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RESUMO

O nordeste do Cinturdo Dom Feliciano compreende rochas gnaissicas tonaliticas de
afinidade calcico-alcalina médio-K, de facies anfibolito, e rochas graniticas pos-
transcorrentes de afinidade célcico-alcalina alto-K e alcalina. Com o objetivo de obter
dados a respeito das condicbes de formacdo destas rochas, métodos
geotermobarométricos com base na quimica mineral e de rocha total foram aplicados.
A quimica mineral dos anfibolios das rochas gnaissicas (Fe-hornblenda a Fe-
tschermakita) registrou uma mudanca nas condicdes de pressao que foi interpretada
como tendo um nudcleo igneo, com temperaturas, pressées e profundidades,
respectivamente, de 710 a 760 °C, 3,4 a 3,9 kbar e 12 a 14 km; e uma borda
metamoérfica de 690 a 760 °C, 4,8 a 7,7 kbar e 18 a 28 km. A quimica mineral dos
anfibélios dos granitos (Mg-hornblenda) registrou temperaturas de 659 a 759 e
pressbes de 3,2 a 5,0 kbar, com profundidades de 11 a 18 km. As temperaturas
obtidas com base no teor de Zr na titanita registraram eventos entre 607 a 881 °C,
que foram interpretados, em conjunto com observacdes petrograficas, como tendo
tanto uma origem magmatica (700 — 881 °C), quanto pos-magmaética (<700 °C), ambas

com caracteristicas quimicas distintas.

Palavras-chave: Geotermobarometria, quimica mineral, anfibdlio, titanita.



ABSTRACT

The northeast of the Dom Feliciano Belt comprises post-transcending granitic rocks of
high K-alkaline and alkaline affinity, and tonalitic gneissic rocks of amphibolite-calcium-
alkaline affinity. In order to obtain data regarding the formation conditions of these
rocks, geothermobarometric methods based on mineral chemistry and bulk rock
geochemistry were applied. The mineral chemistry of the amphiboles of the gneiss
rocks (Fe-hornblende to Fe-tschermakite) registered a change in pressure conditions
that were interpreted as having an igneous core, with temperatures, pressures and
depths, respectively, from 710 to 760 ° C, 3,4 to 3.9 kbar and 12 to 14 km; and a
metamorphic rim of 690 to 760 ° C, 4.8 to 7.7 kbar and 18 to 28 km. The mineral
chemistry of granite amphiboles (Mg-hornblende) recorded temperatures from 659 to
759 and pressures from 3.2 to 5.0 kbar, with depths from 11 to 18 km. The
temperatures obtained based on the Zr content in titanite registered events between
607 to 881 ° C, which were interpreted, together with petrographic observations, as
having both a magmatic (700 - 881 ° C) and post-magmatic origin (<700 ° C), both with
different chemical characteristics.

Keywords: Geothermobarometry, mineral chemistry, amphibole, titanite.
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1. INTRODUCAO

Os meétodos geotermobarométricos baseados na quimica mineral e de rocha
total sdo usados com o intuito de estabelecer as condicdes de P e T, e com isso melhor
compreender 0s processos envolvidos na evolugdo tectbnica da area de estudo (Alves
et al., 2016; Corrie et al., 2009; Fanka et al., 2018; Jiang & Lee, 2017; Szymanowski
et al., 2017; Yousefi et al., 2017). Para os granitoides neoproterozoicos e gnaisses da
regido de Porto Alegre, nordeste do Cinturdo Dom Feliciano, os unicos dados
disponiveis de quimica mineral e geotermobarometria séo os de Oliveira et al. (2001),
porém a regido ainda carece de dados mais detalhados.

A regido de Porto Alegre possui um grande numero de corpos graniticos de
diferentes texturas e composicfes mineraldgicas. O estudo geotermobarométrico
destas rochas se faz necessario para estabelecer as condicfes de posicionamento
destes corpos, além de estabelecer as condicdes de metamorfismo do gnaisse que
ocorre como encaixante destes granitos na regiao.

As temperaturas e pressfes das amostras podem ser determinadas tanto pela
quimica mineral, por meio de analises pontuais em microssonda eletrdnica, como pela
quimica de rocha total, por meio de analises de rocha total. Os métodos empregados
neste trabalho que utilizam a quimica mineral do anfibdlio e da titanita foram: Al na
hornblenda (Anderson & Smith, 1995), utilizado para a determinacdo da presséo, e o par
anfibdlio-plagioclasio (Holland & Blundy, 1994) e Zr na titanita, usados para a
determinacao da temperatura. O método de saturacdo do zircao (Watson & Harrison,
1983; Boehnke et al., 2013) foi também empregado para determinacdo da

temperatura.

1.1. Objetivos
1.1.1. Objetivo Geral

Este trabalho tem como objetivo caracterizar as condi¢cdes de pressédo e
temperatura a partir da quimica mineral e da rocha no gnaisse e nos granitoides
neoproterozoicos do nordeste do Cinturdo Dom Feliciano, buscando interpretar estes
dados de P e T com relacdo ao metamorfismo, condi¢cdes de posicionamento das
rochas, integrando estas informagdes na evolucdo petrolégica e geotectdnica da

regiao.
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1.1.2. Obijetivos especificos

Os objetivos especificos desta pesquisa séo:

o Caracterizar a composi¢cao quimica dos minerais do gnaisse e dos
granitoides neoproterozoicos do nordeste do Cinturdo Dom Feliciano;

o Determinar as condi¢Bes de pressdo com base na quimica mineral da
hornblenda e do plagioclasio;

o Determinar as condigbes de temperatura com base no contetdo de
elementos tragos na titanita e na rocha total;

o Comparar as temperaturas obtidas nos diferentes métodos
geotermobarométricos empregados;

. Integrar os dados de P, T e profundidade obtidos do gnaisse e dos
granitoides em um modelo de evolucdo petrolégica e tectbnica disponiveis na

bibliografia.

1.2. Area de estudo

O Escudo Sul-rio-grandense tem sido alvo de inumeros trabalhos de campo,
geoquimicos, isotopicos, estruturais e geofisicos (e.g. Fernandes et al., 1995a, 1995b;
Philipp, 1998; Bitencourt & Nardi, 2000; Saalmann et al., 2005; Hartmann et.al., 2016)
a partir dos quais suas unidades geoldgicas foram integradas de maneiras diversas,
por vezes tendo como produtos finais modelos de evolugcdo geotectonicos distintos
(Ribeiro & Fantinel, 1978; Fragoso Cesar et al., 1986; Fernandes et al., 1995a, 1995b;
Hartmann et al., 2007; Saalmann et al., 2011; Chemale et al., 2012; Ramos et al.,
2017; Hueck et al., 2018)

O escudo pode ser dividido em uma area cratbnica, o Craton Rio de La Plata,
e o Cinturdo Dom Feliciano, que por sua vez é dividido em quatro dominios/terrenos:
a) Dominio Ocidental ou Terreno Vila Nova, b) Dominio Central ou Terreno Tijucas, c)
Dominio Oriental, Terreno Pelotas ou Batélito Pelotas e d) Dominio Sudeste ou
Terreno Punta Del Este, conforme Figura 1.

No Craton Rio de La Plata, uma area no oeste do escudo, predominam rochas
paleoproterozoicas do Complexo Granulitico Santa Maria Chico, interpretado como o
registro de um arco magmatico de 2,4 Ga (Nardi & Hartmann, 1979; Girelli et al., 2018).
As demais unidades do escudo correspondem ao Cinturdo Dom Feliciano, em geral

com unidades geoldgicas de idades neoproterozoicas, sendo limitado do Craton pela
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descontinuidade geofisica denominada de Lineamento de Ibaré ou Sutura de Séo
Gabiriel.

Sob ponto de vista geoldgico esses dominios geofisicos no Cinturdo Dom
Feliciano podem ser simplificadamente descritos como:

a) Terreno Vila Nova, em limite a oeste com o Créton, tem o predominio de
rochas igneas e metamorficas relacionadas a dois arcos magmaticos e fragmentos de
rochas de assoalho oceanico e bacias associadas (Silva Filho & Soliani Junior, 1987;
Kraemer, 1995; Leite et al., 1998);

b) Terreno Tijucas, em limite com o Terreno Vila Nova dado pela Sutura de
Cacapava, onde dominam rochas metassedimentares vinculadas a bacias de back-
arc e/ou forearc, bem como fragmentos de rochas paleoproterozoicas ortoderivadas
(Porcher et al., 1999; Remus et al. , 2002; Gregory et al., 2017);

c) Terreno Pelotas, em limite com o Terreno Tijucas dado pela Sutura de Porto
Alegre (e/ou Zona de Cisalhamento Transcorrente Dorsal de Cangucu), formado
predominantemente por rochas granitoides criogenianas relacionadas a um arco
magmatico e/ou poés-colisionais e intenso magmatismo vinculado a zonas de
cisalhamento (Philipp, 1998; Bitencourt & Nardi, 2000; Koester, 2002).

d) Terreno Punta Del Este, em limite com o Terreno Pelotas dado pela Sutura
Arroio Grande (ou Zona de Cisalhamento Arroio Grande), e formado por rochas
metassedimentares vinculadas a bacias de back-arc e/ou forearc, bem como
fragmentos de rochas de assoalho oceénico e rochas neoproterozoicas tonianas orto
e paraderivadas vinculadas a um arco magmatico (Lenz et al., 2013; Cruz et al., 2019;
Peel et al., 2018; Ramos et al., 2018)

No final do neoproterozoico (< 600 - 550 Ma) diversos corpos plutbnicos
intrudem de forma sistematica todo o Escudo Sul-rio-grandense (e.g. Granito Santo
Afonso — Craton Rio de La Plata (Camozzato et al., 2016); Granito Cacapava do Sul
— Terreno Vila Nova (Bitencourt & Nardi, 2000); Sienito Piquiri — Terreno Tijucas
(Stabel et al., 2001); Granito Capéao do Ledo — Terreno Pelotas (Silva, 2016); Granito
Bretanha, Terreno Punta Del Este (Cruz et al., 2019)). Ainda no final do
neoproterozoico e inicio do cambriano ocorre, acima das rochas do escudo, a
deposicdo de Bacia do Camaqua representado por expressiva sedimentagdo e

vulcanismo na porcéo centro-oeste do escudo (Paim et al., 2000).
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Figura 1. Mapa geolégico simplificado das divisGes tectdnicas do Escudo Sul-rio-grandense, seus

limites e a localizag&o da area de estudo, a regido de Porto Alegre.

Os primeiros estudos sobre geologia da area de Porto Alegre foram realizados
por Schneider et al. (1974) que apresentou 0 mapa geolédgico de Porto Alegre, com
descricdes de campo das unidades geoldgicas, sendo individualizados os migmatitos
heterogéneos e migmatitos homogéneos, além de poucos corpos graniticos
interpretados como de idade mais jovem em relacdo aos migmatitos, como o Granito
Independéncia, o Granito Ponta Grossa e o Granito Santana.

Apenas nos anos de 1990 foram retomados os trabalhos sobre as rochas da
regido de Porto Alegre, com Philipp (1998) que em um trabalho da geologia regional
do Batdlito Pelotas estudou as rochas na regido sob o ponto de vista de campo,
petrografia e geoquimica. Ainda nesse mesmo ano, Menegat et al. (1998)
apresentaram o0 mapa geoldgico de Porto Alegre, com base em dados de campo e
petrografia. Nesse momento, apesar de distintos, os dois trabalhos renegam a
presenca de migmatitos na area, descrevendo estas rochas como gnaisses de
composicdo tonalitica, seguidas pela intrusdo de inUmeros pulsos graniticos mais
jovens. A primeira visdo da tectonica de placas associada as rochas da regido de
Porto Alegre é proposta (Menegat et al., 1998), onde o Gnaisse Chacara das Pedras

e o Granodiorito Trés Figueiras representam um antigo arco magmatico continental.
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O Granito Lomba do Sabdao é o registro de um evento transcorrente na regido, porém
as rochas dominantes na area de Porto Alegre sdo granitos interpretados como
posicionados em ambiente pds-transcorrente (e.g. Granito Independéncia, Granito
Saint Hilaire, Granito Cantagalo).

Desses trabalhos de mapeamento da década de 1990, surgem, no inicio dos
anos 2000, o primeiro de geocronologia (U-Pb SHRIMP) da regido, com a datacdo do
Granito Santana, indicando uma idade de cristalizacao de 600 + 10 Ma (Koester et al.,
2001).

Concomitante, os primeiros trabalhos de geoquimica das rochas da regido sao
publicados. Oliveira et al. (2001) estuda sob o ponto de vista geoquimico os granitos
pos-transcorrentes, e subdivide os mesmos em trés suites com base em dados de
geoquimica de elementos maiores e tracos, além de dados de campo e quimica
mineral. S&o elas: a Suite Intrusiva Viamao (SIV), formada pelos Granitos Saint Hilaire
e Pitinga, a Suite Intrusiva Porto Alegre (SIP), pelos Granitos Independéncia, Feijo,
Lami, S&o Pedro, Restinga e Sdo Caetano, e a Suite Intrusiva Itapua (Sll), pelos
Granitos Santana, Cantagalo e Santo Antbnio (Figura 2). Essas suites sao
interpretadas como representantes de um magmatismo célcico-alcalino alto-K, exceto
a Sll, cuja afinidade é transicional para a série alcalina, associadas a um ambiente de
relaxamento termal.

As rochas gnaissicas da regiao foram estudadas, sob ponto de vista de campo
e guimica de rocha total por Philipp et al. ( 2004), onde as rochas tonaliticas foram
interpretadas como de afinidade célcico-alcalina médio-K vinculadas a um ambiente
de arco magmatico e metamorfizadas em facies anfibolito. Essas mesmas rochas
gndissicas foram entdo datadas por Koester et al. (2016) onde a idade U-Pb SHRIMP
de cristalizac&o foi proposta em 777 £ 4 Ma e uma idade de metamorfismo foi sugerida
em torno de 660 Ma.

O trabalho mais recente nas rochas da regido de Porto Alegre foi apresentado
por Vieira et al. (2019) onde propdem a presenca de magmatismo peraluminoso até
entdo ndo descritos na regido, caracterizando o Granito S&do Geraldo, um granito
equigranular médio, com biotita e muscovita primaria, por vezes com granada e

foliac&o milonitica incipiente, interpretado como um granito sintranscorrente da regiéo.
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1.3.Estado da arte

1.3.1. Método geobarométrico do Al na hornblenda (Al-hbl)

O bardémetro do Al na hornblenda foi primeiro descrito por Hammarstrom & Zen
(1986) em rochas granitoides caélcico-alcalinas, onde o anfibdlio € um mineral
comumente presente e diferencas no conteudo do Al neste mineral estédo relacionadas
com a profundidade dos plutons. A composicao das hornblendas varia de acordo com
a composicao da rocha total, a presséo, a temperatura e a fugacidade de oxigénio e
o sistema é tamponado pela assembleia mineral composta por plagioclasio (andesina
a oligoclasio), hornblenda, biotita, K-feldspato, quartzo, titanita, magnetita ou ilmenita,
e * epidoto, sendo esta uma das premissas para a utilizacdo do barémetro. Outro
aspecto importante € a garantia de que a hornblenda esteja cristalizando em equilibrio
com o quartzo. Quando o quartzo comega a cristalizar, a atividade da SiOz2 (ag;,) N0
sistema € igual a 1 e a cristalizacdo da hornblenda ndo mais é afetada por mudancas
na as;p,. Em geral, somente analises das bordas das hornblendas sé&o utilizadas no
calculo da presséo, a menos que haja alguma evidéncia textural de que ambos os
minerais coexistam.

A guantidade de SiO2 e Al203 na hornblenda néo varia sistematicamente com
a composicao da rocha total e, quando somente a pressao é considerada, a
quantidade de AlV na hornblenda aumenta com o aumento na pressdo. A equacao
(Eg. 1) proposta para o célculo da presséo e o erro associado a medida encontram-

se abaixo.

P (+ 3 kbar) = —3,92 + 5,03 AlTotal 0

Hollister et al. (1987) apresenta uma confirmacado da correlacdo da variacédo do
conteudo de Al em funcao da pressao, trabalhando em uma faixa de presséo de 4-6
kbar, onde os autores estariam preenchendo uma deficiéncia no trabalho
anteriormente proposto por Hammarstrom & Zen (1986), que utilizaram amostras com
ranges de pressao de 1,5-3 e 7-10 kbar. Hollister et al. (1987) ainda complementaram
a curva incluindo mais dados em pressdes de 2-3 kbar e 7-8 kbar. Concluem a
aplicabilidade da técnica em um range de pressdo de 2-8 kbar, com um erro na

estimativa do valor da pressao de = 1 kbar, menor que o proposto anteriormente por
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Hammarstrom & Zen (1986). A partir da calibracao proposta pelos autores, a pressao

pode ser calculada com base na equacéao abaixo (Eqg. 2).

P (i 1 kbar) = —4.’76 + 5,64 AlTotal (2)

Tanto o barémetro proposto por Hammarstrom & Zen (1986), como o proposto
por Hollister et al. (1987), sédo empiricos e tiveram os seus valores de pressao inferidos
pelas rochas metamorficas encaixantes. A primeira calibracdo experimental do
meétodo foi realizado por Johnson & Rutherford (1989) em um range de pressao de 2-
8 kbar a 740-780°C. Os experimentos foram realizados em amostras naturais de
rochas vulcanicas e plutbnicas. Esta calibracdo experimental difere das anteriores
(Hammarstrom & Zen, 1986; Hollister et al., 1987) principalmente na faixa de pressao
de 5-8 kbar, onde a quantidade de aluminio estipulada pelo método € maior do que a
guantidade prevista por Hollister et al. (1987) (Fig. 2), indicando que as amostras de
rochas plutbnicas estudas previamente pelos autores devem ter sido formadas em
pressfes mais altas do que as estimadas por evidéncias de campo. A equacgao
proposta por Johnson & Rutherford (1989) é apresentada abaixo (Eq.3) e o erro
associado ao método é de + 0,6 kbar a 8 kbar, e de + 0,5 kbar para pressdes mais
baixas.

P (£ 0,5 kbar) = —3,46 + 4,23 AjTotal @)

Thomas & Ernst (1990) calibraram o método experimentalmente para uma faixa
de pressao mais alta, de 6 a 12 kbar, a uma temperatura de 750°C, utilizando rochas
de composic¢ao tonalitica como material inicial. O resultado desta calibracdo estava de
acordo com a calibragéo realizada anteriormente (Johnson & Rutherford, 1989) e a
eqguacao proposta se encontra abaixo (Eqg. 4). O erro associado ao método € de 0,2
kbar no intervalo médio e de + 1,33 kbar no limite superior, obtendo-se uma média

nao ponderada de * 1,0 kbar.
P (+ 1,0 kbar) = —6,23 + 5,34 AlTotd! (4)
Schmidt (1992) realizou experimentos em tonalitos naturais com temperaturas

de 15-20°C abaixo da temperatura solidus, em um intervalo de pressdes de 2,5 a 13

kbar, a partir de oito pressdes diferentes e obteve a regressao linear expressa na
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equagcdo 5. O erro associado ao método € de + 0,6 kbar. Esta calibragdo foi
concordante com os dados empiricos, onde a pressao foi estimada com base em
auréolas de contato, e com as calibracfes experimentais de Johnson & Rutherford

(1989) que obtiveram suas calibragées em temperaturas mais altas.
P (4 0,6 kbar) = —3,01 + 4,76 AlTotd )

A calibracdo de Anderson & Smith (1995) incorpora o efeito da temperatura na
equacao do barémetro (Eg. 6). A temperatura pode aumentar a quantidade de Al na
hornblenda, portanto, um barémetro sem o controle da temperatura levard a grandes
variacbes de pressdo, podendo invalidar a sua interpretacdo. Anderson & Smith
(1995) discutem também o efeito também da f,, (fugacidade de oxigénio) como de
fundamental importancia e da razdo Fe3*/(Fe3* + Fe?*), que deve ser determinada por
andlises quimicas ou por estequiometria. Indicam, no seu estudo, as premissas de
uso do bar6metro quanto aos contetidos de Fe®*/(Fe3* + Fe?*) e Fett/(Fetwt + Mg), que
seriam de ~0,25 e de 0,40-0,65, respectivamente. Além disso, a falta da assembleia
tampdo completa da tschermakita pode ser critica para o uso deste barémetro,
indicam que a auséncia de K-feldspato e de titanita ndo aparentam afetar
significantemente a pressdo, porém o uso deste bar6metro deve ser utilizado em

conjunto com outro método para a determinacao da pressao.

[T(°C)-675]

P (+ 0,6 kbar) = 4,76Al — 3,01 — { =

} x {0,53041 4 0,005294[T(°C) — 675]} (6)

A figura 2 apresenta todas as calibracdes propostas para o método do Al na
hornblenda e a calibracdo de Anderson & Smith (1995), mostrando o efeito da
temperatura no conteddo de Al e na pressdo, incluindo também métodos
anteriormente propostos. A tabela 1 apresenta um sumario de todas as equacfes

propostas para o método.
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Figura 3: Diagramas de P versus Al (total) nas hornblendas: (a) Comparacao dos métodos
geobarométricos do Al na hornblenda propostos por diferentes autores, e (b) Calibracdo do barémetro
Al na hornblenda proposta por Anderson & Smith (1995). Modificado de Anderson & Smith (1995).

Tabela 1: Equacdes dos métodos de geobarometria do Al na hornblenda e seus respectivos autores.

Equacéo Autor Equacéo

P (4 3 kbar) = —3,92 + 5,03 AlTotal (Hammarstrom & Zen, 1986) (1)

P(+ 1 kbar) = —4,76 + 5,64 AlTotal (Hollister et al., 1987) (2)

P(+ 0,5 kbar) = —3,46 + 4,23 AlTot (Johnson & Rutherford, 1989) (3)

P(+ 1,0 kbar) = —6,23 + 5,34 AlTot (Thomas & Ernst, 1990) (4)

P(+ 0,6 kbar) = —3,01 + 4,76 AlTot (Schmidt, 1992) (5)

[T(°C) — 675]
P(+ 06 kbar) = 4,764l - 3,01 - { 85 } (Anderson & Smith, 1995) (6)

x {0,530A41 + 0,005294[T(°C) — 675]}

1.3.2. Método geotermométrico do anfibélio-plagioclasio (amp-pl)

Este geotermdmetro, proposto por Blundy & Holland (1990), € um método
semiempirico criado a partir de dados experimentais ja disponiveis de assembleias
com anfibdlio + plagioclasio em rochas saturadas em silica. E baseado na
dependéncia da temperatura na substituicdo do AlV e na sua ligacdo com o sitio A
(figura 3). Esta substituicdo ocorre segundo o vetor NaAlVo.1Si1 e pode ser descrita
por reacdes entre anfibolio, quartzo e albita conforme abaixo (Eq. 11 e 12).

Edenita + 4 quartzo < tremolita + albita (12)
Pargassita + 4 quartzo < hornblenda + albita (12)

A temperatura é calculada conforme a equacao abaixo e o erro associado ao

método é de = 38°C.
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= e
0,0429-0,008314 InK

0,667P—48,98+Y Si—4) Plag
X 13
(8—Si Ab (13)
onde Si € o numero de atomos por unidade de féormula no anfibdlio, P € a presséo
em kbar e T, a temperatura em K. A varidvel Y é expressa de acordo com as

condicionais abaixo (Eg. 14 e 15).

Y = 0para Xy, > 0.5 (24)
Y = —8,06 + 25,5 (1 — X,,)% para X, < 0,5 (15)
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Figura 4: Relacéo das substituicdes ocorridas no vetor NaAlvo.1Si.1 nos anfibélios nos anfibélios
sintéticos usados na constru¢do do método Amp-PI de Blundy & Holland (1990): (a) Relagéo do Alv e
Na* e (b) da o” (vacancia) e Si, em apfu (dtomos por formula unitaria).

Para a utilizacao deste termdmetro, algumas condi¢bes sdo recomendadas:
intervalo de temperatura de 500-1100 °C, teor de Siamp < 7,8 (apfu) e Xan < 0,92.

Holland & Blundy (1994) propuseram dois termdmetros baseados nas reacfes
edenita-tremolita (Eg. 11) e edenita-richterita (Eq. 16) para assembleias com e sem
quartzo, respectivamente. As equacdes para o calculo das temperaturas se encontram
nas equacodes 17 a 22.

Edenita + albita < richterita + anortita (16)

_ =76.95+0.79P+Y qp+39.4 X, +22.4 Xf+(41.5-2.89P). X} 1

T, =
4 27.xAxL1 .Xpéag
—0.0650—R.In y —
256 XNa-Xal

(17)

Onde o termo Y,;, é dado por:
Para X,, > 0,5;entdo Y,, =0 (18)
Sendo, Y,;, =12,001 —X,,) — 3,0k (29)
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_ 78.44+Y gp_qn—33.6 XNt —(66.8-2.92P) X {2 +78.5X 1} +9.4X{i,

Ip = 27.xM4 xT1 xplag (20)
0.0721-R.In Na' —5i—an
(64. xMaxT1, XZZag >
Onde o termo Y,;,_,, € dado por:
para X,, > 0.5, entdo Y,,_,n» = 3,0 kJ (21)
SendoY,,_,, =12,002X,, —1) +3,0kJ (22)

Anderson (1996) sugere que os resultados obtidos pela reacdo edenita-
richterita sdo considerados mais confiaveis pois reproduzem mais precisamente as

temperaturas obtidas por outros termoémetros.
1.3.3. Método geotermobarométrico do Zr na titanita (Zr-ttn)

Este método foi proposto por Hayden et al. (2008) e se baseia na substituicao

do Ti** pelo Zr** na titanita, segundo equacéao (Eq. 23) de equilibrio abaixo:
CaTiSi05Titanita + ZrSiO4Zircéo < CaeriO5Titanita + TiOZRutilo + SiOZQuartzo (23)

O método foi desenvolvido por meio de experimentos utilizando cristais de
titanitas sintéticas cristalizadas na presenca de zircéo, quartzo e rutilo, em condicées
de presséo variando de 1 a 2,4 GPa e temperaturas de 800 a 1000 °C. Com os
resultados, estabeleceu-se uma relagéo logaritmica linear entre concentracdo de Zr

(em ppm), pressao e temperatura (Eg. 24).

7708(+101) P(GPa)
T - 960(i10) TK) - log(aTl-oz) -

log(asio,) (24)

Zrt™, ppm) = 10,52(40,10) —

Rearranjando a equacéo acima (Eq. 24), temos a equagao para a determinagao
da temperatura por este método (Eq. 25), onde “T” é a temperatura em °C, “P” é a
pressao em GPa e “a” é a atividade da fase mineral. A concentracido de Zr e inserida

diretamente na equag&o em partes por milhao (ppm).
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[7708+960P]
[10,52-l0g(ari0,)-log(asio,)-log(ppm Zr titanita)]

T(°C) =

—273 (25)

Apesar de a calibracdo desta equacao ter sido feita assumindo que os valores
de arip, = asio, = Acarisios = 1, indicando a presenca de zircéo, quartzo e rutilo na sua
composi¢cdo mineraldgica, esta equacao pode ser utilizada em assembleias onde o
rutilo e o quartzo ndo coexistem com a titanita. Nesta situacao, os valores de ar;o, €
asio, Sao desconhecidos, mas podem ser utilizados valores de referéncia da
bibliografia.

Hayden et al. (2008) sugerem que a ar;,, para a maioria das rochas
magmaticas existentes hoje, geralmente, é igual ou superior a 0,6. Chambers & Kohn
(2012), para o uso de geotermdmetros de elementos tragos em rochas metamorficas,
sugerem valores de 0,80 (metapelitos) e 0,95 (anfibolitos). O impacto da utilizacéo de
um valor de ar;, = 1 para rochas com valores de, por exemplo, ar;o, = 0,5; pode
superestimar a temperatura em ndo mais do que 75 °C (Hayden & Watson, 2007).

Na construcdo do método, foi levado em consideracdo substituicbes que
ocorrem frequentemente nos cristais de titanita, como a entrada de Al** e Fe3* no sitio
do Ti** e consequente entrada do F- ou OH, e de ETR3®" no do Ca?*, segundo os
mecanismos propostos (Higgins & Ribbe, 1976; Ribbe, 1980) apresentados nas
equacles 26 a 29 abaixo. Os efeitos destas substituicbes foram avaliados por meio
de experimentos na presenca e auséncia de ETR3* e AI**, separadamente (Figura 4).
Os experimentos com ETR3* mostraram que o conteido de Zr na presenca destes
elementos é ligeiramente menor que os experimentos analogos sem ETR?3*, ndo
havendo, contudo, nenhuma correlacdo entre o conteiddo de ETR e Zr. JA4 nos

experimentos com AlI¥* e F-, mostram um enriguecimento no contetdo de Zr.

Ti** + 0% o ABY*+ (F~+ OH™) (26)
(Al Fe)3t + ETR3* & Ca?* + Ti** (27)
Fe2* + ETR3! & Ca3} + Tit* (28)

2ETR3* & Ca?* + O (vacancia) (29)
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Figura 5: Efeito das substituicGes (ETRs e F+Al) e presenca/auséncia de rutilo na captagcéo de Zr na
titanita em experimentos a 1.000 °C e 1 GPa (Hayden et al., 2008).

O uso deste geotermobarémetro comparado com outros métodos baseados na
guimica mineral possui algumas vantagens como a necessidade de analisar uma fase
Unica e da a sua sensibilidade da temperatura em relacao ao contetdo de Zr, pois é
necessaria uma grande variagcdo no conteudo de Zr para se obter uma pequena
mudanc¢a na temperatura. Outra vantagem é a capacidade de registro da historia
térmica a que o mineral foi submetido durante a sua cristalizacdo, devido a sua baixa

difusividade de cétions em resposta as mudancas de temperatura.

1.3.4. Método da saturacao do zircao (Sat-Zir)

A temperatura de saturaracédo do zircao pode ser calculada com base no teor
de Zr (ppm) na rocha total. A calibracdo proposta por Watson & Harrison (1983) foi
obtida por meio de experimentos hidrotermais em um intervalo de temperatura de 750
a 1020 °C e pressoes de 1,2 a 6,0 kbar. Foram utilizados vidros de composicéo
andesiticas e peliticas com 1,0 a 1,5 % de ZrOz dissolvido como material inicial destes

experimentos e foi proposta a equacgéo 30.

[nDZT.zircao/liquido — {-3,80—-1[0,85(M — D]} + 12.900/T (30)

onde D#rzircdolliquido & g raz&0 da concentracdo de Zr em ppm no zircdo (~ 476.000 ppm)

7

para aquela no liquido saturado; M é um fator composicional que considera a
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dependéncia da solubilidade do zircdo em SiO2 e em liquido peraluminoso (Eq. 31); e

T é a temperatura em K.

Rearranjando a equacéo 29, temos a tempertura T em evidéncia:

Tz = 12.900/[2,95 + 0,85M + In(496.000/Zriqi40) | (31)

O fator composicional M é dado pela equacao 32 abaixo.

M =[(Na+K +2.Ca)/(ALSD)]

(32)

O método foi calibrado para valores de M variando de 0,9 a 1,9, ndo se

aplicando, contudo, a rochas peralcalinas.

Boehnke et al. (2013) fizeram uma revisao da calibracdo utilizando um novo

estilo de dissolucdo do zircdo em experimentos até pressdes mais altas do que

anteriormente realizados (até 25 kbar). Confirmaram o parametro composicional M

(Eg. 32) ja anteriormente proposto por Watson & Harrison (1983) e obtiveram a

equacao abaixo para o calculo da temperatura (Eq. 33).
InD,, = (10.018 + 32)/T(K) — (1,16 £ 0,15)(M — 1) — (1,48 + 0,09) (33)

A figura 5 apresenta uma comparacdo na curva de calibracdo e da influéncia

do parametro composicional M na temperatura em ambos 0os métodos.
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Figura 6: Comparagéo das calibracdes do método da saturacédo de Zr. Em (a), curva construida com M
(= 1,4) constante; e em (b), com [Zr]sat (= 150 ppm) constante. Linhas superiores e inferiores
representam uma incerteza de 5% (modificado de Boehnke et al., 2013).



28

1.3.5. Aplicacdes

Os métodos geotermobarométricos tem sido usados em diversos
trabalhos a fim uma melhor compreenséo das evolucao tectonica em diversas regiao
do mundo (Corrie et al., 2009; Fanka et al., 2018; Jiang & Lee, 2017; Szymanowski et
al., 2017; Yousefi et al., 2017) e também do Brasil (Alves, Janasi, & Campos Neto,
2016; Brasilino, Sial, Ferreira, & Pimentel, 2011; Coelho et al., 2017; Neves et al.,
2015; Valladares, Duarte, Machado, Viana, & Figueiredo, 2017; Vinagre, Trouw,
Mendes, & Ludka, 2014). Os dados obtidos dos geotermobarémetros sao utilizados
tanto em rochas igneas e metamorficas, quanto em sedimentos (Jiang & Lee, 2017),
sendo também utilizados em conjunto com dados geocronoldgicos, como U-Pb em
zircdes (Fanka et al., 2018; Li et al., 2018) e em titanitas (Szymanowski et al., 2017),
e Lu-Hf em granadas (Corrie et al., 2009).

Fanka et al. (2018) utiliza os métodos Al na hornblenda e hornblenda-
plagioclasio em granitos calcico-alcalinos da area de Wang Nam Khiao, em Nakhon
Ratchasima, no nordeste da Tailandia. Os métodos foram utilizados para a obtencéo
da profundidade de cristalizacdo destes granitos. A profundidade da intrusao foi
calculada usando a equacédo P = pgh [P = pressao (GPa), p = densidade da crosta
continental (2,73 kg/cm?), g = gravidade especifica (10,0 m/s?), h = profundidade (km)].
Os autores obtiveram pressdes de 3,0-5,8 kbar que equivalem a uma profundidade de
15 + 3 km para o hornblenda granito do permiano superior e de 2,0-3,2 kbar, que
equivale a 10 £ 1 km para o biotita granito do tridssico. As temperaturas, calculadas
com base no geotermémetro amp-plag, foram de 700-820°C para o Hornblenda
Granito do permiano superior e de 600-750°C para o Biotita Granito do triassico. Tanto
as profundidades calculadas quanto as temperaturas foram compativeis com crosta
superior e média. Em conjunto com petrografia, quimica mineral, geoquimica e
geocronologia, estes métodos foram utilizados a fim de entender a evolucgéo tectbnica
da regido composta por um arco magmatico relacionado a uma zona de subduccgéo
do Paleo-Thetys abaixo do terreno de Indochina durante o carbonifero
superior/permiano inferior, permiano superior e triassico médio.

Yousefi et al. (2017) obtiveram as condi¢cbes de temperatura e pressao de
rochas adaquiticas do cinturdo magmatico de Turud-Ahmad, no sul-sudeste de
Shahrood, no nordeste do Ird, também com os métodos de geotermobarometria em
anfibélios. As rochas estudadas constituem em uma sequéncia vulcanica e

vulcanossedimentar do paleoceno a eoceno meédio. A geotermobarometria sugere
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temperaturas de cristalizagcdo de 850-1050 °C, a 2-6 kbar e temperaturas de 920-970
°C, a pressoes de 3-4,5 kbar. Segundo o autor, estas condi¢cdes sdo compativeis com
as condicdes de formacéo de andesitos e dacitos. Em conjunto com condi¢des de T-
P nos piroxénios pelos métodos de Putirka et al. (2003) e Putirka (2008), com
temperaturas e pressoes de cristalizagéo dos clinopiroxénios de 1020-1170 °C, a 2-
10 kbar, o estudo indica uma profundidade de cristalizacdo na crosta de no maximo
30 km, dados estes que ajudaram a caracterizar o ambiente tectbnico de formacéao
das rochas relacionadas a subducc¢éo da placa oceanica Sabzevar-Darouneh Neo-
Tethyan abaixo da crosta continental da por¢ao norte da zona estrutural norte do Ira.

O método do Al na hornblenda foi utilizado em sedimentos de bacia de antearco
cretaceos do sul da Califérnia, em estudo para a reconstrucdo da histéria do batolito
Peninsular Ranges (Jiang & Lee, 2017). O batdlito € constituido por rochas plutbnicas
gabrdicas a graniticas desenvolvidas durante a subducc¢éo da placa oceanica Fallaron
intrudidas durante o Jurassico médio em rochas metassedimentares Paleozoico-
Juréassicas. O método Al-hornblenda foi empregado em hornblendas detriticas, que se
caracteriza por ser um desafio & medida que o contexto original da rocha (paragénese
mineral), importante para o método, é perdida durante os processos sedimentares. As
pressfes calculadas para as hornblendas detriticas da bacia de antearco
apresentaram uma distribuicdo de frequéncia unimodal, indicando que os plutons
erodidos foram posicionados a uma profundidade preferencial de 10-15 km, em
sedimentos de diferentes idades e também do pluton exposto.

Corrie et al. (2009) utilizaram o geotermobarébmetro do Zr na titanita em
amostras de eclogitos da Sequéncia Greater Himalayan, em Arun Valley, no leste do
Nepal. O estudo utilizou o método do Zr na titanita em conjunto com métodos
barométricos convencionais e geocronologia, buscou estabelecer a trajetéria P-T-t das
amostras e as suas implicagdes na tectonica da regido. A partir dos dados, foram
identificados trés episédios metamdérficos para o eclogito. O primeiro evento, com
idade de 23-16 Ma, com temperatura de ~670 °C e pressao =15 kbar, um
metamorfismo de facies eclogito; um segundo, um evento de ~780 °C e 12 kbar, de
facies granulito; e um terceiro, de ~675 °C e de 14 a 12 kbar, um estagio final do
metamorfismo de facies anfibolito. Com estes dados, os autores propuseram trés
diferentes modelos geotectdnicos para a regiao.

Szymanowski et al. (2017) utilizaram o método do Zr na tintanita, em conjunto
com outros meétodos termomeétricos e geocronoldgicos, em estudo buscando entender

as condicdbes de armazenamento, os fendmenos de reaquecimento e o0s de
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rejuvenescimento de reservatorios de magmas que originaram grandes erup¢oes do
Kneeling Nun Tuff, no Novo México (EUA). O estreito intervalo de temperatura de
cristalizacdo da titanita obtido pelo método, com média em 726 + 32 °C, foi
interpretado como sendo gerado a partir de um evento de reaquecimento e
rejuvenescimento do sistema antes da erupcdo. Junto com dados de outras
localidades onde ocorreram grandes erupcfes, foi possivel para os autores
demonstrarem que este rejuvenescimento pré-erupcdo € um processo comum a
muitos reservatorios.

Alves et al. (2016), buscando identificar a fonte que gerou os granitos do
Terreno Umbu, do Cinturdo Ribeira, de idade neoproterozoica, utilizaram o método
geotermomeétrico da saturacao do zircao (Watson & Harrison, 1983) a partir dos dados
de quimica de rocha total em conjunto com geoquimica de isétopos. Para este
magmatismo, que durou cerca de 200 Ma (810-580 Ma), foram obtidas temperaturas
de 850 a 870 °C, para biotita granitos mais diferenciados, até 750 °C nos muscovita
granitos, cujas temperaturas sdo consistentes com uma fusdo por desidratacao

associada a desestabilizacdo da biotita e da muscovita.

2. METODOLOGIA

O presente trabalho foi realizado com amostras de um gnaisse e onze
granitoides da regido de Porto Alegre, utilizando tanto dados obtidos em laboratério
para este estudo, como também dados retirados de publicacdes na mesma regiao de

interesse.

Os detalhes da escolha das amostras, da preparacao e das técnicas utilizadas
na obtencdo dos dados, e das calibracbes escolhidas para os calculos da

geotermobarometria destas amostras encontram-se nos préximos capitulos.

2.1. Amostragem

Atabela 2 apresenta as unidades geoldgicas encontradas na regido de estudo
e a selecdo das amostras para a utilizacdo destes métodos. Para a determinagao das
condicdes de pressdo e temperatura via quimica mineral, foram selecionadas
amostras da regido de Porto Alegre que possuissem, em sua COMpPOSIGA0
mineraldgica, minerais passiveis de realizar a geotermobarometria por um ou mais
dos trés métodos selecionados para este estudo (discutidos nas se¢fes 1.3.1. a 1.3.3
deste texto), sendo eles: o método do Al na hornblenda (Al-Hbl), o da particdo do Al
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na hornblenda, o do anfibdlio-plagioclasio (Amp-PI) e o do zircbnio na titanita (Zr-Ttn).
Além disso, foram coletados dados de analises de rocha total em publicacdes da
regido de interesse para a aplicacdo do método de geotermometria de saturacédo do
zirconio (Sat-Zir).

Tabela 2: Amostras selecionadas e métodos de geotermobarometria utilizados.

Métodos de geotermobarometria

Suite/Complexo Litodema Presséo Temperatura
Al-Hbl  PlI/Amp Amp-PI Amp Zr-Ttn  Sat-Zir
Granito X X

Independéncia

Gnaisse Chacara
das Pedras

Suite Intrusiva  Granito Feijo X
Porto Alegre Granito Lami X X
(SIP) Granito Sao Pedro X X
Granito Restinga X
Granito Sdo Caetano X X X X X X
Granito Santana X X
Suite Intrusiva  Granito Cantagalo X

Itapud (SlII) Granito Santo
R X

Antonio

Suite Intrusiva  Granito Saint Hilaire X X X X X X
Viam&o (SIV)  Granito Pitinga X X
X

2.2.Petrografia e planejamento para microssonda eletronica

A petrografia das amostras selecionadas e as imagens de microscopia Optica
foram realizadas em microscopio trinocular da marca Zeiss modelo Imager M2m do
Laboratério de Microssonda Eletrdnica. O equipamento conta com camera acoplada,
modelo AxioCam MR R3, objetivas com aumentos de 2,5 a 50x, oculares com
aumento de 10x e software para aquisicdo das imagens Zen lite (versao de 2012). A
selecéo dos graos para as analises foi realizada com auxilio de imagens e aquisicéo
de coordenadas no charriot, com posterior conversao para o sistema de coordenadas

utilizado na microssonda, com auxilio de pontos de referéncia coletados nas amostras.
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Figura 7: Microscopio petrografico utilizado para petrografia e planejamento dos pontos para
microssonda eletrdnica.

2.3. Preparacao das amostras

Para analise em microssonda eletronica, é necesséario que a superficie da
amostra seja plana e esteja eletricamente condutora. Para isso, as laminas
petrogréficas foram polidas com pastas de diamante de 6, 3, 1 € ¥ um em politriz
semiautomatica rotativa marca Buehler, modelo Minimet 1000 (figura 7a). Apos o
polimento, as amostras foram limpas com agua e sab&o neutro e depois com alcool,
com auxilio de um ultrassom para a remocao de residuos do polimento e do manuseio
da amostra (figura 7b), e deixadas na estufa em temperatura na faixa de 40 a 50 °C
para secagem da superficie (figura 7c).

Para tornar a superficie da amostra condutora, as amostras foram recobertas
com um filme de carbono com espessura de 20 nm. Este procedimento foi realizado
em metalizadora da marca Jeol, modelo JEE 4B (figura 8a) com vacuo da ordem de
103 mbar, com o auxilio de bombas mecanica e difusora. O equipamento funciona
com o uso de bast6es de grafite para a evaporacao do material sobre a superficie das
amostras (figura 8b). O carbono evapora no contato entre os eletrodos (bastbes) com
a passagem de corrente elétrica de aproximadamente 45 A por eles. A espessura foi
controlada pela cor violeta em placa de latdo. Apds, as amostras foram

acondicionadas em dessecador a vacuo até o momento da analise (figura 8c).
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Figura 8: Etapas e equipamentos utilizados na prepara¢do das amostras: (a) politriz semiautomatica
rotativa, pastas de diamante de diferentes granulometrias, panos para polimento fino e microscopio de
luz refletida para acompanhamento do processo; (b) banho de ultrassom e reagentes utilizados na
limpeza; e (c) estufa de esterilizag&o e secagem.

Figura 9: : Equipamento utilizado para a metalizacdo das amostras: (a) metalizadora Jeol modelo JEE
4B, (b) detalhe dos eletrodos de carbono e placa de latdo posicionados na metalizadora, e (c)
dessecador a vacuo tipo dry box para armazenagem das amostras.
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2.4.Microssonda eletronica

As imagens de microscopia eletrbnica, analises quantitativas e mapas
composicionais foram realizadas no Laboratério de Microssonda eletrénica do Centro
de Estudos em Petrologia e Geoquimica (CPGq), do Instituto de Geociéncias da
UFRGS. O equipamento utilizado foi uma microssonda eletrénica da marca Cameca
e modelo SXFive (Figura 9) que contém cinco espectrébmetros WDS (wavelenght
dispesive spectroscopy), detector de EDS (energy dispesive spectroscopy),
microscopio oOptico com luz refletida e transmitida (natural e polarizada), imagens
eletrbnicas de elétrons secundarios e retroespalhados, e catodoluminescéncia. Os
cristais disponiveis sdo o TAP, PET, LEPT, LIF e LLIF, além dos pseudocristais PC1,
PC2 e PC3 para analise de elementos leves.

o n".{“v,'g,;r,-_  an

Figura 10: Microssonda eletrdnica Cameca SXFive utilizada nas analises quantitativas.

As analises pontuais de anfibdlio, biotita, plagioclasio e K-feldspato foram
realizadas com tenséo de 15 kV, corrente de 15 nA e diametro do feixe de 5 um. Os
padrdes utilizados foram: sanidina para Si, Al e K, albita para Na, diopsidio para Mg e
Ca, hematita para Fe, Cr203 para Cr, rodonita para Mn, rutilo para Ti. Os tempos de
contagens foram de 20 s no pico e 10 s no background e os cristais utilizados foram o
TAP, para Si, Mg, Al e Na; o PET, para Ca, Cr, Tie K; e o LIF, para Fe e Mn.
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As andlises de titanita foram realizadas em trés condi¢des analiticas distintas:
uma em 15 kV e 20 nA para a aquisi¢cdo do Si, Ca, Ti, Al, Fe, Mg, Mn, Na e Cr; outra
também em 15 kV, mas com corrente de 100 nA para a aquisi¢do do F, Nb, Y, Ce, La,
Nd, Pr, Sm e Th; e uma terceira em 20 kV e 200 nA para a aquisi¢cdo do Zr, elemento
traco de interesse para a geotermobarometria. Os padrdes utilizados para a calibracao
foram a wollastonita para Ca e Si; a olivina para o Fe; a sanidina para o Al; o zircéao
para Zr; o NdPO4 para Nd, o CePO4 para o Ce, 0 LaPOgspara o La, o PrPO4 para o Pr,
a granada com Y e Al para Y; e a fluorita para o F. O tempo de contagem no pico foi
de 20 s para todos os elementos, exceto F e Zr. O F foi adquirido em 2 espectrometros,
simultaneamente, com tempo de 60 s cada. O tempo de contagem para 0S
backgrounds foi a metade do tempo utilizado nos picos. Os cristais utilizados foram o
TAP para Si, Al, Mg, Na, F, P e Y; PET para Ti, Ca e Nb; LIF para o Fe, Mn, Ce, La,
Pr, Nd e Sm. A determinacéo do Zr foi realizada com a aquisicdo simultanea de 3
espectrometros, utilizando cristais PET e LPET, com tempo de contagem de 60 s a
300 s e a metade em cada um dos backgrounds, obtendo limites de detec¢éo de ~70
a ~30 ppm, respectivamente. Os pontos analisados encontram-se nos anexos B a F
desta dissertacéo.

Foram realizadas andlises tanto no centro quanto nas por¢des intermediarias e
nas bordas dos grdos. Para as analises das hornblendas e plagioclasios utilizadas
para geotermometria, foram realizados pontos em locais onde estes minerais ocorriam
adjacentes um ao outro. Para a geobarometria, foram analisadas as bordas dos gréaos
das hornblendas em contato com diferentes minerais (plagioclasios, quartzo, biotitas,
K-feldspatos), conforme indicacdes do método geobarométrico Al na hornblenda
(Hammarstrom & Zen, 1986). Nas analises das titanitas, foram realizados pontos do
centro para a borda, obedecendo as zonag¢des do mineral, evidenciadas por imagens
de elétrons retroespalhados, com pelo menos 3 pontos em cada zona. Foram
analisados em média 5 graos de titanitas por amostra.

As imagens de elétrons retroespalhados foram obtidas com tensao de 15-20 kV
e correntes de 100-200 nA. Foi utilizado ainda recurso de processamento de imagens
para obtencao de maior contraste na imagem para evidenciar a zonacgao dos graos de
titanita.

Os mapas composicionais foram realizados com tensdo de 15 kV e corrente de
100 nA. No mapeamento das titanitas, o Si, Ti, Ca, Fe e Al foram adquiridos usando o
detector de EDS; e Ce, Nd, Y e Nb foram adquiridos usando os cristais TAP, PET,
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LPET e LIF, nos detectores de WDS. O tempo de aquisicéo foi de 50 ms e o step size
foi de 0,5 pm.

A correcao de matriz utilizada nas analises quantitativas foi a PAP (Pouchou &
Pichoir, 1991) e o software utilizado nesta corre¢do, bem como nos processamentos
das imagens eletrénicas e dos mapas composicionais foi o PeakSight versdo 5.1 da

Cameca.

2.5.Quimica mineral

A classificacdo dos anfibélios, bem como o célculo da férmula do mineral foi
realizada conforme recomendacdes do IMA 1997 (International Mineralogical
Association) (Leake et al., 1997). A férmula foi calculada com base em 23 oxigénios e
a normalizacéo para a estimativa do contetido de Fe3* foi feita com base em 13 céations
(excluindo K, Na e Ca).

Os plagioclasios e K-feldspatos foram classificados conforme diagrama ternario
An-Ab-Or e as férmulas foram calculadas com base em 32 oxigénios com todo o Fe
foi assumido para sendo Fe?*.

As biotitas foram calculadas com base em 22 oxigénios, todo o Fe foi assumido
como Fe?* e a porcentagem em peso de agua foi calculada estequiometricamente
assumindo OH igual a 2 na formula. A classificacdo composicional foi realizada com
base nos diagramas de Speer (1984) e Foster (1960). Foram utilizados ainda
diagramas de discriminacgéo de biotitas primarias e secundarias de Nachit et al. (2005)
e de séries magmaticas de Abdel-Rahman (1994).

A formula da titanita foi calculada segundo Franz & Spear (1985). O calculo foi
feito com base em um total de 3 cétions, pois, segundo os autores, o contetdo de
oxigénio é variavel devido a substituicdo do Ti e O por (Al, Fe3) e (OH, F),
respectivamente. No célculo, todo o Fe foi assumido como Fe3*, a proporcédo de OH
foi calculada assumindo que todo OH e F estdo relacionados com a entrada do Fe3*
e Al no mineral, e o oxigénio foi calculado com base no balanco de cargas, conforme
as equacOes 34 e 35 abaixo. Para a caracterizacdo quimica envolvendo as
substituicGes na titanita, foi utilizado diagrama composicional dos termos CaTiSiOs —
CaAlSiO4(OH) — CaAlSiO4(F) (Franz & Spear, 1985) e outro com conteudo dos
elementos lantanideos leves (La, Ce, Nd, Pr, Sm) e Y (Fleischer, 1978).

OH = (Al + Fe3*) — F (34)

0 = [(3 cargas de cations) — OH — F]0.5 (35)
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As abreviaturas dos minerais utilizados neste trabalho seguem as

recomendacdes de Whitney & Evans (2010).

2.6.Calculos de geotermobarometria

Neste estudo, foi utilizada a quimica mineral e de rocha total para a
determinacdo das condi¢cbes de pressao e temperatura das amostras. A quimica da
hornblenda foi utilizada como indicador de pressdo e temperatura. Para a
determinacdo da temperatura a calibracdo utilizada foi a da edenita-richterita do
método anfibdlio-plagioclasio de Holland & Blundy (1994), conforme indicacdo de
Anderson (1996). A pressao utilizando este mineral foi determinada pelo método Al na
hornblenda, utilizando duas calibracfes distintas. A primeira, de Schmidt (1992), foi
utilizada somente como valor inicial de presséo para a equacéo de temperatura do
método anfibdlio-plagioclasio. Apés, foram realizadas 7 interagdes entre as equacdes
de Holland & Blundy (1994) e de Anderson & Smith (1995) para a obtencdo das
temperaturas e pressoes, respectivamente, utilizadas neste trabalho.

O geotermobarémetro do Zr na titanita foi calculado usando a calibracdo de
Hayden et al. (2008). Nas amostras utilizadas neste trabalho, todas tém a presenca

de quartzo na sua composicao e auséncia de rutilo. Assumiu-se entao valores de ag;o,
igual a 1 e de arjp, igual @ 0,6 para todas as amostras.

Com dados de fluorescéncia de raios X, o método de saturacdo do zircao
(Watson & Harrison, 1983) foi utilizado para determinar a temperatura. Os dados das

analises de rocha total foram retirados de Oliveira et al. (2001) e Philipp et al. (2004).
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Abstract. The northeast of the Dom Feliciano Belt comprises post-transcurrent granitic
rocks of high K-alkaline and alkaline affinity, and tonalitic gneissic rocks of amphibolite-
calcium-alkaline affinity. In order to obtain data regarding the formation conditions of
these rocks, geothermobarometric methods based on mineral chemistry and bulk-rock
geochemistry were applied. The mineral chemistry of the amphiboles of the gneiss rocks
(Fe-hornblende to Fe-tschermakite) registered a change in pressure conditions that were
interpreted as having an igneous core, with temperatures, pressures and depths,
respectively, from 710 to 760 ° C, 3.4 to 3.9 kbar and 12 to 14 km; and a metamorphic
rim of 690 to 760 ° C, 4.8 to 7.7 kbar and 18 to 28 km. The mineral chemistry of granite
amphiboles (Mg-hornblende) recorded temperatures from 659 to 759 and pressures from
3.210 5.0 kbar, with depths from 11 to 18 km. The temperatures obtained based on the Zr
content in titanite registered events between 607 to 881 ° C, which were interpreted,
together with petrographic observations, as having both a magmatic (700 - 881 ° C) and
post-magmatic origin (<700 ° C), both with different chemical characteristics.
Keywords. Geothermobarometry, mineral chemistry, amphibole, titanite.

1 Introduction

Geothermobarometric methods based upon mineral and bulk-rock chemistry
are used to establish conditions of P and T, thus aiming at better comprehending processes
involved in the tectonic evolution of a given area (Corrie et al., 2009; Alves et al., 2016; Jiang
and Lee, 2017; Szymanowski et al., 2017; Yousefi et al., 2017; Fanka et al., 2018). For the
neoproterozoic granites and gneiss located at the northeast of the Dom Feliciano Belt, the only
mineral chemistry and geothermobarometry data published comes from Oliveira et al. (2001),
but the region still remains relatively poor in terms of more thorough data.

Geothermobarometers based upon mineral chemistry of amphibole and titanite, and in

bulk-rock chemistry were utilized with the purpose of characterizing the pressure and
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temperature conditions of rocks from this region. This information, in turn, served as basis for
inferences regarding the metamorphic process that took place in the area, as well as the

petrologic and geotectonic evolution of the area in question.

2 Study Area

The Sul-rio-grandense Shield has been the object of study of countless field, isotope,
geochemistry, geophysical and structural works (e.g. Fernandes et al., 1995a, 1995b; Philipp,
1998; Bitencourt and Nardi, 2000; Saalmann et al., 2005; Hartmann et.al., 2016) upon which
its geologic units were designated in many different ways, giving rise to rather distinct models
of geotectonic evolution (Ribeiro and Fantinel, 1978; Fragoso Cesar et al., 1986; Fernandes
et al., 1995a, 1995b; Hartmann et al., 2007; Saalmann et al., 2011; Chemale et al., 2012,
Ramos et al., 2017; Hueck et al., 2018).

The shield can be divided into a cratonic portion, The Rio de la Plata Craton, and the
Dom Feliciano Belt, which is further segmented into four distinct domains: a) The Western
Domain or Vila Nova Terrane, b) the Central Domain or Tijucas Terrane, c) the Eastern
Domain, Pelotas Terrane or Pelotas Batholith and d) the southeast Domain or Punta Del Este

Terrane (figure 1).
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Figure 1. Simplified geological map of the tectonic divisions of the Sul-rio-grandense Shield,

its limits and the location of the study area, the region of Porto Alegre.
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Rocks belonging to the paleoproterozoic Santa Maria Chico Granulitic Complex,
interpreted as record from a 2.4 Ga magmatic arc (Nardi and Hartmann, 1979; Girelli et al.,
2018), make up the majority of the western Rio de la Plata Craton. The remaining units present
in the Sul-rio-grandense Shield belong to the neoproterozoic Dom Feliciano Belt, which is
separated from the cratonic area by the geophysical discontinuity known as the Ibaré
Lineament or S&o Gabriel Suture.

From a geologic standpoint, the geophysical domains present in the Dom Feliciano
Belt can be simplified as:

a) Vila Nova Terrane, limited to the west by the craton, is composed mainly by igneous
and metamorphic rocks related to two magmatic arc provinces, as well as fragments from
ocean floor and associated basins (Silva Filho and Soliani Junior, 1987; Kraemer, 1995; Leite
et al., 1998);

b) Tijucas Terrane, in contact with the Vila Nova Terrane by means of the Cagapava
Suture, where metasedimentary rocks associated to back-arc and/or forearc basin, as well as
orthoderived paleoproterozoic rock fragments dominate (Porcher et al., 1999; Remus et al. ,
2002; Gregory et al., 2017);

c) Pelotas Terrane, with contact to the Tijucas Terrane defined by the Porto Alegre
Suture (and/or Dorsal de Cangucu Shear Zone). This domain is predominantly formed by
criogenian granitoid rocks related to a magmatic and/or post-collisional arc and intense
magmatism associated to shear zones (Philipp, 1998; Bitencourt and Nardi, 2000; Koester,
2002).

d) Punta Del Este Terrane, marked by a contact to the Pelotas terrane by means of the
Arroio Grande Suture, is made up by metasedimentary rocks associated to back-arc and/or
forearc basins, as well as ocean floor fragments and tonian neoproterozoic rocks of para- and
orthoderivation related to a magmatic arc (Lenz et al., 2013; Cruz et al., 2019; Peel et al.,
2018; Ramos et al., 2018).

At the end of the neoproterozoic (< 600 - 550 Ma) a variety of plutonic bodies
systematically intrude the Sul-Rio-Grandense Shield as a whole (e.g. Santo Afonso Granite—
Rio de La Plata Craton (Camozzato et al., 2016); Cacapava do Sul Granite — Vila Nova
Terrane (Bitencourt and Nardi, 2000); Piquiri Syenite Massif — Tijucas Terrane (Stabel et al.,
2001); Capao do Ledo Granite — Pelotas Terrane (Silva, 2016); Bretanha Granite, Punta Del
Este Terrane (Cruz et al., 2019). Also at the end of the neoproterozoic and beginning of the

cambrian the deposition associated to the Camaqué Basin takes place above the shield
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sequence, as represented by expressive sedimentation and volcanism in its central-western
portion (Paim et al., 2000).

The pioneer studies about the geology of Porto Alegre were carried out by Schneider
etal. (1974), which presented a geological map of the location, with field descriptions of the
units observed. In it, the author recognized heterogeneous and homogeneous migmatites,
along with few granitic bodies interpreted to be younger in age in relation the former, such as
the Independéncia Granite, Ponta Grossa Granite and Santana Granite.

Only in the 90°s studies were once again executed in rocks of the Porto Alegre region,
with the regional geology work put forth by Philipp (1998), which evaluated rocks of this
location both petrographically, geochemically and in the field. In the same year, Menegat et
al. (1998) published the geological map of Porto Alegre, based upon field and petrographic
data. Both previously cited works negate the presence of migmatites in the area, describing
the rocks as gneisses of tonalitic composition, followed by the intrusion of countless younger
granitic pulses. The first plate tectonic perspective interpreted for rocks of the Porto Alegre
region was proposed by Menegat et al., (1998), where the Chacara das Pedras Gneiss and the
Trés Figueiras Granodiorite represent an ancient continental magmatic arc. The Lomba do
Sab&o Granite records a strike-slip event in the region, however the dominant rocks present
in the Porto Alegre area are granites interpreted as placed in a post-transcurrent environment
(e.g. Independéncia Granite, Saint Hilaire Granite, Cantagalo Granite).

At the beginning of the 2000s, the first geochronology (U-Pb SHRIMP) studies take
place, which dated the Santana Granite’s cristallization at 600 + 10 Ma (Koester et al., 2001).
Likewise, the first geochemical investigations in rocks of the region are published. Oliveira et
al. (2001) subdivides the post-transcurrent granites according to trace and major elements
into: a) Viamao Intrusive Suite (VIS), constituted by the Saint Hilaire Granite and Pitinga
Granite, b) Porto Alegre Intrusive Suite (PAIS), constituted by the Independéncia, Feijo,
Lami, S&o Pedro, Restinga and Sdo Caetano Granites and c) the Itapud Intrusive Suite (11S),
constituted by the Santana, Cantagalo e Santo Antdnio Granites (Figure 2). These suites are
interpreted as representing high-K calc-alkaline magmatism, with the exception of the 1IS,
whose geochemical signature is transitional to an alkaline series, possibly associated to a
thermal relaxation environment.

Published field and total rock chemistry studies carried out in the Gneisses of the
region were put forth by Philipp et al. (2004), where the tonalitic rocks were shown to display
medium-K calc-alkaline affinities, associated to a magmatic arc and metamorphosed up to the

amphibolite facies. These same gneisses were date by Koester et al. (2016), which published
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U-Pb SHRIMP crystallization ages of 777 + 4 Ma and metamorphism age of approximately
660 Ma.

Vieira et al. (2019) presented the most recent study in the region of Porto Alegre. The
author contends the presence of peraluminous magmatism, a feature not recognized in the
region up to that point and characterized the S&o Geraldo Granite (medium equigranular, with
primary biotite and muscovite, sometimes garnet and incipient milonitic foliation) as a sin-

transcurrent gran ite.
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Figure 2. Geological map from Porto Alegre region, NE of the Dom Feliciano Belt, RS
(modified from Oliveira et al., 2001).
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The rocks studied in the present work encompass the Chéacara das Pedras Gneiss and
the post-transcurrent granites. The Chécara das Pedras Gneiss is constituted by amphibole,
plagioclase, K-feldspar, biotite and titanite. It displays a nematoblastic texture due to
amphibole orientation, as well as a lepidoblastic texture due to the presence of biotite.

The VIS is composed by the Saint Hilaire Granite and Pitinga Granite, which exhibit
similar mineralogical composition but rather distinct textures. The Saint Hilaire Granite
displays porphyritic texture (K-Feldspar) and inequigranular, medium to coarse texture
composed by amphibole, biotite, plagioclase, K-feldspar, quartz, titanite and opaques. The
Pitinga Granite displays a porphyritic texture (K-feldspar) and fine matrix containing
plagioclase, K-feldspar, quartz, titanite, magnetite and biotite.

In the PAIS, the Independéncia Granite exhibits a coarse equigranular texture and is
composed by plagioclase, perthitic K-feldspar, biotite and quartz. The Feijo Granite
possesses an inequigranular, medium-to-coarse texture composed by K-feldspar, plagioclase,
quartz and biotite. The Lami Granite has an inequigranular, medium-to-coarse texture
composed by K-feldspar, plagioclase, biotite, quartz, epidote, titanite and opaques. The Sdo
Caetano Granite displays an equigranular medium texture and is composed by amphibole,
plagioclase, K-feldspar, biotite and quartz. The S&o Pedro Granite exhibits an
inequigranular, medium-to-coarse texture composed by K-feldspar, plagioclase, quartz and
biotite. Finally, the Restringa Granite displays a porphyritic texture with plagioclase
phenocrysts and medium-grained matrix composed by K-feldspar, biotite, quartz and
plagioclase.

In the 1IS, the Santo Antdnio Granite shows an equigranular, coarse texture
composed by perthitic K-feldspar, plagioclase, biotite and quartz. The Cantagalo Granite
displays equigranular coarse texture composed by K-Feldspar, plagioclase, biotite, quartz and
opaques. The Santana Granite shows an equigranular coarse texture and is made up by K-

feldspar, plagioclase, biotite and quartz.
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Figure 3. Photomicrographs of the (a) Chacara das Pedras Gneiss; (b) Saint Hilaire and (c)

Pitinga Granites, from the Viamao Intrusive Suite; (d) Independéncia, (e) Lami, (f) Sao
Caetano and (g) Séo Pedro Granites, from the Porto Alegre Intrusive Suite; and (h) Santana
Granite, from the Itapud Intrusive Suite. Mineral abbreviations (Whitney and Evans, 2010):
Hbl = hornblende, Pl = plagioclase, Mc = microcline, Kfs = K-feldspar; Bt = biotite, Mag =

magnetite, Ttn = titanite, lIm = ilmenite.

3 Methods

Thin-sections from seven granites and one gneiss were studied under petrographic
microscopy aiming at 1) the recognition of adequate mineral grains to be used as
geothermometers and/or geobarometers and 2) describing textures in these minerals and their
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relations to other mineral grains present. Backscattered electron images were obtained for the
study of chemical zonations within titanite grains and for the evaluation of appropriate points
of analysis for electron microprobe.

Backscattered Electron images (BSE), mineral chemistry analyses and the
compositional map were performed in the Cameca SXFive electron microprobe from the
Laboratdrio de Microssonda Eletronica do Centro de Estudos em Petrologia e Geoquimica
(CPGQ), of the Institute of Geosciences of UFRGS. The analyses of amphibole, biotite,
plagioclase and K-feldspar were carried out under a 15kV acceleration voltage, 15 nA beam
current and 5pum beam diameter. The standards utilized were: sanidine for Si, Al and K, albite
for Na, diopside for Mg and Ca, hematite for Fe and Cr2Ogz, rhodonite for Mn and rutile for Ti.
Counting time was 20 s at the peak and 10 s at backgrounds.

The analyses of titanite were carried out under three distinct analytical conditions: one
at 15 kV and 20 nA for the acquisition of Si, Ca, Ti, Al, Fe, Mg, Mn, Na and Cr; a second at
15 kV and 100 nA for the acquisition of F, Nb, Y, Ce, La, Nd, Pr, Sm and Th; and a third at
20 kV and 200 nA for the acquisition of Zr, the trace element of interest for
geothermobarometry. The standards utilized were wollastonite for Ca and Si, Olivine for Fe,
sanidine for Al, zircon for Zr, NdPO4 for Nd, CePO4 for Ce, LaPO4 for La, PrPOg4 for Pr,
garnet with Y and Al for Y; and fluorite for F. Counting time at the peak was 20s for all
elements, with the exception of F and Zr. Fluorine was obtained in 2 spectrometers
simultaneously, with 60 s time for each. Counting time for backgrounds was half the time
utilized at the peak. The content of Zr in titanite were obtained with a simultaneous acquisition
of 3 spectrometers, utilizing PET and LPET crystal, with a counting time of 60 s to 300 s and

half for each background, allowing for the detection limits of ~70 to ~30 ppm, respectively.

4 Results
4.1 Mineral Chemistry
4.1.1 Feldspar

Tables 1 and 2 present data from plagioclase and K-feldspar samples, which include
analyses from the core and rim of mineral grains, and figure 4 shows the An-Ab-Or ternary
diagram with the nomenclature of these feldspars. The Chécara das Pedras Gneiss contains
plagioclases compositionally attributed to andesine (Anzg.45), without variation from the core
to the rim, e K-feldspars with Orgz.95 content. At the VIS, plagioclase derived from the Saint
Hilaire Granite (Anis3s) and Pitinga Granite (Ani7.43) display rim-core variation. In both

complexes, the cores are composed of oligoclase-andesine, and rims of andesine and
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oligoclase, respectively. K-feldspar content Orgz.04 and Orgz.97 were found, respectively. At
the PAIS, plagioclase grains from the Independéncia Granite (Anzo-43) and Lami Granite (Ans.
18) also exhibited compositional variation from core to rim. Plagioclases from the
Independéncia Granite are composed of andesine in the core and oligoclase in the rim, while
Lami Granites have oligoclase composition in the core and albite-oligoclase in the rim. K-
feldspar content were found to be Orgs.97 € Orgs.g7, respectively. In the Séo Caetano and Séo
Pedro Granites, plagioclases do not display variation from core to rim, and were found to be
oligoclase-andesine (Anz2.39) and oligoclase (Anis.24). K-feldspar content were found to be
Orgs-97 € Org1.97, respectively. At the I1S, the plagioclases found at the Santana Granite do not
show variability from rim to core, solely of albite (Ano.s-8) composition, while feldspar content

fall within the Orgs.97 range.

Table 1. Representative analysis for mineral chemistry of the plagioclases.

Amostra Chécara da’s VIS - Saint Hilaire Granite VIS - Pitinga Granite PAIS - Indep.endenua
Pedras Gneiss Granite

Local 1'-r 1'-c 2s-r 2s-C 5s-r 2-r 2-c 4-r 4-c 2-r 2-c 4-r

SiO2 56.46  56.36 60.77 61.04 62.19 61.31 58.76 63.35 60.99 63.10 5845 63.58
Al;03 27.71 27.77 24.90 25.73 24.01 24.67 26.41 23.25 25.21 23.51 26.21 23.37
FeO b.d.l. n.d. 0.15 0.12 b.d.l. b.d.l. n.d. b.d.l. n.d. n.d. b.d.l. n.d.
Cao 9.34 9.45 6.64 7.10 5.74 5.95 7.70 4.19 6.30 4.92 7.81 4.35
Na.0 6.58 6.37 7.70 6.25 8.46 8.27 7.37 9.36 8.20 8.71 7.47 9.24
K20 0.14 0.12 0.23 0.21 0.12 0.20 0.10 0.16 0.08 0.24 0.08 0.18
Total 100.42 100.16 100.39 100.45 100.52 100.54 100.46 100.40 100.88 100.48 100.02 100.75
Si 10.113 10.111 10.774 10.758 10.975 10.844 10.453 11.161 10.757 11.111 10.451 11.157
Al 5.849  5.873 5.204 5.345  4.994 5.142 5.538 4.828 5.240 4880 5.523 4.834
Fe 0.029 0.014 0.020 0.015 0.005 0.019 0.018 0.014 0.016 0.000 0.000 0.000
Ca 1.793 1.817 1.262 1.340 1.086 1.128 1468 0.791 1.190 0.927 1.497 0.818
Na 2.284 2.217 2.646 2.136 2.893 2.837 2.541 3.196 2.803 2.974 2.590 3.145
K 0.033  0.026 0.052 0.048 0.028 0.046 0.023 0.035 0.018 0.053 0.019 0.039
z 15.991 15.998 15.998 16.118 15.974 16.005 16.009 16.003 16.013 15.991 15.974 15.991
X 4.110 4.060 3.960 3.524 4.007 4.011 4.032 4,022 4.011 3.954 4.106 4.002
Ab 55.6 54.6 66.8 60.6 72.2 70.7 63.0 79.5 69.9 75.2 63.1 78.6
An 44.3 45.1 32.4 38.5 27.2 28.6 36.9 20.0 30.1 23.4 36.5 20.4
Oor 0.8 0.6 13 14 0.7 1.1 0.6 0.9 0.4 1.3 0.5 1.0
Amostra PAIS — Lami Granite PAIS - Sdo . PAIS - Sdo Pedro Granite s - Sarlitana

Caetano Granite Granite

Grao 6-r 6-c 8-c 8-r 2-r 2-c 3-r 3-c 9-c 9-r 1-r 1-c
SiO2 64.64 64.03 6490 67.36 60.87  59.08 63.38 63.35 62.28 63.36 66.38 67.78
Al;03 22.34 22.67 21.27 21.13 24.87 25.57 23.17 22.99 23.87 23.45 20.81 20.56
FeO n.d. b.d.l. 0.07 b.d.l. 0.38 0.26 b.d.l. b.d.l. n.d. b.d.l. 0.15 n.d.
Cao 3.01 3.78 3.44 1.10 n.d. n.d. 4.33 4.19 5.19 4.41 1.66 1.10
Na:0 10.01 9.72 9.00 10.82 8.11 7.37 9.37 9.34 8.88 9.25 1096  11.23
K20 0.12 0.26 0.74 0.23 0.08 0.27 0.21 0.39 0.12 0.13 0.18 0.06
Total 100.26 100.58 99.61 100.73 100.35 99.71 100.46 100.47 100.34 100.60 100.15 100.73
Si 11.368 11.264 11.498 11.710 10.790 10.583 11.159 11.173 11.003 11.142 11.654 11.786
Al 4631 4699 4442 4330 5.196  5.398 4809 4778 4971 4.859 4306 4.215
Fe 0.018 0.015 0.025 0.012 0.076  0.052 0.011 0.027 0.005 0.001 0.020  0.000
Ca 0.568 0.713 0.654 0.205 1.148 1.373 0.816 0.792 0.983 0.831 0.312 0.204
Na 3.414 3315 3.092 3.649 2.786  2.560 3.200 3.193 3.043 3.153 3.732  3.785
K 0.027 0.059 0.167 0.051 0.018 0.062 0.048 0.088 0.027 0.030 0.041 0.014
z 16.017 15.978 15.965 16.052 16.062 16.033 15.979 15.978 15.979 16.002 15.980 16.001
X 4009 4.087 3913 3.905 3.952 3.995 4.064 4.073 4.053 4.014 4.085 4.003
Ab 85.2 81.1 79.0 93.4 70.5 64.1 78.7 78.4 75.1 78.6 91.4 94.6
An 14.6 17.8 17.4 5.6 31.0 35.7 20.3 20.1 24.4 20.7 8.1 5.1

Or 0.7 1.4 4.3 13 0.5 1.5 1.2 2.2 0.7 0.7 1.0 0.3
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¢ =core; r =rim; n.d. = not detected; b.d.l. = below detection limit; TiO,. Cr.03. MgO e MnQO were analysed but

all points were below detection limit or not detected; structural formula calculated on the basis of 32 oxygens.

Table 2. Representative analysis for mineral chemistry of the K-feldspar.

Chacara das Pedras PAIS -
Sample Gneiss VIS - Saint Hilaire Granite VIS - Pitinga Granite Independéncia
Granite
Grain 1-c 2-c 6-c 1s-r 1s-c 2s-r 2s-r 7-m 8-c 4-c 3-c 5-c
Sio; 64.13 63.78 64.87 65.27 64.75 65.12 64.93 63.02 64.75 64.04 64.53 64.58
Al,03 18.58 18.44 18.77 18.65 1847 1836 18.37 18.67 18.59 18.47 18.62 18.42
Cao n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. b.d.l. b.d.l. n.d. n.d.
FeOxotal b.d.l. b.d.l. 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. n.d. n.d. b.d.l. b.d.l.
Na20 0.89 0.55 0.56 0.69 0.92 0.79 0.73 0.62 0.37 0.33 0.81 0.32
KO0 15.56 1592 16.00 1499 1530 15.48 15.55 15.43 16.28 16.30 15.76 16.48
Total 99.15 98.70 100.30 99.60 99.44 99.75 99.58 97.74 100.00 99.14 99.72 99.80
Si 11.930 11.939 11.943 12.016 11.984 12.013 12.004 11.894 11.967 11.949 11.943 11.973
Al 4.074 4.071 4.070 4.046 4.028 3.991 4.002 4.154 4.050 4.061 4.062 4.026
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.320 0.200 0.199 0.247 0.329 0.281 0.263 0.228 0.134 0.121 0.292 0.114
K 3.692 3.757 3.803 3.521 3.612 3.642 3.667 3.714 3.839 3.879 3.720 3.897
Total 20.035 19.991 20.021 19.830 19.953 19.927 19.936 19.990 19.990 20.012 20.017 20.010
X 16.004 16.017 16.013 16.062 16.012 16.004 16.006 16.052 16.021 16.016 16.005 15.999
4 4.014 3.957 4.008 3.768 3.941 3.923 3.930 3.946 3.973 4.000 4.014 4.011
Ab 7.9 5.0 5.0 6.6 8.3 7.2 6.7 5.8 3.4 3.0 7.3 2.8
An 0.5 0.4 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Or 91.6 94.5 94.9 93.4 91.7 92.8 93.3 94.1 96.6 97.0 92.7 97.2
Sample PAIS - Sdo Caetano Granite PAIS - Ifaml PAIS - Sdo Pedro Granite Hs - San.tana
Granite Granite

Grain 2-c 2-r 5-c 5-r 4-c 8-c 1-c 2-c 3-c 6-c 6-r
Sio; 64.75 64.57 64.68 64.14 64.27 64.64 64.51 64.62 64.71 63.88  64.22
Al,O; 18.25 18.31 18.43 18.46 18.63 18.38 18.44 18.39 18.57 18.35 18.28
Ca0 n.d. n.d. b.d.l. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeOxotal 0.20 0.33 0.24 0.40 0.22 0.29 n.d. b.d.l. b.d.l. 0.11 b.d.l.
Na,0 0.51 0.59 0.77 0.33 0.36 0.51 0.50 0.57 0.66 0.35 0.34
K;O 15.94 15.77 15.44 16.18 16.51 16.17 16.22 16.12 15.90 16.56 16.49
Total 99.65 99.56 99.56 99.50 99.99 99.99 99.67 99.70 99.84 99.25  99.33
Si 12.001 11.978 11.977 11.933 11.915 11.963 11.960 11.974 11.962 11.934 11.968
Al 3.986 4.002 4.023 4.047 4.070 4.009 4.030 4.017 4.046 4.041 4.015
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.041 0.070 0.049 0.084 0.047 0.060 0.000 0.000 0.000 0.000  0.000
Na 0.183 0.210 0.275 0.118 0.129 0.183 0.178 0.206 0.237 0.126 0.122
K 3.770 3.731 3.648 3.841 3.905 3.818 3.836 3.810 3.750 3946 3.921
Total 19.982 19.992 19.973 20.023 20.066 20.033 20.004 20.007  19.995 20.047 20.026
X 15.988 15.980 16.000 15.980 15.986 15.972 15.990 15.991 16.008 15.975 15.983
4 3.994 4.012 3.973 4.043 4.081 4.061 4.014 4.016 3.987 4.072 4.043
Ab 4.6 5.2 6.9 2.9 3.2 4.5 4.4 5.1 5.9 3.1 3.0
An 1.0 1.7 1.2 2.1 11 15 0.0 0.0 0.0 0.0 0.0
Or 94.4 93.0 91.8 95.0 95.7 94.0 95.6 94.9 94.1 96.9 97.0

¢ =core; r = rim; m = matrix; n.d. = not detected; b.d.l. = below detection limit; TiO,. Cr,03. MgO e MnO were

analysed but all points were below detection limit or not detected; structural formula calculated on the basis of

32 oxygens.
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Figure 4. Classification diagram An-Ab-Or of the plagioclases and K-feldspars.

4.1.2 Amphibole

Amphiboles are found only in the Chécara das Pedras Gneiss and Saint Hilaire Granite
in the VIS and Séo Caetano Granite in the PAIS. Table 2 shows analytical data representative
of the amphiboles found in the units above, while figure 5 shows the classification diagram.
A total of 63 points of analyses were utilized, from an average of four to ten amphibole grains
per sample. The amphiboles are classified as calc-amphiboles according to Leake et al. (1997).
The amphiboles from the Chacara das Pedras Gneiss are classified as ferro-hornblende and
ferro-tschermakite, while the ones present at the Saint Hilaire and Sdo Caetano Granites plot
in the field of magnesium-hornblende (Figure 5). The Si content, shown in a.p.f.u. (atoms per
formula unit), as well as the #Mg (Mg/(Mg+Fe)) content were, respectively: 6.25 to 6.63 and
0.37 to 0.49 for the Chécara das Pedras Gneiss; 6.66 to 6.97 and 0.53 to 0.70 in the Saint
Hilaire Granite; and 6.59 to 6.87 and 0.56 to 0.63 at the S&o Caetano Granite.
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4.1.3 Biotite

Table 4 shows representative analyses of biotite samples, while figure 6 contains a
diagram for the compositional classification of this mineral. A total of 45 points, ranging from
3to 12 grains per sample were evaluated. In the classification diagram of Speer (1984), which
divides micas based upon the Fe/(Fe+Mg) ratio and Al"Y content, all studied samples fall within
the range of biotite, slightly richer in the siderophyllite component, and displaying
compositional homogeneity within each unit (Figure 6a). Content of Fe/(Fe+Mg) of 0.54 to
0.55 (apuf) and Al of 2.25 to 2.30 (apuf) were obtained from biotite present in the Chécara
das Pedras Gneiss. At the PAIS, content of Fe/(Fe+Mg) and Al were the highest at the
Independéncia Granite, ranging from 0.63 to 0.66 and 2.41 to 2.46 (apuf), respectively. The
Lami, Sdo Caetano and S&o Pedro Granites show Fe/(Fe+Mg) and Al" content ranging from
0.51 to 0.53 and 2.27 to 2.32; 0.44 to 0.47 and 0.51 to 0.52; 2.30 to 2.40 and 2.26 to 2.33
(apuf), respectively. At the IIS, the Santana Granite Fe/(Fe+Mg) content range from 0.46 to
0.51 and AI" content from 2.09 to 2.28 (apuf). These show the lowest Al"V content of all
samples, with a trend towards the Phlogopite-annite axis in the classification diagram.
Biotites from the Chacara das Pedras Gneiss are classified according to the diagram put forth
by Foster (1960), which uses the presence of Mg in the octahedral site in relation to Fe?* and
Mn?*, and R3* (AIY, Fe®* e Ti*")! in order to classify trioctahedral micas into different groups
(figure 6b). These fall within the range intermediary between Mg- and Fe- biotites, while
granites from VIS, PAIS (with the exception of the Independéncia Granite) and IIS contain
Mg-biotite. In the above mentioned diagram, the Independéncia Granite shows the most
distinct composition of biotites amongst all samples, with larger Fe content (ranging from 2.95
to 3.02 apuf) and Al content (ranging from 0.67 to 0.72 apuf), thus allowing for the
classification of these as Fe-biotite. Analyses from the Chécara das Pedras Gneiss show
closure values below 98% and K>O content below 9%, which are lower than what is

commonly expected for biotites.

L All Fe was assumed to be Fe?*.



14

. . o Chécara das Pedras Gneiss
20 Ferriphlogopite Ferribiotite Viamdo Intrusive Suite
4 T Mg Saint Hilaire Granite

: : Pitinga Granite
i : Porto Alegre Intrusive Suite
g 1 Independéncia Granite
2,5 1 : Lami Granite
1 1 Sdo Pedro Granite
. T : Sdo Caetano Granite
= 1 1 Itapud Intrusive Suite
;%2’0 ] : > Santana Granite
) :
1 1
1 1
4 1
1
L5 ] : biotites
i 1
i 1
o] | | mines\
00 01 02 03 04 05 0,6 07 08 09 1,0 R¥AN+Fe*+Ti) Fe*+Mn?*
274 Phlogopite Fe/(Fe+Mg) Annite
275  Figure 6. Classification diagram of biotite according to (a) Speer (1984) and (b) Foster
276 (1960).
277

278  Table 4. Representative analysis for mineral chemistry of the biotites.

Amostra Chécara d?s Pedras VIS - Saint Hilaire Granite VIS - Pitinga Granite PAIS - Indep'endenua
Gneiss Granite

Local 1-c 2-c 4-c 9-r 11-r 12-r 1-c 5-c 8-c 1-c 2-c 4-c

Sio; 36.86 37.13  37.08 37.24 37.04 37.38 37.07 36.32 36.45 3598 36.03 35.92
TiO; 2.17 2.57 2.18 2.33 3.05 2.30 2.84 3.26 2.92 1.83 2.55 2.64
Al,05 15.42 1539 15.17 15.77  14.95 15.00 15.51 15.45 15.17 17.19 16.78 17.39
Mgo 9.79 9.53 9.60 10.70 10.83 11.38 10.87 9.86 10.74 7.56 6.98 7.02
Ca0 0.05 0.05 0.08 b.d.l. 0.10 n.d. b.d.l. n.d. 0.07 n.d. n.d. n.d.
MnO 0.30 0.28 0.33 0.49 0.52 0.53 0.49 0.52 0.47 0.31 0.38 0.39
FeOxotal 20.62 19.86  20.60 18.63 19.37 19.26 18.79  20.26  20.41 22,78 23.01 22381
Na;0 b.d.l. 0.08 b.d.l. 0.11 0.12 <LD 0.06 0.07 0.09 b.d.l. b.d.l. 0.08
K0 8.90 8.64 8.61 9.56 9.31 9.57 9.85 9.63 9.60 9.67 9.56 9.72
H20calc 3.87 3.87 3.86 3.92 3.92 3.93 3.94 3.90 3.92 3.87 3.86 3.89
Total 97.98 97.45 97.51 98.73 99.20 99.34 99.42 99.26 99.84 99.19 99.15 99.86
Si 5.705 5.749  5.755 5.689 5.657 5.696 5.643 5581 5.573 5.580 5.595 5.539
Ti 0.252 0.299 0.255 0.268 0350 0.264 0.325 0.377 0.336 0.214 0.298 0.306
Al 2.812 2.808 2.775 2.839 2.691 2.694 2,783  2.799 2.734 3.142 3.071 3.160
Mg 2,259 2.200 2.222 2437 2.466  2.585 2466  2.260 2.448 1.749 1616 1.614
Ca 0.008 0.009 0.012 0.000 0.016 0.000 0.001 0.000 0.011 0.000 0.000 0.000
Mn 0.040 0.037 0.043 0.063 0.067 0.068 0.063 0.067 0.061 0.041 0.050 0.051
Fe 2.669 2571 2.674 2.380 2.474  2.455 2.392 2.603 2.610 2950 2.984 2.937
Na 0.013 0.024 0.015 0.033 0.036 0.000 0.017 0.020 0.028 0.008 0.014 0.023
K 1.756 1.706  1.705 1.863 1.814 1.861 1.913 1.888 1.874 1914  1.895 1911
OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Total 17.519 17.409 17.460 17.572 17.571 17.623 17.605 17.596 17.674 17.597 17.525 17.542
Amostra PAIS —GSraac:ﬁ(t::etano PAIS — Lami Granite PAIS — Sdo Pedro Granite 11S — Santana Granite

Local la-r 4-c 6-c 6-C 4-c 9-c 1-c 3-c 4-c 5-c 8-c 6-c

SiO, 37.24 37.28 37.75 37.07 3691 36.46 37.66 37.15 37.16 38.31 38.29 38.15
TiO, 2.39 2.32 2.21 2.68 2.97 2.80 2.76 2.78 2.81 2.05 1.94 1.74
Al,05 15.07 14.85 15.21 13.68 13.99 13.49 14.80 15.08 14.51 13.51 14.30 14.50
Mgo 12.02 1193 12.68 10.80 10.20 10.46 10.64 10.57 10.30 11.26  11.07 11.29
Ca0 b.d.l. b.d.l. b.d.l. n.d. b.d.l. b.d.l. n.d. n.d. n.d. n.d. n.d. n.d.
MnO 0.50 0.43 0.51 0.90 0.89 0.91 0.91 0.83 0.81 1.21 1.00 1.07
FeOxotal 18.60 19.07 17.62 20.19 20.25 2121 18.82 19.39 19.91 18.82 18.07 18.71
Na;0 0.08 b.d.l. 0.06 b.d.l. b.d.l. 0.08 b.d.l. b.d.l. 0.07 b.d.l. b.d.l. b.d.l.
K0 9.48 9.60 9.75 9.60 9.46 9.46 9.79 9.80 9.74 9.63 9.89 9.45

H20caic 3.95 3.94 3.98 3.88 3.87 3.85 3.93 3.93 3.90 3.91 3.91 3.92
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Total 99.34 9941 99.78 98.80 98.54 98.72 99.32 99,53 99.21 98.76 98,51 98.86
Si 5,659 5.672 5.684 5.733 5.719  5.682 5.742 5673 5.711 5.880 5.867 5.829
Ti 0.273  0.265 0.251 0.312 0.346 0.328 0.317 0320 0.325 0.236 0.223  0.199
Al 2.698 2.663  2.698 2494 2,555  2.478 2,659 2.714  2.627 2444 2582  2.612
Mg 2,723 2,707  2.847 2490 2.357 2.430 2417 2.406 2361 2,576  2.529 2,571
Ca 0.003 0.001 0.002 0.000 0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.065 0.055 0.065 0.118 0.117 0.121 0.117 0.107 0.106 0.158 0.130 0.139
Fe 2363 2426  2.219 2.609 2.621 2.760 2,397  2.473  2.556 2416 2315 2391
Na 0.024 0.013 0.019 0.011  0.006 0.023 0.017 0.005 0.020 0.015 0.010 0.010
K 1.838 1.864 1.872 1.894 1870 1.881 1.903 1.909 1.910 1.885 1934 1841
OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Total 17.649 17.669 17.660 17.660 17.596 17.703 17.571 17.607 17.615 17.611 17.591 17.591

¢ = core; r =rim; n.d. = not detected; b.d.l. = below detection limit; Cr.Oz was analysed but all points are
below detection limit or not detected; structural formula calculated on the basis of 22 oxygen.

4.1.4 Titanite

Titanite is found in the Chacara das Pedras Gneiss, the Saint Hilaire and Pitinga
Granites (V1S), the Independéncia, Lami, Sdo Caetano and S&o Pedro Granites (PAIS), and
the Santa Granite (11S). A total of five grains per sample was analyzed, with at least 3 distinct
points evaluated in each zone of the mineral grain. By means of backscattered electron images
obtained the grains were evaluated for chemical zonation, determination of grain core, as well
as grain corrosion and substitution. Tables 4 and 5 show the analytical results from the studied
samples, and figure 7 shows backscattered electron images acquired in the electron
microscope showing textural details and chemical zonation. Figures 8, 9, 10 and 11 display
titanite geochemical diagrams.

At the Chécara das Pedras Gneiss, titanite occurs in sizes varying from 50 to 150 um,
always found associated to/or included within biotite crystals. These show incipient oscillating
zonation (Figure 5a). This feature is marked by a variation in (Y203 + ETR203)?, Al,03 and
Fe2Osz content. Lighter areas generally appear in grain core zones and are richer in (Y203 +
ETR203), with contents varying from 0.07 a 0.92 %, with the exception of certain points which
returned content below detection limit. Darker areas are found toward the rim of grains and
are richer in Al,Oz3 and Fe2Os, with contents varying from 1.68 to 4.95 and 0.97 to 4.18 %,

respectively.

2 Analyzed REE: Ce, La, Sm, Nd, Pr.
3 REE detection limits are ~ 600 ppm for Ce, La, e Nd, and ~ 900 ppm for Pr and Sm.
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Figure 7. Backscattered electrons image of titanites from (a) and (b) Chécara das Pedras

Gneiss.

At the Saint Hilaire Granite two generations of titanites were analyzed, a primary one
and a secondary one (associated to biotite breakdown). The former is euhedral, with grains
varying from 600 to 1.500 um and oscillatory zonation (figure 5b) marked by a content of
(Y203 + ETR203) varying from 0.09 to 2.94 % respectively. Al.O3 e Fe.O3 content range
from 1.01 % to 1.62 % and 0.97 % to 1.79 %, respectively. The latter is anhedral to subhedral,
finer grained, with grains varying from 100 to 200 pum, figure 5c, and occurs in the rim of
biotite crystals and frequently surrounding magnetite grains. Most analyzed points were found
to be below the limit of detection for £(Y203 + ETR203). Al203 and Fe>O3 contents were 1.18
% t0 1.69 % and 1.10 % to 1.85 %, respectively.

Titanite grains from the Pitinga Granite show oscillatory zonation in some grains
(figure 8a) and irregular zonation in others (figure 8b), both characterized by (Y203 +
ETR20z3) content below detection limit, apart from a single point where content vary from
0.35 % to 4.58 % (table 4, grain 4B-b). Al.Oz and Fe>O3 content vary from 1.04 % to 2.06 %,
and 0.93 % to 2.78 %, respectively. Figure 9 contains a compositional map with the
distribution of chemical elements present in titanites with oscillatory zonation, exhibiting core
richer in REE, marked by the yellow region in the Ce map and a lower concentration of Al

and Fe. Towards the rim of the grains, the opposite occurs.



321
322

323
324

325
326

327
328
329
330
331
332
333
334
335

17

Figure 8. Backscattered electrons image of titanites from the Viamao Intrusive Suite: (a) e (b)

Saint Hilaire Granite, e (c) e (d) Pitinga Granite.

Figure 9. Titanite of the Pitinga Granite, from Viamao Intrusive Suite, showing oscillatory

chemical zonning: (a) backscattered electrons image and (b), (c) and (d) compositional maps.

Titanite crystals from the Independéncia Granite are anhedral, fractured and frequently
display inclusions (or are associated) to ilmenite. These show evidence of chemical zoning,
controlled by the Al content, which vary from 5.62 to 11.42% (Al203), as can be seen in the
darker areas of the BSE images (figure 5f and 5g). Fe-O3 content obtained from the analyzed
samples vary from 0.35 to 0.85%, Y203 showed content varying from below the detection
level to 0.50% and REE2Oz contents are below the detection levels or were not detected within

the analyzed crystals.
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Titanite from the Lami Granite is anhedral to subhedral, with oscillatory zonation and,
from time to time, irregular zonation within the same mineral grain (figures 5h and 5i). The
oscillatory zonation is characterized by a variation in (Y203 + ETR203) content, as well as
by an increase in the Al>Oz content and decrease in (Y203 + ETR203) and Fe2Os contents.
Analyses from this granite in particular resulted in the highest content of (Y203 + ETR203)
as compared to other samples studied, varying from 0.40 % to 5.73 %, as well as significant
quantities of Nb2Os, varying from 0.10% to 1.65% (table 5, grain 4-b). Al>Os and Fe;O3
content range from 1.58% to 7.15 % and 1.03% to 3.54%, respectively.

The S&o Pedro granite contains two distinct titanite populations which can be
distinguished by grain size. The population of larger size is mainly composed of anhedral
grains (figure 50), shows a massive presence of opaque minerals (ilmenite and magnetite),
and ranges in size from 800 to 1200 um. The smaller population shows a size variation ranging
from 150 to 200 um (figure 5p). Both population show similar chemical composition and
irregular zonation. In rare cases, oscillatory zonation was also observed. The zonations are
marked by Fe>Osz content ranging from 1.22 to 6.71% and Al>Oz content ranging from 1.54%
to 3.61%. The highest Al.Oz content were recorded at the rim of grains, where concomitantly
the lowest X(Y203 + ETR203) content were found (sometimes reaching content below
detection limit). In other areas, this particular chemical proxy reach a maximum content of
4.22 %.

The Séo Caetano Granite also displays two distinct titanite generations: a) a primary
one, with large grain size (1.500 to 2.000 um), regular- and sector- oscillatory zonation,
frequently corroded at the rims and richer in (Y203 + ETR203), with content ranging from
0.14% to 4.45% (figure 5j and table 5, grain 6); b) a secondary one with smaller grains (150
to 200 um), irregular oscillatory zonation, low X(Y203 + ETR203) content ranging from below
the detection level up to a maximum of 0.36% (figure 5n, table x, grain 10). Between the two
generations mentioned above, Fe>Oz contents don't show a large discrepancy, ranging from
1.21% to 2.59%. The Al203, on the other hand displays a more significant amplitude between
populations, with content ranging from 1.21% to 2.59% in the second generation and 1.09%
to 1.76% in the first.
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Figure 10. Backscattered electrons image of titanites from the Porto Alegre Intrusive Suite:
(@) e (b) Independéncia Granite, (c), (d) e (¢) Lami Granite, (f) e (g) Sdo Caetano Granite, e
(h) e (i) Sdo Pedro Granite.

Titanites from the Santana Granite show oscillatory zonation in central and
intermediary portions and irregular zonation in the rim and central areas of some grains with
corrosion facets (figure 7a and 7b). These chemical zonations are defined by the contrast
difference in backscattered electron images, by the Al.Oz content in darker areas, and Fe2,O3
and £(Y203 + ETR203) in lighter areas. The contents vary, respectively, from 1.55 to 5.75 %,
from 0.76 to 3.23% and from 0.27 to 4.41%.
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Figure 11. Backscattered electrons image of titanites from the Itapud Intrusive Suite: (a) and

(b) Santana Granite.

Table 5. Representative analysis for titanites of the Chacara das Pedras Gneiss, Saint

Hilaire and Pitinga Granites, from Viamao Intrusive Suite, and Independéncia Granite,

from Porto Alegre Intrusive Suite.

Chacara das Pedras

VSI - Saint Hilaire Granite

VIS - Pitinga Granite

PAIS - Independéncia

Gneiss Granite
DataSet 7 11 12 52 40 41 43 55 60 62 4 7 8
Grain 2-c 2-m 2-r 1S-c 1-c 1-m 1-r 4-c 4-m 4-r 1-c 1-m 1-r
P20s 0.03 0.06 0.05 0.06 0.09 0.09 0.07 0.13 0.06 0.04 0.04 0.30 0.05
Nb20s 0.40 0.30 0.06 nd. 018 0.13 b.d.l 0.26 0.15 b.d.l. b.d.l. 0.64 0.07
SiO; 30.07 29.96 30.34 30.71 30.18 30.09 30.19 29.32 30.03 30.63 3194 3093 31.62
TiO2 35.24 35.57 31.37 37.27 35.42 35.22 36.68 35.23 36.43 36.17 23.12  29.95 28.19
ZrO; 0.05 0.04 0.01 0.01 0.07 0.08 0.04 0.11 0.04 b.d.l 0.01 n.d. n.d.
ThO: nd. b.d.l n.d. - - - - b.d.l. b.dl b.d.l n.d. b.d.l. n.d.
Al0s3 206 199 4.60 1.18 131 145 1.10 128 1.48 194 11.42 6.29 7.90
Fe203 137 1.29 3.65 131 178 179 1.24 2.02 154 113 0.62 0.74 0.48
Y203 0.48 0.14 n.d. nd. 048 031 0.05 0.55 0.10 b.d.l 0.09 0.10 0.11
Ce203 0.19 0.12 n.d. b.dl 1.03 107 0.49 1.84 0.58 b.d.l. n.d. n.d. n.d.
La;03 b.d.l.  b.d.l n.d. 0.08 0.16 0.24 0.16 0.45 0.12 nd. b.d.l. n.d. n.d.
Pr20s b.d.l. n.d. b.d.l. nd. 021 0.18 b.d.l 0.26 b.d.l. n.d. n.d. n.d. b.d.l.
Nd.0: 0.25 0.11 b.d.l. b.dl. 0.84 061 0.18 1.26 0.25 b.d.l. b.d.l. b.d.l. b.d.l.
Sm20; b.d.l.  b.d.l n.d. nd. 0.22 bdl b.dl 0.21 nd. b.d.l n.d. b.d.l. n.d.
MgO b.d.l.  b.d.l 1.16 n.d. n.d. nd. b.d.l b.dl. b.dl n.d. 0.06 0.08 b.d.l.
Cao 27.39 27.60 26.43 28.06 26.31 26.54 27.37 25.51 27.43 27.87 29.14 28.76  28.87
MnO 0.10 0.08 0.08 0.08 0.15 0.13 0.18 0.10 0.13 0.16 0.11 0.14 0.08
Na:0 b.d.l.  b.d.l b.d.l. b.d.l. b.dl b.d.l n.d. b.d.l. b.dl b.d.l b.d.l. n.d. b.d.l.
F 0.44 042 0.47 035 0.23 0.29 0.36 0.27 052 0.70 4.43 2.27 3.06
OHecalc 0.59 0.56 1.90 036 061 061 0.31 0.61 0.35 0.26 0.00 0.22 0.00
Total 98.65 89.25 100.11 99.48 99.26 98.82 98.41 99.42 99.22 98.91 100.99 100.41 100.44
P 0.001 0.002 0.001 0.002 0.003 0.003 0.002 0.004 0.002 0.001 0.001 0.008 0.001
Nb 0.006 0.005 0.001 0.000 0.003 0.002 0.000 0.004 0.002 0.000 0.000 0.009 0.001
Si 1.001 0.998 0.986 1.009 1.013 1.011 1.008 0.996 0.997 1.010 1.011  0.997 1.013
Ti 0.883 0.892 0.767 0.921 0.895 0.890 0.921 0.900 0.910 0.897 0.551 0.726 0.680
Zr 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.002 0.001 0.000 0.000 0.000 0.000
Th 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.081 0.078 0.176 0.045 0.052 0.057 0.043 0.051 0.058 0.075 0.426 0.239 0.298
Fe 0.034 0.032 0.089 0.032 0.045 0.045 0.031 0.052 0.038 0.028 0.015 0.018 0.012
Y 0.008 0.002 0.000 0.000 0.009 0.006 0.001 0.010 0.002 0.000 0.002 0.002 0.002
Ce 0.002 0.001 0.000 0.000 0.013 0.013 0.006 0.023 0.007 0.000 0.000 0.000 0.000
La 0.000 0.000 0.000 0.001 0.002 0.003 0.002 0.006 0.001 0.000 0.000 0.000 0.000
Pr 0.000 0.000 0.000 0.000 0.003 0.002 0.000 0.003 0.000 0.000 0.000 0.000 0.000
Nd 0.003 0.001 0.000 0.000 0.010 0.007 0.002 0.015 0.003 0.000 0.000 0.000 0.000
Sm 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.004 0.000
Ca 0.977 0.985 0.920 0.987 0.946 0.955 0.978 0.929 0.976 0.984 0.989 0.993 0.991
Mn 0.003 0.002 0.002 0.002 0.004 0.004 0.005 0.003 0.004 0.005 0.003 0.004 0.002
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
F 0.046 0.044 0.048 0.036 0.024 0.030 0.038 0.029 0.055 0.073 0.443 0.231 0.310
OH 0.069 0.066 0.218 0.042 0.072 0.072 0.036 0.074 0.042 0.030 0.000 0.025 0.000
[0} 4902 4902 4.757 4933 4.936 4.925 4.938 4.939 4.920 4.908 4565 4751  4.697
2 F+OH+0 5.017 5.013 5.022 5.011 5.033 5.027 5.012 5.042 5.016 5.012 5.008 5.007 5.008
I Ca site 0.990 0.991 0.923 0.991 0.974 0.981 0.992 0.970 0.990 0.989 0.993 0.999 0.995
2 Ti site 1.005 1.007 1.034 0.999 0.995 0.996 0.996 1.009 1.009 1.000 0.992 0.992 0.991
I Si site 1.002 1.000 0.987 1.010 1.016 1.013 1.010 1.000 0.999 1.011 1.012 1.005 1.014

¢ = core; m = middle; r = rim; n.a. = not analysed; n.d. = not detected; b.d.l. = below detection limit; structural
formula calculated according to Franz and Spear (1985), on the basis of 3 cations, all Fe was assumed as Fe®*,
OH and oxygen content were calculated as follow: 0H = (Al + Fe3*) — Fe 0 = [(X cargas de cations) — OH — F]0,5.
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Table 6. Representative analysis for titanites of the Lami, Sdo Pedro and S&o Caetano
Granites, from the Porto Alegre Instrusive Suite, and Santana Granite, from Itapua Intrusive

Suite.

PAIS - Sdo Pedro

PAIS - Lami Granite Granite PAIS - S3o Caetano Granite 11S - Santana Granite

DataSet 25 23 24 120 127 132 88 94 50 54 62 a4 43 45
Grain 4B-c  4B-m 4B-r 4A-c  4A-m 4A-r 10-c 10-r 6-c 6-m 6-r 1C-c 1C-m 1C-r
P20s 0.04 b.d.l b.d.l. 0.07 0.05 0.05 0.06 0.07 0.14 0.09 0.05 0.05 0.05 0.04
Nb20s 0.52 0.50 1.65 0.22 051 0.12 b.d.l. b.d.l. 0.28 0.12 0.05 0.37 0.35 0.35
SiO: 29.23 30.13  29.98 29.81 29.14 30.53 30.80 30.78 30.31 30.27 30.75 29.58 29.64 29.34
TiO2 32.69 31.48 30.10 35.17 32.30 34.97 36.72 36.20 36.83 36.43 36.13 34.11 34.15 34.57
ZrO; 0.13 0.01 0.04 0.08 0.06 n.d. 0.03 0.01 0.07 0.05 0.03 0.10 0.09 0.10
ThO; - - - b.d.l. b.dl b.d.l n.d. b.d.l. 0.11 0.11 0.06 b.d.l.  b.d.l b.d.l.
Al0s 1.85 3.25 2.78 1.74 245 248 1.52 1.78 111 144 1.64 1.58 1.61 3.13
Fe203 280 2.80 3.54 228 6.71 1.70 1.65 1.75 144 173 161 2.69 273 2.48
Y203 1.66 1.09 1.26 0.65 1.13 0.05 b.d.l. b.d.l. 0.21 0.09 0.06 0.87 0.97 0.45
Cez0s3 1.17 0.50 0.38 091 0.88 0.16 b.d.l. b.d.l. 1.14 0.65 0.19 1.50 1.46 0.56
La;03 0.23  b.d.l 0.08 0.20 0.15 b.d.L b.d.l. b.d.l. 0.35 0.21 b.d.l 0.35 0.35 0.07
Pr20s 0.26 b.d.l 0.14 0.15 0.19 n.d. n.d. b.d.l. b.d.l. b.dl b.d.l 0.24 0.22 0.11
Nd:0: 095 0.49 0.35 0.82 0.85 0.08 b.d.l. 0.07 0.52 0.26 0.12 098 1.10 n.d.
Sm20; 0.29 0.19 b.d.l. 0.22 0.19 n.d. n.d. b.d.l. b.dl. b.dl b.d.l n.d. n.d. n.d.
MgOo b.d.l. 0.12 0.13 b.dl 0.09 b.d.l n.d. b.d.l. b.dl. 0.13 b.d.L 0.11 0.09 0.10
Cao 24.85 26.15  25.62 26.17 22.17 27.72 28.06 28.22 26.75 27.31 27.95 25.29 25.14  25.67
MnO 0.18 0.38 0.34 0.19 0.33 0.36 0.10 0.12 0.16 0.14 0.14 0.30 0.32 0.48
Naz0 b.d..  0.06 0.08 b.dl 0.13 0.06 b.d.l. n.d. b.dl. b.dl b.d.l b.d.l.  0.06 0.09
F 0.54 1.6 1.21 0.43 0.47 0.93 0.61 0.75 0.25 0.36 0.54 0.27 0.23 0.64
OHcalc 0.74 0.37 0.59 0.68 1.82 0.36 0.31 0.30 0.45 052 041 0.86 0.91 1.00
Total 98.13 98.98 98.28 99.80 99.63 99.58 99.86 100.05 100.11 99.93 99.75 99.22 99.47  99.07
P 0.001 0.000 0.000 0.002 0.001 0.001 0.002 0.002 0.004 0.003 0.001 0.001 0.001 0.001
Nb 0.008 0.008 0.025 0.003 0.008 0.002 0.000 0.000 0.004 0.002 0.001 0.006 0.005 0.005
Si 1.006 1.009 1.017 0.998 0.999 1.002 1.008 1.005 1.007 0.999 1.009 1.002 1.002 0.978
Ti 0.846 0.793 0.768 0.886 0.833 0.864 0.904 0.889 0.920 0.905 0.892 0.869 0.869 0.867
Zr 0.002 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.002 0.002 0.000
Th 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000
Al 0.075 0.128 0.111 0.069 0.099 0.096 0.058 0.069 0.043 0.056 0.064 0.063 0.064 0.123
Fe 0.073 0.070 0.090 0.057 0.173 0.042 0.041 0.043 0.036 0.043 0.040 0.069 0.069 0.062
Y 0.030 0.019 0.023 0.012 0.021 0.001 0.000 0.000 0.004 0.002 0.001 0.016 0.017 0.008
Ce 0.015 0.006  0.005 0.011 0.011 0.002 0.000 0.000 0.014 0.008 0.002 0.019 0.018 0.007
La 0.003 0.000 0.001 0.002 0.002 0.000 0.000 0.000 0.004 0.003 0.000 0.004 0.004 0.001
Pr 0.003 0.000 0.002 0.002 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.001
Nd 0.012 0.006 0.004 0.010 0.010 0.001 0.000 0.001 0.006 0.003 0.001 0.012 0.013 0.006
Sm 0.003 0.002 0.000 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.002 0.002
Mg 0.000 0.006 0.007 0.000 0.005 0.000 0.000 0.000 0.000 0.006 0.000 0.005 0.005 0.005
Ca 0.916 0.938 0.931 0.938 0.814 0.975 0.984 0.988 0.952 0.966 0.983 0.918 0911 0.916
Mn 0.005 0.011 0.010 0.005 0.010 0.010 0.003 0.003 0.004 0.004 0.004 0.008 0.009 0.013
Na 0.000 0.004 0.005 0.000 0.009 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.006
Sum 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
F 0.058 0.154 0.130 0.046 0.051 0.097 0.064 0.078 0.026 0.038 0.056 0.029 0.025 0.067
OH 0.089 0.044 0.071 0.080 0.221 0.041 0.036 0.034 0.053 0.061 0.048 0.103 0.108 0.118
(o] 4902 4.828 4.839 4913 4.867 4.871 4915 4.898 4.955 4.919 4.908 4912 4910 4.863
2 F+OH+0 5.050 5.027 5.040 5.039 5.139 5.009 5.014 5.010 5.034 5.018 5.012 5.043 5.044 5.048
I Ca site 0.970 0.978 0.975 0.969 0.866 0.992 0.987 0991 0.978 0.982 0.990 0.965 0.964 0.951
I Ti site 1.004 0.999 0.996 1.016 1.114 1.004 1.004 1.001 1.005 1.007 0.997 1.008 1.009 1.057
I Si site 1.007 1.009 1.017 1.000 1.000 1.004 1.010 1.007 1.010 1.002 1.011 1.004 1.004 0.979

¢ = core; m = middle; r = rim; n.a. = not analysed; n.d. = not detected; b.d.l. = below detection limit; structural
formula calculated according to Franz and Spear (1985), on the basis of 3 cations, all Fe was assumed as Fe®',
OH and oxygen content were calculated as follow: 0H = (Al + Fe3*) — Fe 0 = [(X cargas de citions) — OH — F]0,5.

4.2 Geothermobarometry
4.2.1. Zircon saturation
The zircon saturation geothermometer was employed in eleven granites and one gneiss

from the Porto Alegre region. The method was first proposed by Watson and Harrison (1983)
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and posteriorly revised by Boehnke et al. (2013). Both calibrations were utilized for the
temperature calculations, however only Boehnke et al. (2013) calibrations will be utilized in
the discussion of the data obtained. The mean temperatures obtained, as well as data and
parameters utilized in the calculations are summarized in table 6. The frequency distribution
of the temperatures obtained can be seen in figure 10.

Temperatures obtained for the Chacara das Pedras Gneiss vary from a minimum value
of 692 °C to a maximum of 763 °C. At the VIS, minimum and maximum temperatures are as
follows: 691 to 747 °C for the Saint Hilaire Granite and 731 to 760 °C for the Pitinga Granite.
At the PAIS, the Independéncia Granite shows minimum temperatures of 731°C and
maximum of 760°C. The Feijo Granite displayed a short interval of maximum and minimum
values, with values above all other studied samples, ranging from 752 to 769°C. Lami Granite
shows temperatures ranging from 684 to 722 °C. The Sao Pedro Granite displayed minimum
temperatures of 692°C and the highest maximum temperatures from the PAIS, of 722 °C. The
Restinga Granite showcases the lowest temperature interval among all studied samples,
ranging from 629 to 689 °C. The Sdo Caetano Granite counts with a single sample pointing
to a temperature of 741°C. At the 1IS, the Santana Granite shows the highest temperature
recorded among all studied samples, as well as a significant temperature interval, ranging from
681 to 781 °C. The Cantagalo and Santo Antbénio Granites show minimum and maximum
temperatures of 694 to 740 °C, and 694 to 719 °C, respectively.

Table 7. Mean temperatures calculated by the zircon saturation method.

n 1Zr (ppm) M 5T °C ‘T °C
Chacara das Pedras Gneiss 5 204 1.84 774£10 711+19
VIS Saint Hilaire Granite 7 167 1.50 777129 727131
Pitinga Granite 4 218 1.52 798+13 74715
Independéncia Granite 6 133 1.42 770429 720432
Feijé Granite 3 180 1.31 806+6 762+10
PAIS Lami Granite 4 114 1.32 754114 701+15
Sao Pedro Granite 7 132 1.43 781+32 733+39
Restinga Granite 3 88 1.34 719426 662+31

Séo Caetano Granite 1 145 1.34 787 741
Santana Granite 9 169 1.54 784143 736148
1S Cantagalo Granite 4 134 1.31 770+19 719421
Santo Antonio Granite 2 120 1.40 75717 706+18

! Data retrieved from Oliveira et al. (2001) e Philipp et al. (2004) ;2 M = (Na + K + 2.Ca)/(ALSi) ; *Watson and
Harrison (1983); # (Boehnke et al. (2013).
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Figure 12. Frequency distribution of temperatures by the zircon saturation method.

4.2.2. Al-hornblende

Pressure and temperature estimations using mineral chemistry data from amphiboles
and plagioclases were calculated for the Sdo Caetano Granite (PAIS), Saint Hilaire Granite
(VIS), and for Chécara das Pedras Gneiss. Figure 11 shows the diagram with frequency
distributions of pressure and temperatures obtained. Figure 12 is a correlation diagram for all
data, while table 7 summarized mean pressure and temperature values from the core and rims
of the studied grains, as well as its standard deviations and amount of data obtained in the
present study. For the calculations of pressure values the calibrations put forth by Anderson
and Smith (1995) and the Al-hornblende method (Hammarstrom and Zen, 1986). For the
temperature estimations, the calibration based on edenite-richterite published by Holland and
Blundy (1994) was used, taking into consideration the instructions detailed in Anderson
(1996), since these result in temperature values that more closely resemble results from other

thermometers.
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Pressure conditions for the Chécara das Pedras Gneiss varies from 3.4 to 3.9 kbar in
the core, with a peak of occurrences in the 4.5 kbar span, and 4.8 to 7.4 kbar at the rims.
Although rim values show a larger frequency in the 5.0 to 5.5 kbar range, a continuous
frequency up until the highest values of pressure obtained is observed. At the Saint Hilaire
Granite pressure estimations vary from 3.4 to 4.2 kbar at the core and 3.7 to 5.0 kbar at the
rim. In S&o Caetano Granite pressure values vary from 3.2 to 4.4 kbar at the core of grains,
with a higher frequency at the 3.5 to 4.0 kbar range. At the rim, values of 3.0 to 4.8 kbar were
found, without any significant difference in the observed pressure intervals. At the Saint
Hilaire Granite and Chécara das Pedras Gneiss, the largest pressure discrepancy between rim
and core was recorder. Taking into consideration solely pressure estimations obtained from
rim analyses, the calculated depths (table 7) for the units in question are 15 km for both
granites and 21 km for the gneiss. If, on the other hand, the amplitude of pressure values is
taken into consideration, the minimum and maximum depth for the Chacara das Pedras
Gneiss, Saint Hilaire Granite and Sdo Caetano granite are: 17 to 27 km, 11 to 18 km and 11

to 18 km, respectively.

4.2.3. Amphibole-plagioclase

Temperatures obtained for the Chécara das Pedras Gneiss vary from 699 to 759 °C at the core
of grains to 698 to 739 °C at the rim. In the Saint Hilaire Granite, core estimations vary from
674 to 719 °C and rim values vary from 638 to 705 °C, although these mean values are highly
skewed by a single occurrence showing temperatures in the 630 to 640 °C range, while all the
other samples show temperatures above 660 °C . The S&o Caetano Granite exhibits
temperatures of 672 to 749 °C at the core and 652 to 715 °C at the rim of the mineral grains
in question. Comparing means values presented in table 7, the largest temperature difference
recorded from core to rim was of 20°C, at the S&o Caetano Granite. At the Chécara das Pedras

Gneiss and the Saint Hilaire Granite, the difference was of 8 °C and 16°C, respectively.
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Figure 13. Pressure and temperature frequency distribution of the amphiboles. The red and

blue bars represent, respectively, the core and the rim of the grains.

Table 8. Pressures and temperatures by Al-hornblenda and Amphibole-plagioclase methods.

T(°C) P (kbar)

n Core n Rim n Core n Rim
gzifsasra dasPedras o ,o6.04 10 718+ 16 5 45+06 10 57+0.8
VIS-SaintHilaire ¢ o951 15 15 680+18 8 37+03 15 40407
Granite
PAIS-Sa0 Caetano 715457 g g90+24 7 39+04 6 40+06
Granite

4.2 .4. Zr-titanite

The Zr-titanite method (Hayden et al., 2008) was utilized in titanites from the Chacara

das Pedras Gneiss, the Saint Hilaire and Pitinga Granites (V1S), the Independéncia, Lami, Sdo

Caetano and S&o Pedro Granites (PAIS), and Santana Granite (11S). Figure 12 shows the

frequency distribution of temperatures obtained. The temperature calculations were carried

out for a mineral assemblage containing quartz and absent of rutile, assuming ar;o,=

0.6.

Pressure values obtained in the present work by Al content in hornblendes were utilized in the
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calculations and extrapolated to granites belonging to the same suite. 11S contains no sample
with amphibole, and thus it was not possible to obtain such data. A value of 4.0 kbar, obtained
from other suites, was utilized in this case. The impact of + 1.0 kbar (3.0 or 5.0 kbar) under
mean temperatures of 723 °C would result in a variation of £ 12°C (711-735°C) for this
granite. The detection limit obtained for the quantification of the lowest Zr contents (count
time of 300 s) was ~30 ppm, which translates into a minimum attainable temperature of 600
°C, given the constants applied in the present study for pressure determinations.

The Chéacara das Pedras Gneiss titanites shows a temperature interval ranging from
620 to 827°C in a nucleus-rim direction. Grain core show a range of temperature spanning
from 697 to 827 °C. Rim zones show temperatures ranging from 620 to 719 °C, although some
points returned Zr contents below detection limit. The intermediary portions of titanite grains
exhibited temperatures ranging from 671 to 727 °C.

At the Saint Hilaire Granite, a total of 30 points were analyzed, resulting in a
temperature range spanning from 637 to 741 °C. At the primary titanites, the core,
intermediary portions and rims of the grains displayed, respectively, temperatures ranging
from 705 to 741 °C, 644 to 741 °C and 637 to 736 °C. Some analysis points in the rim of
grains contain Zr contents below the limit of detection (~70 ppm). At secondary titanites, from
five analyzed points, only two showed Zr contents below detection limit, thus resulting in
temperatures varying from 651 to 649 °C. The Pitinga Granite exhibits a temperature interval
ranging from 699 to 775 °C along all 62 points analyzed in titanite grains. The core,
intermediary portions and grain rims show temperatures varying from 736 to 775 °C, 699 to
743 °C and 714 to 762 °C , respectively. Only three studied points recorded Zr contents below
the detection point, one being from rim and two from intermediary areas with irregular
zonation (corrosion). These irregular portions recorded the lowest temperatures (703 and 708
°C) from temperatures retrieved in the rest of the analyzed grains (721-746 °C).

At the Independéncia Granite, from 52 points analyzed in 5 grains, only 8 possessed
Zr contents below detection limit (~30 ppm), varying from 47 to 211 ppm, representing a
temperature range from 620 to 688 °C. From these 8 points, 4 are at central grain regions, 1
from intermediary area and 2 from grain rims. Temperatures estimated for this granite do not
seem to show any apparent relation to the location where analysis points were placed, nor to
its zonations. The Lami Granite shows a temperature interval ranging from 645 to 881 °C in
the 39 analyzed points, where it is possible to identify at least three distinct events: (1)
crystallization of primary titanites as inclusions in plagioclases, (2) secondary titanites

associated to biotite breakdown and (3) an event posterior to the temperature decrease
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responsible for corroding central portions and crystallizing irregular rims in primary and
secondary grains. Mineral grains included within plagioclases recorded the highest
temperatures, ranging from 802 to 881 °C, at grain core and 716 to 798 °C, in intermediary
and rim areas. Titanites associated to biotite breakdown show temperatures varying from 744
to 770 °C in the core and 682 to 707 °C at the rim. Central areas, as well as irregular rims
revealed temperatures ranging from 648 to 693 °C. At the Sdo Caetano Granite, the
temperature interval recorded for the 63 analyzed points ranges from 641 to 740 °C. Primary
titanites show core, intermediary and rim values varying from 725 to 740 °C, 700 to 725 °C
and 661 to 704 °C. Temperatures below 700 °C were obtained from rim points with corrosion
features. Secondary titanites show in both core and intermediary portions temperature values
ranging from 641 to 704 °C, similar to values obtained from rim points with corrosion features
in primary titanites. The 6 points analyzed in the rim section of these grains revealed Zr
content below the limit of detection. At the S&o Pedro Granite values obtained from the 92
analyzed points resulted in a temperature spectrum ranging from 607 to 761 °C. Among the
two titanite generations identified, larger grains exhibited the largest temperature values and
were massively associated to opaque minerals. These grains recorded temperatures ranging
from 713 to 761 °C along the core and intermediary sections of the grains with irregular
zonation. In all studied grains, two low-temperature regular zones, with values ranging from
701 to 711 °C and 607 to 677 °C occur. In the latter zone, a total of 4 points also showed Zr
content below detection limit (temperatures <600 °C). A second generation, with smaller grain
size, shows temperature values of 705 to 714 °C in the core, and 637 to 693 °C. These
temperatures resemble values estimated from rim zones in larger titanite grains.

At the Santana Granite, titanite grains record temperatures that range from 611 to
781 °C in the 59 points analyzed. Core, intermediary sections and mineral grain rims point to
temperatures ranging from 739 to 781°C, 730 to 748 °C and 713 to 720 °C, respectively.
Additionally, some grains record the event that crystallized the rims and corroded the central
parts of mineral grains, as evidenced by the lower temperature estimations ranging from 611
to 655 °C, possibly related to the breakdown of biotite. In these portions, 4 points analyzed

returned Zr content below detection limit (30 ppm).
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Figure 14. Frequency distribution of the temperatures obtained by the Zr on titanite method.

5 Discussion

Tables 9 and 10 show a summary of mineral chemistry and geothermobarometry data
obtained, as well as interpretation and integration of geochronological data published for the
study region. Chemical and geotectonic interpretations based on data obtained from biotites
(figure 15), amphiboles (figures 16 and 17) and titanites (figures 17 to 20), along with a
geotectonic model proposed for the region (figure 21) are also presented.

Based upon TiO2, FeO and MgO content, biotites can be classified as primary,
reequilibrated primary and secondary, according to the diagram put forth by Nachit et al.
(2005). All analyzed samples show mainly reequilibrated primary biotites falling closely to
the field of primary biotites (figure 15a). The Independéncia, Saint Hilaire and Pitinga
Granites show few points that can be characterized as primary biotites. The identification of

a magmatic series based upon FeO, MgO and Al>Oz proposed by Abdel-Rahman (1994),
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points to a peraluminous suite for the Independéncia Granite biotites and a calc-alkaline suite
for the rest of the studied samples (figure 15b).

" Chacara das Pedras Gneiss

10TiO, Viamao Intrusive Suite MgO
Saint Hilaire Granite

Pitinga Granite

Porto Alegre Intrusive Suite
Independéncia Granite
Lami Granite

Sdo Pedro Granite

Sdo Caetano Granite

Itapua Intrusive Suite
Santana Granite

Reequilibrated
biotites

Peraluminous

Neoformed biotites Alkaline

FeO MgO FeO Al O,

Figure 15. Discrimination diagram of the biotite: (a) in primary and secondary from Nachit
et al. (2005) and (d) magmatic series from Abdel-Rahman (1994).

The mineral chemistry analyses carried out in amphiboles revealed a placement depth
of 11 to 18 km (Saint Hilaire and Sdo Caetano Granites), under pressures ranging from 3.4 to
5.0 kbar. Previously obtained pressure data for the Saint Hilaire Granite, as published by
Oliveira et al. (2001), fall within the range of 2.0 to 4.0 kbar, utilizing the calibration of
Schimdt (1992). The Chacara das Pedras gneiss shows and interval ranging from 12 to 28 km
and heterogeneous depth estimations, with analyses in crystal rims pointing to larger
placement depths than in central areas of the studied grains. In the diagram of Fleet and Barnett
(1978), which distinguishes rocks of igneous, low-pressure metamorphic and high-pressure
metamorphic origins based on the Al and Al content (figure 16), samples from the Chacara
das Pedras Gneiss plot in the fields of igneous and low-pressure metamorphism. Study points
derived from the core of grains trend towards an igneous origin in the diagram, while grain
rim evaluated points indicate both igneous and low-grade metamorphism (figure 5b). This
signature can be interpreted as a preserved igneous origin in the core of amphibole grains.
Figure 17 shows the diagram of metamorphic facies in relation to geothermobarometric data
from amphiboles derived from the Chacara das Pedras Gneiss, which are placed in the limit

between amphibolite and granulite facies.
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584  Figure 17. Metamorphic facies diagram showing the P-T estimates for Chacara das Pedras
585  Gneiss, based on the mineral chemistry of amphibole, modified from Bucher and Grapes
586  (2011). Ky = kyanite; Sil = sillimanite; And = andalusite.
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Temperatures obtained by means of the zircon saturation method mark the beginning
of zircon crystallization from magma. For samples of both gneiss and granite form the Porto
Alegre region, calculated using the calibration of Boehnke et al. 2013), estimated
temperatures range from 689 to 781°C. Previously estimated temperatures presented by
Oliveira et al. (2001) recorded values above 750-800°C. These, in turn, where obtained by
means of the calibration put forth by Watson and Harrison (1983).

Zr-titanite geothermobarometry data obtained from the studied samples point to a
temperature of crystallization for primary titanites ranging from 700 to 880°C. Temperatures
below 700°C were interpreted as secondary titanites related to corrosion from primary grains
or as a result of biotite breakdown. Maximum temperatures derived from the zircon saturation
method are, in general, higher than estimations from other thermometer. Only the Lami
Granite and the Santana Granite do not concur to this tendency, showing higher maximum
temperatures derived from the Zr-titanite method (>850°C ) as opposed to the zircon
saturation method. These temperatures may be overestimated, however, since the studied
grains may have crystallized before the presence of zircon, thus not satisfying an important
premise for the utilization of this particular thermometer (az.s;o, = 1). Temperatures
obtained by means of the amphibole-plagioclase method resulted in lower temperatures in
relation to other utilized methods.

Irregular grain rims enriched in Al and depleted in REE are commonly observed in the
analyzed granites. This pattern also can be observed in irregular central areas within titanites
from the Lami and Santana Granites. Such features (grain rims and central corrosion features
enriched in Al) were also reported by Garber et al. (2017) and Pan et al. (1993). Titanites from
the Independéncia Granite showed high Al2Os values (up to ~ 11%), close to the highest
content found in eclogite samples (~14% Al2Oz; Franz and Spear, 1985). They exhibit an
anomalous Al content and the highest Al and F content from all analyzed granites, which
correspond to a Xaj of 0.22 to 0.44, and 1.4 to 4.43 % of F. The variability of these titanites
in the CaTiSiOs — CaA1SiO4(OH) — CaA1SiO4(F) end-members is shown in the diagram
present in figure 18a. The majority of points shows content larger than 70% of the CaTiSiOs
end-member. Nonetheless, CaAlSiO4F and CaAISiO40H reach maximum content of 43%
and 16%, respectively. Figure 18b shows the correlation of F to Al and Fe®', with the
following substitution mechanism proposed to account for the incorporation of these elements
in the chemical structure: Ti**+ 0% — (Al, Fe)*" + (F, OH) (Enami et al., 1993). The position
along the F/(F + OH) lines show that aside from F, the OH" ion also plays and important role

in the proposed mechanism.
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Figure 18. Compositional plot for titanites (Enami et al., 1993; Franz and Spear, 1985): (a)
CaTiSiOs — CaAlSiO4(F) — CaAlSiO4(OH) components and (b) plot of F vs. (Al + Fe)

showing different constant ratios of F/(F+OH).

The influx of Al in the crystal structure of titanite can be favored by a decrease in

temperature under conditions of highag, high fy,, and low f¢,, (Franz and Spear, 1985). A

second hypothesis for a high Al content in titanites is crystallization under elevated pressures

(Enami et al., 1993; Tropper et al., 2002). Prowatke and Klemme (2005), however, by means

of empirical experiments demonstrated that the Al content in titanites bears sole correlation

to the absolute Al content in the liquid, thus being independent of substitution mechanisms

which incorporate elements such as REES, Nb, Ta and Th. McLeod et al. (2011) suggests that

anhedral titanites lacking crystallographic control or associated to fractures and/or grain rims

went through post sub-solidus modifications associated to the introduction of fluids Broska et

al. (2007) associate Al enrichment in titanites to the alteration of primary titanites

accompanied by plagioclase sericitization, according to the equation below:
3Titanite + 5Anorthite + Annite + 4H>0 — 8AI-OH Titanite + 3lImenite + Muscovite

The integration of mineral chemistry and geothermobarometric data from titanites

derived from all studied granites makes evident the relation between Al content and a decrease

in temperature. All zones where Al-enrichment was observed, the lowest temperature

estimations were recorded (both in crystal rims and in central, irregular sections of the grains,

possibly related to corrosion of the original crystal). The opposite, however, cannot be

contended. At the Pitinga Granite, irregular zones in intermediary portions of the studied

0,6
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grains (corrosion) revealed low temperatures without any alteration in the content of Al. A
variation in the content of £YREE was noted, however. Figure 19 shows the relation between
a magmatic and post-magmatic origin to temperature and Al, Fe and XYREE content (apuf)
in titanites from the S&o Caetano Granite. This mineral shows a higher temperature magmatic
core (725 to 732°C) enriched in 2YREE and Al-enriched rims marked by post-magmatic
corrosion features under lower temperatures. It is noted that temperature is not conditioned by
changes in the content of these elements in the region of magmatic origin. Even though
fluctuations in the concentrations of Al and ZYREE takes place, temperatures follow a trend
of progressively lower content towards the border of crystals. This behavior was also observed
in titanites derived from other studied granites.

A large number of the studied granites contained secondary titanite associated to the
breakdown of biotite. In the Saint Hilaire, Santana and S&o Caetano granites, these titanites
are chemically characterized by a depletion in YREE, in agreement with the results presented
by Morad et al. (2009) and Uher et al. (2019), as well as lower temperatures as compared to

primary titanites.

Post-solidus
titanite rim

@ @ Magmatic

titanite core-to-rim
- 740

1
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1
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Figure 19: Relationship of Al, Fe and £YREE with temperature and magmatic and post-

magmatic processes in titanite: (a) BSE image with points of chemical analysis of titanite from
Sdo Caetano Granite, with magmatic core and sub-solidus rim, and (b) evolution of the titanite

composition with cooling in the magmatic and sub-solidus zones.

The presence of ilmenite and magnetite inclusions within titanites, as well as

crystallization of titanites involving these minerals may indicate changes in f,, and in the
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fluids (René, 2007). This change in fj, can also influence the concentration of REEs (Piccoli
et al., 2000) via the following mechanism of substitution: REE3* + Fe3* « Ca?" + T'**, At the
Séo Pedro Granite this influence is evidenced by the alternation of inclusions in the core of
grains (figure 10h) and REE and Fe enriched and depleted zones.

Titanites can be also differed as to its origin by means of Al vs Fe contents, separating
fields of igneous and metamorphic origin, according to the discrimination diagram presented
in figure 20 (after Kowallis et al., 1997; Mohammad and Maekawa, 2008; Ng et al., 2016).
Titanites from the Saint Hilaire, Pitinga, Lami, S&o Pedro and Sdo Caetano Granites fall within
the field of igneous titanites, while the ones present in the Chécara das Pedras Gneisse falls
within the field of metamorphic origin. The Independéncia Granite does not resemble the
composition of any field proposed in this diagram, showing Al contents higher than the
metamorphic field and Fe contents inferior to igneous titanites. Granites that plot outside the

igneous field are due to secondary titanites.

0,10
0,09 - 3 O AL
Igneous 0 o
0,08 1 titanite @ @D X A\ Chécara das Pedras Gneiss
007 4 7% O Viamao Intrusive Suite
' Y - A O Saint Hilaire Granite
= 0,06 - o > > Pitinga Granite
Y—
2 405 A Porto Alegre Intrusive Suite
o X Independéncia Granite
u- 0,04 1 N 0 [J Lami Granite
0,03 - & O Sdo Pedro Granite
0.02 Dx < S&o Caetano Granite
— >< ~ . .
’ Itapua Intrusive Suite
R Ghesan, .
0,01 - Metamorphic titanite X © Santana Granite
0,00 T T T T T T T

000 004 008 012 016 020 024 0,28 0,32
Al (apfu)

Figure 20. Discrimination diagram Fe versus Al for titanites (after Kowallis et al., 1997;
Mohammad and Maekawa, 2008; Ng et al., 2016).

The diagrams proposed by Fleischer (1978) in figure 21 were utilized to investigate a
possible relationship between the studied granites. These correlate the sum of La + Ce + Pr
with the ratio of Y/(Y+Ln) (where Ln is the sum of all REE) and with La/Nd in titanite. In
both diagrams, the studied granites show a noticeable trend. The granites from the VIS plot in
the region of the graph with higher concentrations of La, Ce and Pr and depletion in Y,

overlapping in this region of the diagram. In the La/Nd graph, the Saint Hilaire Granite shows
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higher values than the Pitinga Granite. In the PAIS, granites occur throughout the whole curve
of both trends in the same sequence: Sdo Caetano, S&o Pedro, Lami e Independéncia. The
Santana Granite shows intermediary values. This data, in turn, agrees with the separation of

the granites in the suites proposed by Oliveira et al. (2001).

100 100
90 A
I . . 80
Viamao Intrusive Suite
Saint Hilaire Granite 70 g
Pitinga Granite ] ] e - o
Porto Alegre Intrusive Suite 3_- 3_-
< Independéncia Granite 3 8 50
1 Lami Granite & & 0
© Sdo Pedro Granite = -
© S&o Caetano Granite 30
Itapu3 Intrusive Suite
% Santana Granite 20 giBad
10 4
. ¥ 0 ¥
0 50 100 150 0,0 0,4 0,8 1,2 1,6 2,0
100*Y/(Y+Ln) La/Nd

Figure 21. La+Ce+Pr vs. 100*Y/(Y+Ln) and La+Ce+Pr vs. La/Nd plot for the post-

transcurrent granites titanites, modified from Fleischer (1978). Lh = La + Ce + Sm + Nd + Pr.

Based on the geothermobarometric data obtained from different methods in the present
work, as well as geochemical, petrographic, and field data published by Oliveira et al. (2001),
a model for the placement of the granitic bodies in the region is proposed (figure 22). The
three intrusive suites were positioned according to the pressures derived from the Al-
hornblende method, along with field criteria. In the Viamao Instrusive Suite, the Pitinga
Granite was placed at a higher depth than the Saint Hilaire Granite, due to higher temperatures
inferred from the zircon saturation and Zr-titanite methods. In the Porto Alegre Intrusive Suite,
the S&o Caetano Granite was the only unit to count with pressure estimations, while the other
granites from the suite were positioned utilizing the temperature range of the geothermometer
data. Some type of interaction during the placement event of the Independéncia Granite with
pelitic xenoliths is inferred due to the peraluminous nature of the biotites and titanites. In the
Itapud Intrusive Suite, the Santana granite was the only unit to bear a temperature estimation.
Although the data pointed to higher temperatures, this unit is argued to have been placed in
shallower depths due to epizone features observed in outcrop (e.g. miarolitic cavities, cf.
Oliveira et al., 2001).
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Table 9: Summary of mineral chemistry, geothermobarometry and geochronology data for

Plagioclase
An (%)
Deer et al. (1992)
Biotite
Fe/Fe + Mg
AV (apfu)
Foster (1960)
Anphibole
Mg/Mg + Fe?*
Si (apfu)
Alota (apfu)
Leake et al. (1997)
Titanite
Al203 (Wt%)
Fe203 (Wt%)
F (%peso)
S(YETR:0s) (Wt%)
Geothermobarometers
T Sat-zir (°C)
T Zr-titanita (°C)
T Amp-pl (°C)
P Al-hbl (kbar)
Depth (km)
Event
*Age (Ma)

Chécara das Pedras Gneiss

29 -45
Andesine

0,54 - 0,55
2,25-2,30
Fe-biotite/Mg-biotite

0,54 - 0,58 0,53 - 0,60
6,45 - 6,63 6,25 - 6,62
1,61-1,80 1,68 -2,26
Fe-hornblende Fe-tschermakite
1,68 - 4,95
0,97 -4,18
0,35-0,68
0,07-0,92
692 - 763 -
- 646 - 727
710 - 760 690 - 760
34-39 48-77
12-14 18-28
Crystallization Metamorfism
777,3+3,6 650

*Koester et al. (2016).



719 Table 10: Summary of mineral chemistry, geothermobarometry and geochronology data for the post-transcurrent granites.

Viamao Intrusive Suite Porto Alegre Intrusive Suite Itapud Intrusive Suite
Pitinga Saint Hilaire Independéncia Lami S&o Pedro S&o Caetano Feijo Restinga Santana Cantagalo Santo Antonio
Plagioclase
An (%) 17-43 18-38 20-43 5-18 13-24 22-39 04-8
Deer et al. (1992) oligoclase- oligoclase- oligoclase- albite- Oligoclase oligoclase- Albite
andesine andesine andesine oligoclase andesine
Biotite
Fe/Fe + Mg 0,49 - 0,54 0,48 - 0,53 0,63 - 0,66 0,51-0,53 0,51-0,52 0,44 - 0,47 0,46 - 0,51
Al (apfu) 2,36 - 2,45 2,30-2,35 2,41-2,46 2,27-232 2,26-2,33 2,30 -2,40 2,09-2,28
Foster (1960) Mg-biotite Mg-biotite Fe-biotite Mg-biotite Mg-biotite Mg-biotite Mg-biotite
Anphibole
Mg/Mg + Fe?* 0,53-0,70 0,56 - 0,63
Si (apfu) 6,66 - 6,97 6,59 - 6,87
Altotar (apfu) 1,10-1,70 1,29 - 1,64
Leake et al. (1997) Mg- Mg-
hornblende hornblende
Titanite
Al03 (Wt%) 1,04 - 2,06 1,18 -1,69 0,21-0,43 1,58 -7,15 1,04 -2,06 1,09 -1,76 0,00 -0,22
Fe203 (Wt%) 0,93-2,78 1,10-1,85 0,35-5,26 1,03-3,54 0,93-2,78 1,23-2,31 0,76 — 3,23
F (%peso) 0,19-0,70 0,34 - 0,45 1,44 - 4,43 0,16 — 1,96 0,19-0,70 0,18-0,71 0,23 - 4,60
3(YETR203) (Wt%) b.d.l. — 4,58 b.d.l. - 2,94 0,05 -0,50 0,40 -5,73 b.d.l. — 4,58 0,14 - 4,45 0,27 - 4,41
Geothermobarometers
T Sat-zir (°C) 731 - 760 691 - 747 688 - 760 684 - 722 695 - 772 741 752 - 769 629 - 689 681 - 781 694 - 740 694 - 719
T Zr-titanite (°C) 699 - 775 653 - 700 620 - 688 645 - 881 607 - 761 641 - 746 611 - 781
T Amp-pl (°C) 698 - 759 652 - 749
P Al-hbl (kbar) 3,4-50 32-48
Depth (km) 12-18 11-18
Age (Ma) *604,8 + 4,3 **600 + 10
720 *Koester et al. (2008); ** Koester et al. (2001); b.d.I. = below detection limit; apfu = atoms per formula unit.
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Figure 22: Geological model proposed for the northeast of the Dom Feliciano Belt, during the

intrusion of the post-transcurrent granites (600 Ma), based on Annen et al. (2006) e Bryan et
al. (2010) models; VIS: SH = Saint Hilaire Granite, P = Pitinga Granite; PAIS: | =
Independéncia Granite, L = Lami Granite, F = Feijé Granite; SP = S&o Pedro Granite, SC = Sdo
Caetano Granite; R = Restinga Granite; IIS: S = Santana Granite, SA = Santo Antdnio Granite
and C = Cantagalo Granite.
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6 Conclusions

The mineral chemistry and geothermobarometry study carried out in the Chéacara das
Pedras Gneisse and the post-transcurrent granites from the Porto Alegre region allowed for
discussions regarding the placement of these granites in a continental crust dominated by
gneisses.

Plagioclase composition varies from an oligoclase-andesine end-member in the Viaméo
Intrusive Suite, to an albite-andesine in the Porto Alegre Intrusive suite and an albite end-
member in the Itapud Intrusive Suite. The plagioclase found in Chécara das Pedras Gneiss
shows andesine composition.

Chemical data retrieved from the biotites from the Chacara das Pedras Gneiss points to
a variation between Fe-biotite to Mg-biotite end-members. The granites, with the exception of
the Independéncia Granite which shows a Fe-biotite composition, point to a reequilibrated Mg-
biotite composition. In terms of the distinction between magmatic series, the Independéncia
Granite falls within the peraluminous granite field, whereas the rest is placed within the calc-
alkaline granite series.

The amphibole composition in the Chacara das Pedras Gneiss showed a variation from
Fe-hornblende to Fe-Tschermakite in a core-border direction. The Saint Hilaire Granite and S&o
Caetano granite showed Mg-horneblende end-members. Geothermobarometry from amphibole
mineral chemistry recorded temperatures ranging from 659 to 759°C and pressures from 3,2 to
5,0 kbar, with placement depths spanning from 11 to 18 km. Amphibole from the Chéacara das
Pedras Gneisse recorded a change in pressure conditions interpreted as related to an igneous
grain core (with temperatures ranging from 710 to 760°C, pressures from 3,4 to 3,9 kbar and a
placement depth of 12 to 14 km) and a metamorphic border (temperatures of 690 to 760 °C,
pressures of 4,8 to 7,7 kbar and depth ranging from 18 to 28 km).

Mineral chemistry from titanites and temperatures obtained from the Zr content
recorded events ranging from 607 to 881 °C, which along with petrographic observations, point
to a magmatic (oscillatory and sector zonations) and post-magmatic (corrosion and
reprecipitation of titanites, biotite breakdown leading to precipitation of minerals, rims or
irregular zones within low-temperature grains, with chemical signatures distinct from magmatic
minerals).

In the Porto Alegre region the 777 Ma gneissic crust went through and event of
metamorphism around 660 Ma, under amphibolite facies conditions. This crust, in turn, was

intruded by a number of granites, represented by the three suites displaying similar
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crystallization conditions, around 650 to 880 °C, pressures of 3 to 5 kbar and a depth of around
11 to 18 km. These granites symbolize and important post-transcurrent magmatic event that

took place in the northeast portion of the Dom Feliciano Belt.
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ANEXO B - Analises de Plagioclasios por microssonda eletrbnica

Gnaisse Chacara das Pedras

Amostra Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B Lc-2B
Ponto 29 30 32 38 40 41 44 45 46 51 56 58 60 61 67 68 69 74 75 80 83
Grdo 1 1 1 1 2 2 2 2 2! 3 4 4 4 4 5 5 5 6 6 9 9
Obs Borda Centro Borda Centro Centro Borda Borda Centro Borda Borda Centro Borda Borda Centro Centro Borda Borda Centro Borda Borda Centro
Si0, 56,43 58,00 56,46 56,36 55,60 55,38 56,37 59,79 59,28 55,43 58,19 56,42 56,63 56,86 56,58 56,52 56,29 57,23 57,16 56,25 55,64
TiO, <l.d. n.d. n.d. <l.d. n.d. <l.d. <l.d. n.d. <l.d. <l.d. <l.d. <l.d. <l.d. <l.d. n.d. n.d. <l.d. <l.d. n.d. <l.d. <l.d.
Al,03 27,49 27,04 27,71 27,77 27,48 27,00 27,50 26,99 25,93 27,39 26,06 27,61 27,14 27,15 27,40 27,51 27,66 27,31 27,47 26,80 27,48
Cr,03 <l.d. <l.d. <l.d. n.d. n.d. 0,23 n.d. 0,14 n.d. n.d. <l.d. n.d. n.d. n.d. n.d. <l.d. <l.d. <l.d. n.d. <l.d. 0,04
FeOyotal 0,20 0,13 0,22 0,11 0,18 0,43 0,35 0,92 0,26 0,16 0,27 0,30 0,25 0,22 <l.d. <l.d. 0,14 <l.d. 0,14 0,15 1,51
MgO <l.d. <l.d. n.d. <l.d. n.d. n.d. <l.d. n.d. <l.d. <l.d. <l.d. n.d. n.d. n.d. <l.d. <l.d. <l.d. n.d. n.d. n.d. <l.d.
Ca0 9,17 8,19 9,34 9,45 9,38 8,81 9,33 5,45 7,44 9,28 7,63 9,31 9,07 9,22 9,27 9,29 9,39 9,31 9,24 8,21 8,86
MnO n.d. n.d. n.d. <l.d. <l.d. n.d. n.d. <l.d. n.d. n.d. <l.d. n.d. n.d. n.d. n.d. <l.d. n.d. <l.d. n.d. n.d. <l.d.
Na,O 6,54 8,26 6,58 6,37 6,24 6,66 6,63 6,23 7,56 6,40 7,39 6,39 6,57 6,40 6,74 6,24 6,42 6,34 6,48 6,70 5,62
K,0 0,14 0,14 0,14 0,12 0,16 0,28 0,11 1,92 0,11 0,12 0,16 0,15 0,09 0,11 0,09 0,11 0,09 0,10 0,12 0,27 0,19
Total 99,95 101,75 100,42 100,16 99,02 98,74 100,26 101,35 100,56 98,76 99,67 100,15 99,73 99,94 100,09 99,66 99,97 100,29 100,58 98,38 99,20
Si 10,145 10,262 10,113 10,111 10,098 10,100 10,118 10,532 10,531 10,093 10,446 10,127 10,195 10,215 10,161 10,167 10,119 10,228 10,202 10,253 10,073
Ti 0,003 0,000 0,000 0,003 0,000 0,008 0,001 0,000 0,004 0,002 0,002 0,002 0,006 0,001 0,000 0,000 0,000 0,001 0,000 0,000 0,002
Al 5,824 5,639 5,849 5,873 5,881 5,803 5,818 5,603 5,429 5,878 5,514 5,840 5,759 5,749 5,798 5,833 5,860 5,754 5,778 5,758 5,866
Cr 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Fe 0,027 0,018 0,029 0,014 0,024 0,058 0,048 0,123 0,035 0,022 0,037 0,041 0,035 0,030 0,008 0,012 0,018 0,008 0,019 0,021 0,206
Mg 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Ca 1,766 1,553 1,793 1,817 1,825 1,721 1,795 1,029 1,417 1,810 1,467 1,791 1,750 1,774 1,784 1,790 1,809 1,783 1,767 1,603 1,719
Mn 0,000 0,000 0,000 0,002 0,005 0,000 0,000 0,002 0,000 0,000 0,006 0,000 0,000 0,000 0,000 0,005 0,000 0,006 0,000 0,000 0,001
Na 2,281 2,834 2,284 2,217 2,197 2,357 2,309 2,130 2,603 2,261 2,571 2,223 2,295 2,228 2,348 2,176 2,238 2,196 2,243 2,370 1,974
K 0,032 0,031 0,033 0,026 0,038 0,065 0,025 0,431 0,025 0,028 0,036 0,035 0,020 0,025 0,020 0,025 0,021 0,024 0,026 0,064 0,045
z 15999 15919 15991 16,001 16,003 15,969 15,985 16,258 15,999 15,995 15,999 16,010 15,995 15,995 15,967 16,012 15997 15991 15,999 16,032 16,147
X 4,079 4,418 4,110 4,062 4,065 4,143 4,129 3,592 4,045 4,099 4,080 4,049 4,065 4,027 4,152 3,996 4,068 4,009 4,036 4,037 3,739
Ab 55,9 64,1 55,6 54,6 54,0 56,9 55,9 59,3 64,4 55,2 63,0 54,9 56,5 55,3 56,6 54,5 55,0 54,8 55,6 58,7 52,8
An 43,3 35,2 43,6 44,8 45,0 41,5 43,5 28,7 35,0 44,2 36,1 44,2 43,1 44,1 43,0 44,9 44,5 44,6 43,8 39,7 46,0
Or 0,8 0,7 0,8 0,6 0,9 1,5 0,6 11,6 0,6 0,7 0,9 0,9 0,5 0,6 0,5 0,6 0,5 0,6 0,6 1,6 1,2
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Granito Saint Hilaire

Granito Pitinga

Amostra PMP-58 PMP-58 PMP-58 PMP-58 PMP-58 PMP-58 PMP-58 PMP-58 PMP-58 | PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 PMP-90
Ponto 6 7 10 12 14 16 18 19 20 3 4 6 7 8 9 10 11 12 13 14 18
Grdo 2s 2s 3s 4s 5s 5s 6s 6s 6s 1 1 2 2 2 2 2 2 2 2 2 7
Obs Borda Centro Borda Borda Borda Centro Borda Borda Borda Borda Centro Borda Inter middle middle middle middle  Centro Centro  Middle  Centro
Si0, 60,77 61,04 61,23 62,27 62,19 60,42 62,05 61,34 62,12 63,47 64,30 61,31 60,98 61,11 59,00 61,03 61,65 58,76 58,93 57,38 59,80
TiO, <l.d. <l.d. <ld. <l.d. <ld. <l.d. <l.d. <l.d. <l.d. <l.d. <ld. n.d. n.d. <l.d. <l.d. <ld. <ld. <l.d. <ld. n.d. <ld.
Al,03 24,90 25,73 25,00 24,34 24,01 25,05 24,46 24,38 24,10 23,60 22,74 24,67 24,75 24,93 26,17 25,09 24,90 26,41 26,15 27,08 25,70
Cr,03 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. <l.d. <l.d. 0,14 0,18 0,12 0,14 0,14 0,16 0,13 0,19 0,19 0,29
FeOotal 0,15 0,12 <l.d. 0,13 <l.d. 0,20 <l.d. 0,11 <l.d. n.d. <l.d. <l.d. <l.d. n.d. n.d. <l.d. <l.d. n.d. <l.d. <l.d. <l.d.
MgO n.d. <l.d. n.d. n.d. n.d. n.d. n.d. n.d. <l.d. n.d. n.d. n.d. <l.d. n.d. <l.d. n.d. n.d. <l.d. n.d. <l.d. n.d.
Ca0 6,64 7,10 6,45 5,75 5,74 7,09 5,99 6,06 5,37 4,05 3,53 5,95 6,08 5,97 7,89 6,44 6,14 7,70 7,54 9,05 6,88
MnO n.d. n.d. <ld. n.d. <l.d. n.d. <l.d. <l.d. n.d. n.d. n.d. n.d. <ld. <l.d. <ld. n.d. <ld. n.d. n.d. <l.d. n.d.
Na,O 7,70 6,25 8,16 8,51 8,46 7,84 8,25 7,98 8,87 9,58 9,73 8,27 8,26 8,38 7,43 8,19 8,20 7,37 7,42 6,57 7,89
K,0 0,23 0,21 0,19 0,20 0,12 0,24 0,10 0,17 0,17 0,11 0,15 0,20 0,20 0,14 0,14 0,12 0,10 0,10 0,13 0,14 0,19
Total 100,39 100,45 101,03 101,20 100,52 100,84 100,85 100,04 100,63 100,80 100,45 100,54 100,43 100,63 100,76 100,99 101,14 100,46 100,33 100,39 100,70
Si 10,774 10,758 10,782 10,932 10,975 10,697 10,913 10,886 10,959 11,130 11,290 10,844 10,805 10,801 10,475 10,758 10,830 10,453 10,496 10,257 10,603
Ti 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,004 0,002 0,000 0,000 0,001 0,002 0,003 0,003 0,005 0,000 0,000 0,000
Al 5,204 5,345 5,188 5,035 4,994 5,228 5,070 5,099 5,011 4,877 4,706 5,142 5,170 5,192 5,476 5,214 5,155 5,538 5,489 5,705 5,371
Cr 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,001 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000
Fe 0,020 0,015 0,000 0,017 0,000 0,026 0,000 0,015 0,000 0,012 0,011 0,019 0,023 0,016 0,019 0,018 0,021 0,018 0,025 0,025 0,035
Mg 0,000 0,003 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,004 0,000 0,001 0,000 0,000 0,003 0,002 0,000 0,001 0,000 0,001
Ca 1,262 1,340 1,217 1,082 1,086 1,346 1,129 1,153 1,016 0,761 0,665 1,128 1,154 1,130 1,501 1,215 1,156 1,468 1,438 1,733 1,307
Mn 0,000 0,000 0,000 0,000 0,001 0,000 0,000 0,001 0,000 0,000 0,000 0,000 0,002 0,003 0,006 0,000 0,003 0,000 0,000 0,003 0,000
Na 2,646 2,136 2,787 2,898 2,893 2,690 2,813 2,746 3,033 3,256 3,312 2,837 2,838 2,872 2,558 2,800 2,794 2,541 2,561 2,277 2,711
K 0,052 0,048 0,042 0,044 0,028 0,053 0,023 0,038 0,039 0,025 0,034 0,046 0,046 0,031 0,031 0,026 0,023 0,023 0,030 0,032 0,044
z 15998 16,118 15970 15984 15969 15951 15,983 16,000 15,970 16,023 16,009 16,005 15999 16,010 15,972 15,993 16,009 16,014 16,010 15,987 16,009
X 3,960 3,527 4,046 4,024 4,008 4,089 3,965 3,938 4,088 4,042 4,015 4,011 4,041 4,036 4,096 4,044 3,978 4,032 4,030 4,045 4,063
Ab 66,8 60,6 68,9 72,0 72,2 65,8 70,9 69,7 74,2 80,6 82,5 70,7 70,2 71,2 62,5 69,2 70,2 63,0 63,5 56,3 66,7
An 31,9 38,1 30,1 26,9 27,1 32,9 28,5 29,3 24,9 18,8 16,7 28,1 28,6 28,1 36,8 30,1 29,2 36,4 35,7 42,9 32,2
Or 13 1,4 1,0 1,1 0,7 1,3 0,6 1,0 1,0 0,6 0,8 1,1 1,1 08 0,8 0,6 0,6 0,6 0,7 038 1,1

92



Granito Independéncia Granito Lami

Amostra PMP-90 PMP-90 PMP-90 PMP-90 PMP-90 | PMP-25 PMP-25 PMP-25 PMP-25 PMP-25 PMP-25 PMP-25 PMP-25 PMP-25 | PMP-77 PMP-77 PMP-77 PMP-77 PMP-77 PMP-77 PMP-77
Ponto 19 21 22 26 27 41 40 52 51 44 45 48 55 56 10 11 13 14 15 16 17
Grdo 7 8 8 4 4 1 1 5 5 2 2 3 4 4 6 6 4 8 8 7 9
Obs Borda Borda Centro Borda Centro | Centro Borda Centro Borda Borda Centro Borda Borda Centro Borda Centro Borda Centro Borda Centro Borda
SiO, 64,10 63,42 63,15 63,35 60,99 58,62 62,72 57,43 58,42 63,10 58,45 63,51 63,58 58,96 64,64 64,03 65,99 64,90 67,36 65,65 67,16
TiO, <l.d. <l.d. n.d. <l.d. n.d. <l.d. <l.d. <l.d. <l.d. <l.d. n.d. n.d. n.d. <l.d. <l.d. n.d. <l.d. <l.d. n.d. n.d. <l.d.
Al,03 22,74 23,25 23,12 23,25 25,21 26,42 23,63 26,87 26,73 23,51 26,21 23,17 23,37 26,39 22,34 22,67 20,98 21,27 21,13 21,58 20,99
Cr,05 <l.d. <l.d. 0,14 0,11 0,12 <l.d. 0,06 <l.d. 0,02 <l.d. <l.d. <l.d. 0,03 <l.d. 0,14 0,12 0,26 0,19 0,09 0,17 <l.d.
FeOotal <l.d. <l.d. <l.d. <l.d. n.d. <l.d. 0,06 <l.d. 0,02 <l.d. <l.d. <l.d. 0,03 <l.d. n.d. <l.d. n.d. 0,07 <l.d. n.d. n.d.
MgO n.d. n.d. <l.d. n.d. n.d. n.d. <l.d. <l.d. n.d. n.d. <l.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <l.d. n.d. n.d.
Cao 3,84 4,20 4,27 4,19 6,30 7,93 5,06 8,90 8,33 4,92 7,81 4,22 4,35 7,97 3,01 3,78 2,10 3,44 1,10 2,48 1,43
MnO n.d. n.d. <ld. <l.d. <l.d. <l.d. <l.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. <ld. <l.d. n.d. n.d. <ld. <l.d. n.d.
Na,0 9,85 9,43 9,39 9,36 8,20 7,32 8,79 6,55 7,09 8,71 7,47 9,41 9,24 7,16 10,01 9,72 10,14 9,00 10,82 10,33 11,20
K,0 0,06 0,09 0,33 0,16 0,08 0,06 0,18 0,13 0,10 0,24 0,08 0,15 0,18 0,17 0,12 0,26 0,18 0,74 0,23 0,11 0,11
Total 100,59 100,39 100,39 100,40  100,88] 100,35 100,44 99,88 100,69 100,48 100,02 100,46 100,75 100,65 100,26 100,58 99,65 99,61 100,73 100,32 100,89
Si 11,258 11,164 11,149 11,161 10,757 10439 11,062 10,302 10,375 11,111 10,451 11,173 11,157 10,470 11,368 11,264 11,628 11,498 11,710 11,517 11,682
Ti 0,004 0,005 0,000 0,002 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,001 0,000 0,005 0,001 0,000 0,000 0,002
Al 4,707 4,824 4,811 4,828 5,240 5,546 4,912 5,681 5,596 4,830 5,523 4,805 4,834 5,523 4,631 4,699 4,356 4,442 4,330 4,462 4,302
Cr 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,001 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,001 0,000 0,000
Fe 0,005 0,008 0,019 0,014 0,016 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,018 0,015 0,035 0,025 0,012 0,023 0,007
Mg 0,001 0,001 0,001 0,002 0,000 0,000 0,000 0,000 0,000 0,000 0,001 0,006 0,000 0,002 0,000 0,000 0,000 0,018 0,006 0,000 0,000
Ca 0,722 0,793 0,808 0,791 1,190 1,512 0,955 1,710 1,584 0,927 1,497 0,795 0,818 1,516 0,568 0,713 0,397 0,654 0,205 0,467 0,266
Mn 0,000 0,000 0,002 0,003 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,001 