47 40,51 41,36
FeO 0,13 0,00 0,04 0,15 0,11 0,10 0,07 0,17
NiO 0,02 0,02 0,00 0,06 0,00 0,00 0,00 0,05
V203 0,00 0,03 0,00 0,04 0,03 0,03 0,00 0,00
SrO 0,00 0,00 0,00 0,00 0,00 0,10 0,00 0,05
BaO 0,00 0,00 0,00 0,00 0,00 0,11 0,05 0,00
(OH) 0,00 1,47 0,64 1,00 0,93 5,00 5,47 12,09
Total 101,45 100,00 100,00 100,00 100,00 100,00 100,00 100,00
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Tabela 8.7 Dados de Microssonda Eletronica para apatita.

Hornblenda-biotita granito porfiritico

Elementos
Na20 0,324 0,386 0,277 0,272 0,284 0,291 0,467 0,339 0,181 0,114
MgO 0,058 0 0,049 0,015 0,006 0 0,018 0 0,003 0,038
F 3,977 4,758 4,812 5,591 4,941 4,67 4,588 4,27 3,838 4,443
Al203 0,042 0,046 0,01 0,033 0 0017 0,009 0,026 0 0
K20 0 0,009 0 0,009 0,029 0 0 0,009 0,013 0
CaO 53,797 53,27 53,432 53,904 53,33 53,43 53,416 53,556 53,254 53,775
cl 0,051 0,069 0,017 0,044 0,008 0,05 0,034 0,04 0,076 0,032
Sio2 0,492 0,496 0,503 0,315 0,368 0,312 0,491 0,26 0,57 0,324
TiO2 0,002 0 0 0 0,14 0 0 0,077 0,02 0,304
MnO 0,036 0,147 0,138 0,179 0,135 0,278 0,136 0,125 0,14 0,094
Cr203 0,026 0,124 0 0 0,026 0,035 0 0 0,012 0,001
P205 42,3 41,182 41,118 41,458 42,691 42,925 40,882 42,234 41,9 43,214
FeO 0,049 0,118 0,055 0 0 0143 0,18 0,045 0,15 0,436
NiO 0,031 0,086 0,027 0,066 0 0,004 0 0 0,011 0,011
V203 0 0,014 0,002 0 0,014 0,032 0,005 0 0 0,011
SrO 0,076 0,025 0 0121 0,125 0 0,05 0,005 0,055 0,042
BaO 0 0 0 0 0 0 0,03 0,105 0 0,043
(OH) 0,427 1,289 1,589 0,356 0 0 1627 0,714 1,411 0
Total 100,001 100 99,999 99,999 100,015 100,21 99,998 99,998 100,001 101,004
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Tabela 8.8 Dados de Microssonda Eletronica para plagioclésio.

Elementos Hornblenda-biotita granito porfiritico
SiO2 64,84 62,05 63,65 66,35 62,96 63,40 68,34 63,00 64,10
TiO2 0,00 0,15 0,00 0,00 0,07 0,00 0,00 0,00 0,03
Al203 21,14 22,86 21,48 21,06 21,40 22,05 18,85 22,55 21,79
FeO 0,27 0,30 0,34 0,12 0,55 0,31 0,03 0,34 0,29
MnO 0,05 0,01 0,00 0,02 0,00 0,00 0,01 0,05 0,01
MgO 0,00 0,02 0,00 0,01 0,00 0,02 0,01 0,00 0,00
Ca0 3,57 5,58 4,11 2,89 4,35 4,46 1,41 5,25 4,31
Na20 8,46 7,75 9,01 9,09 9,14 8,41 10,70 7,89 8,29
K20 1,14 0,79 0,34 0,39 0,18 0,63 0,11 0,87 0,87
Cr20s3 0,04 0,00 0,07 0,03 0,00 0,00 0,00 0,05 0,00
V203 0,00 0,00 0,02 0,01 0,00 0,06 0,05 0,01 0,01
NiO 0,00 0,02 0,01 0,00 0,00 0,06 0,00 0,00 0,07
Total 99,52 99,52 99,02 99,98 98,66 99,41 99,51 100,00 99,77
T
Si 2,88 2,77 2,84 2,91 2,83 2,83 3,00 2,80 2,84
Al 1,11 1,20 1,13 1,09 1,13 1,16 0,98 1,18 1,14
Fe®* 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Cr 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Sc 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
\% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
2T 3,99 3,98 3,98 4,00 3,97 3,99 3,98 3,98 3,99
A
Li 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mg 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ni 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Co 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Zn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Pb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Fe?* 0,01 0,01 0,01 0,00 0,02 0,01 0,00 0,01 0,01
Mn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Eu 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Sr 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ca 0,17 0,27 0,20 0,14 0,21 0,21 0,07 0,25 0,20
Na 0,73 0,67 0,78 0,77 0,80 0,73 0,91 0,68 0,71
K 0,06 0,05 0,02 0,02 0,01 0,04 0,01 0,05 0,05
Rb 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Ba 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Cs 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
ZA 0,97 1,00 1,01 0,94 1,04 0,99 0,99 0,99 0,98
% An 17,65 27,15 19,72 14,60 20,60 21,84 6,73 25,55 21,20
% Ab 75,62 68,26 78,35 83,07 78,40 74,48 92,62 69,42 73,72
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% Or 6,73 4,59 1,93 2,33 1,00 3,69 0,64 5,03 5,08
Soma 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00

Tabela 8.8 Dados de Microssonda Eletronica para plagioclasio.

Elemento Enclaves microgranulares

Si0, 61,28 63,60 63,28 68,28 69,55 69,66
Tioz 0,12 0,07 0,17 0,01 0,03 0,09
Al:O; 24,24 23,99 23,44 20,51 19,50 20,02
FeO 0,30 0,28 0,27 0,03 0,06 0,06
MnO 0,00 0,03 0,00 0,06 0,04 0,09
MgO 0,03 0,00 0,01 0,00 0,02 0,00
CaO 5,91 4,96 4,16 0,54 0,84 1,14
Na.0 7,53 7,73 8,37 11,06 9,17 10,52
K20 0,62 0,92 1,01 0,11 0,11 0,07
Cr20; 0,00 0,05 0,00 0,00 0,00 0,00
V203 0,00 0,00 0,00 0,00 0,00 0,02
NiO 0,00 0,00 0,01 0,02 0,00 0,00
Total 100,02 101,62 100,72 100,61 99,31 101,67
-

Si 2,72 2,77 2,79 2,96 3,03 2,99
Al 1,27 1,23 1,22 1,05 1,00 1,01
Fe3* 0,00 0,00 0,00 0,00 0,00 0,00
Ti 0,00 0,00 0,01 0,00 0,00 0,00
Cr 0,00 0,00 0,00 0,00 0,00 0,00
Sc 0,00 0,00 0,00 0,00 0,00 0,00
Y 0,00 0,00 0,00 0,00 0,00 0,00
T 4,00 4,01 4,01 4,01 4,03 4,00
A

Li 0,00 0,00 0,00 0,00 0,00 0,00
Mg 0,00 0,00 0,00 0,00 0,00 0,00
Ni 0,00 0,00 0,00 0,00 0,00 0,00
Co 0,00 0,00 0,00 0,00 0,00 0,00
Zn 0,00 0,00 0,00 0,00 0,00 0,00
Pb 0,00 0,00 0,00 0,00 0,00 0,00
Fe2* 0,01 0,01 0,01 0,00 0,00 0,00
Mn 0,00 0,00 0,00 0,00 0,00 0,00
Eu 0,00 0,00 0,00 0,00 0,00 0,00
Sr 0,00 0,00 0,00 0,00 0,00 0,00
Ca 0,28 0,23 0,20 0,03 0,04 0,05
Na 0,65 0,65 0,71 0,93 0,78 0,87
K 0,03 0,05 0,06 0,01 0,01 0,00
Rb 0,00 0,00 0,00 0,00 0,00 0,00
Ba 0,00 0,00 0,00 0,00 0,00 0,00
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Cs
SA
% An
% Ab
% Or
Soma

0,00
0,98
29,16
67,22
3,62
100,00

0,00
0,95
24,74
69,81
5,46
100,00

0,00
0,98
20,28
73,88
5,84
100,00

0,00
0,97
2,61
96,74
0,66
100,00

0,00
0,82
4,76
94,48
0,77
100,00

0,00
0,94
5,65
93,93
0,42
100,00
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