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Resumo

Esse trabalho trata do estudo de petrografia, quimica mineral, geoquimica, balanco de massa e
geocronologia de escarnitos gerados no contato de marmores com diques metaméficos e félsicos, que
pertencem ao Complexo Paraiba do Sul na regido sul do estado do Espirito Santo. Os litotipos dos
diques metamaficos sdo anfibolitos e hornblenda granofels. Os mamores, os diques maéficos
deformados e seus escarnitos foram metamorfizados sob condicBes de facies granulito durante a fase
sin-colisional do or6geno Araguai neoproterozoico. Os diques félsicos sdo indeformados, portanto,
mais novos que os diques metaméficos. Suas rochas consistem de Aalcali-feldspato granito,
monzogranito e sienogranito. Escarnitos associados com diques metamaficos sdo compostos por duas
zonas mineraldgicas, do marmore para o dique: zona carbonato + olivina, e zona diopsidio +
hornblenda. Nos escarnitos associados com diques félsicos duas zonas mineral6gicas foram
identificadas como exoescarnitos e uma zona como endoescarnito, do marmore para o granito: zona
carbonato + tremolita (exoescarnito), zona diopsidio (exoescarnito), e zona escapolita + diopsidio
(endoescarnito). Mudancas abruptas nos teores de Al e Ti do dique para o escarnito, além de padrdes
de fracionamento de ETR similares do escarnitos associados aos diques metamaficos e dos marmores,
indicam que esses escarnitos sdo exoescarnitos, portanto, foram formados pelo metassomatismo do
marmore. Nas zonas escarniticas associadas ao granite, conteidos similares de elementos tracos do
granite e da zona escapolita + diopsidio, assim como do marmore e da zona diopsidio corroboram a
interpretacdo de exo- e endoescarnitos. A reducdo abrupta de elementos de baixa mobilidade como Al
e Ti do endoescarnito para 0 exoescarnito também apoiam essa interpretacdo. Si, Mg e Ca foram
intensamente mobilizados nos escarnitos associados ao granito provavelmente devido & presenga de
H20 e ao alto gradiene de potencial quimico gerado entre as rochas envolvidas. Trendes inesperados
de distribuicdo de alguns elementos tragcos nos escarnitos associados com diques metaméficos
ocorreram devido a uma possivel parcial homogeneizagcdo quimica durante o processo metamorfico
posterior. Composicdes minerais variam ao longe dos dois tipos principais de escarnitos e sugerem
contribuicdo de Mg e Ca do marmore, Fe do dique metaméfico e Na do granito. A ocorréncia de
espinélio nos diques metamaficos e em seus escarnitos, além de evidéncias de deformacéo, sugerem
que foram metamorfizados sob condicGes de facies granulito durante a fase sin-colisional do orégeno
Aracuai em 580-560 Ma. Geocronologia U-Pb via LA-ICP-MS em zircfes de um dique de alcali-
feldspato granito resultaram em uma idade de cristalizagdo de ca. 530 Ma, que deve ser a idade
aproximada da escarnitizacdo associada aos diques félsicos. Essa idade é compativel com a fase pos-

colisional do orégeno Araguai.

XiX



XX



Abstract

This work concerns the study of petrography, mineral chemistry, geochemistry, mass balance and
geochronology of skarns generated at the contact of marbles with metamafic as well as felsic dykes,
that belong to the Paraiba do Sul Complex in the southern region of the Espirito Santo State. The
lithotypes of the metamafic dykes are amphibolites and hornblende granofels. The marbles, the
deformed mafic dykes and their skarns were metamorphosed under granulite facies conditions during
the syn-collisional phase of the Neoproterozoic Aracguai orogen. The felsic dykes are undeformed, thus
younger than the metamafic dykes. Their rocks consist of either alkali-feldspar granite, monzogranite
or syenogranite. Skarns associated with the metamafic dykes are composed of two mineralogical zones
from the marble towards the dyke: carbonate + olivine zone, and diopside + hornblende zone. In the
skarns associated with the felsic dykes two mineralogical zones were identified as exoskarns and one
as endoskarn from the marble towards the granite: carbonate + tremolite zone (exoskarn), diopside
zone (exoskarn), and scapolite + diopside zone (endoskarn). Abrupt changes in the Al and Ti-contents
from dyke to skarn, besides similar REE-fractionation patterns of the skarns associated with the
metamafic dykes and the marbles, indicate that these skarns are exoskarns, therefore were formed by
metasomatism of the marble. In the skarn zones related to the granite, similar trace element contents of
granite and scapolite + diopside zone, as well as of marble and diopside zone support the interpretation
of exo- and endoskarns. The abrupt decrease of low-mobility elements such as Al and Ti from
endoskarn to exoskarn also supports this interpretation. Si, Mg and Ca were more intensely mobilized
in the skarns related to the granite probably due to the presence of H,O and to the higher chemical
potential gradient between the rocks involved. Unexpected distribution trends for some trace elements
in the skarns related to the metamafic dykes are possibly due to partial chemical homogenization
during the later metamorphic process. Mineral compositions vary along the two main types of skarns
and suggest contribution of Mg and Ca from marble, Fe from the mafic dykes and Na from the
granites. Occurrence of spinel in the mafic dykes and their skarns, besides deformation evidences,
suggest that they were metamorphosed under the granulite facies conditions during the 580-560Ma
syn-collisional phase of the Araguai orogen. U-Pb zircon geochronology via LA-ICP-MS of an alkali-
feldspar granitic dyke resulted in a crystallization age of ca. 530 Ma, that must also be the approximate
age of skarnitization associated with the felsic dykes. This age is compatible with the post-collisional

phase of the Araguai orogen.
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CAPITULO 1
INTRODUCAO

1.1 - CONSIDERACOES INICIAIS

A regido de Cachoeiro de Itapemirim, sul do estado do Espirito Santo, é conhecida por seu
destague na industria de rochas ornamentais, tanto na explotacdo quanto no beneficiamento. Ao norte
da sede do municipio localizam-se ocorréncias de marmore que constituem um corpo alongado de
direcdo nordeste-sudoeste, de aproximadamente 25 km de comprimento por 4 km de largura, que se
estende até a regido do extremo centro-oeste do municipio de Vargem Alta (Figura 1.1). Outras
ocorréncias localizam-se a noroeste desse corpo maior no municipio de Castelo. Esse marmore é

intensamente explotado para rocha ornamental e para fins industriais como fertilizantes e cimento.

Em diversos pontos ocorrem diques graniticos e metamaficos que cortam o marmore. Segundo
Jordt-Evangelista & Viana (2000), os diques graniticos ndo possuem evidéncias de deformacdo e
metamorfismo e 0s seus contatos com o0 marmore sdo abruptos. Os diques metamaéficos, por outro

lado, foram intensamente deformados, metamorfizados e transformados em anfibolitos.

Os contatos do granito e da rocha metaméafica com o marmore sdo marcados por zonas de
reacdo metassomatica responsaveis pela geracdo de auréolas escarniticas que chegam a decimetros de
largura. Os escarnitos podem apresentar-se bandados, com bandas que se caracterizam por diferentes
composicGes mineralégicas. As bandas sdo resultantes da migragdo dos elementos quimicos, através

do contato, devida ao contraste quimico gerado pelas composicGes distintas dos litotipos.

Este trabalho apresenta os resultados do estudo petrogenético dos escarnitos bem como dos
marmores, e das rochas félsicas e metamaficas envolvidas em sua formacéo. Os estudos mineraldgicos
e geoquimicos  realizados  contribuem  para o0  entendimento  dos  processos

metamorficos/metassomaticos de geragdo dos escarnitos.

1.2 - LOCALIZACAO E VIAS DE ACESSO

A lente de marmore de Cachoeiro de Itapemirim, ES, localiza-se na por¢do sul do Espirito
Santo, regido sudeste do Brasil, no municipio de Cachoeiro de Itapemirim, situado a 136 km de

Vitdria (Figura 1.1). O acesso a esta regido se da pela rodovia BR-101, que atravessa o estado de norte
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a sul, a partir de Vitdria até o cruzamento com a rodovia ES-289, onde se deve seguir até a cidade de
Cachoeiro de Itapemirim. A partir desta, diversas rodovias, tais como a ES-488 e ES-482 (Figura 1.1),
podem ser utilizadas para acessar as localidades de Itaoca e Alto Gironda, detentoras de um grande
nimero de pedreiras, tanto em funcionamento quanto desativadas, que foram importantes para a

observacéo dos litotipos estudados.

Para acesso aos pontos situados no municipio de Vargem Alta, deve-se seguir pela rodovia
ES-164, a partir de Cachoeiro de Itapemirim, até o cruzamento com a ES-375, que conduz a localidade
de Prosperidade, e em seguida, em outro cruzamento, deve-se entrar em uma estrada vicinal a
esquerda que leva a diversas pedreiras situadas no vilarejo de Claros Dias. Outras duas localidades de

Vargem Alta sdo Santo Anténio e Pedra Branca, que podem ser acessadas a partir da mesma estrada.

J& para 0 acesso aos pontos do municipio de Castelo, segue-se pela rodovia ES-482 até o
encontro com a ES-166, a partir da qual se direciona a cidade de Castelo. Em seguida, pela ES-475

chega-se ao encontro com a estrada vicinal que leva a localidade de S&o Cristovao.
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Figura 1.1- Mapa de localizagdo e vias de acesso a lente de marmore de Cachoeiro de Itapemirim, ES, com os
pontos visitados.
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1.3-OBJETIVOS

O principal objetivo do trabalho foi contribuir para o conhecimento da génese de escarnitos
gerados no contato entre marmores e rochas igneas félsicas e metamaficas que ocorrem na regido de
Cachoeiro de Itapemirim, fornecendo informacBes importantes sobre os processos metamorficos e
metassomaticos de geracdo da mineralogia caracteristica dessas rochas. Para isso, tem-se como

objetivos especificos:

- a caracterizacdo petrografica dos escarnitos, dos marmores, das rochas graniticas e

metamaficas;
- a caracterizacdo geoquimica;

- 0s calculos de balanco de massa das rochas diretamente envolvidas no processo
metassomatico, com a finalidade de compreender a migragdo dos elementos quimicos que levou a

geragdo das diversas zonas dentro dos escarnitos;

- e a analise geocronoldgica de um dique granitico para estabelecer a idade de geracdo dos

escarnitos.

1.4 -METODOLOGIA
1.4.1 — Levantamento bibliogréfico

Inicialmente, foi feita a compilagdo e leitura dos principais trabalhos de cunho geolégico
existentes sobre a regido e sobre assuntos relevantes ao estudo, tais como escarnitos, metassomatismo,

balanco de massa e geocronologia.

Os trabalhos sobre a geologia da regido relacionam-se ao entendimento do contexto geoldgico
da area onde se localizam os escarnitos estudados. Os trabalhos referentes aos escarnitos e ao
metassomatismo estéo relacionados a identificagéo, a descricdo e & interpretacdo da mineralogia e da
textura dos litotipos, bem como aos processos geoldgicos de geracdo e modificacdo quimica dos
mesmos. J& os trabalhos que abordam calculo de balango de massa e geocronologia foram
selecionados para a compreensdo dos métodos utilizados para cada estudo e interpretacdo dos

resultados obtidos.
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1.4.2 — Atividades de campo

As atividades de campo ocorreram em uma etapa entre os dias 13 e 20 de setembro de 2013,
realizada para a coleta de amostras dos escarnitos e das rochas associadas a sua formacéo. Foram
visitados dezessete pontos no municipio de Cachoeiro de Itapemirim, cinco pontos no municipio de
Vargem Alta e dois pontos no municipio de Castelo, no ES, totalizando vinte e quatro pontos, dentre
0S quais quinze sdo pedreiras desativadas, seis sdo pedreiras em funcionamento e trés sdo

afloramentos.

Os pontos visitados foram previamente selecionados a partir da compilacdo de dados de
trabalhos de campo realizados por Costa Junior et al. (2011), Oliveira et al. (2012) e Alvarenga et al.
(2013), no &mbito da disciplina de Mapeamento Geoldgico Il inserida na grade curricular do curso de
geologia, do Departamento de Geologia (DGEL), da Universidade Federal do Espirito Santo (UFES).
Além disso, foram utilizadas informagdes de campo de Medeiros Janior (2016) e Oliveira (2012). Os
pontos foram selecionados com base em descricbes de afloramentos e pedreiras onde foram
identificados diques graniticos e méaficos associados a formagao de escarnitos.

Em cada estagdo geoldgica foram realizadas descricdes petrograficas, coleta de amostras,
registro de coordenadas geodésicas no datum WGS84 e no sistema UTM, com a utilizacdo do GPS
Garmin Etrex® e registro de imagens, com uso de camera fotogréafica.

1.4.3 — Trabalhos de laboratorio

As amostras coletadas foram analisadas macroscopicamente com o0 objetivo de selecionar as
mais representativas para a confeccdo de laminas delgadas e para a caracterizagdo geoquimica dos

escarnitos e das rochas associadas.

Foram confeccionadas 47 laminas, de dez pontos dos 24 visitados, no Laboratério de
Laminacdo do Departamento de Geologia (DEGEO) da Universidade Federal de Ouro Preto (UFOP).
Além dessas, sete ldaminas confeccionadas por Oliveira (2012) (ldminas ESC), em seu trabalho sobre
0s escarnitos da regido, e dez laminas confeccionadas por Medeiros Junior (2016) (laminas ITA-68 e
CAS29), em seu estudo sobre as rochas granuliticas da regido, foram descritas. A andlise
petrogréafica/petroldgica foi feita por microscopia de luz transmitida e refletida no DEGEO da UFOP e
no Laboratério de Analises Minerais (LAMIN) da Superintendéncia Regional de Manaus do Servico
Geoldgico do Brasil (CPRM).

Por meio da utilizagdo de microssonda eletronica de varredura Joel Superprobe JXA-8900RL,

operando com uma tensdo de aceleracdo de 15 kV e corrente de feixe de 20 nA, do Centro de

4
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Microscopia da Universidade Federal de Minas Gerais (UFMG), foram obtidas analises quantitativas
de quimica mineral, de seis ldminas, para estudo da variagdo quimica de determinados minerais ao
longo das bandas mineraldgicas dos escarnitos. Foram analisados os elementos Na, Ti, Mg, Al, Si,
Mn, Fe, K, Ca, S, F, ClI, e seus resultados foram expressos na forma dos 6xidos mais comuns, com
excecdo do Fe apresentado na forma de FeO. Os padrfes pertencem a Colecdo lan Steele, exceto a
Sanidina e a Rodonita que compdem a Colegdo Astimex. A tabela 1.1 apresenta os padrdes utilizados

para a andlise de cada elemento.

Analises semiquantitativas também foram obtidas, em 7 ldminas, por meio da utilizacdo de
microscopio eletrénico de varredura (MEV) Jeol JSM-6010LA com espectrometria de dispersdo de
energia (EDS), operando com 20 kV de energia e spot size 70, no Laboratério de Microanalises do
DEGEO da UFOP. No Anexo | estdo os dados completos das andlises de quimica mineral feitas por
MEV.

Tabela 1.1 — Padr@es utilizados e tempo de contagem para cada elemento analisado por microssonda eletronica.

32?;:;52: Raio X ana(liigls(tje;l no Nome do Padréo Tempo de contagem
padrao Pico Back
Na Ka TAP Jadeita 10's 5s
Ti Ka LIF Rutilo 10s 5s
Mg Ka TAP Diopsidio 10s 5s
Al Ka TAP Al20s 10s 5s
Si Ka TAP Quartzo 10s 5s
Cl Ka PETJ Cl-Apatita 10s 5s
Mn Ka LIF Rodonita 10s 5s
Fe Ka LIF Magnetita 10s 5s
K Ka PETJ Sanidina 10s 5s
Ca Ka PETJ Diopsidio 10s 5s
S Ka PETJ Barita 10s 5s
F Ka TAP Fluorita 10s 5s

Para analise quimica de rocha, quatro zonas escarniticas (PIES-1, PIES-2, PIES-5 e ITA-68A)

foram selecionadas das quais as zonas de diferente mineralogia foram individualizadas, britadas e

5
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moidas, para estudo da migracdo dos elementos ao longo do contato, caracterizacdo quimica dos
diferentes litotipos e calculo de balango de massa. As analises foram realizadas no laboratorio
canadense Acme Analytical Laboratories S.A. via Fluorescéncia de Raios X para elementos maiores e
menores, e via Espectrdmetro de Massa com Plasma Induzido Acoplado (ICP-MS) englobando
elementos tragos e terras raras. As amostras foram britadas e moidas e enviadas ao laboratério. A
abertura foi feita por fusdo em LiBO, para analise em Raio X, e fusdo em tetraborato/metaborato de
litio e digestdo em &cido nitrico para analise em ICP-MS. Para a detec¢do de metais base e metais
preciosos, 0,59 de amostra foram digeridas em Aqua Regia a 95°C. Carbono e enxofre total foram
determinados por combustdo a partir do método Leco. A perda ao fogo (PPC) foi estabelecida pela
diferenca de peso ap6s a calcinagdo a 1000 °C. No Anexo Il estdo os dados completos de quimica de

rocha.

Amostras representativas de um dique granitico (amostra PIES-1C) foram preparadas para a
separacdo de zircdo para geocronologia U-Pb, no Laboratorio de Preparacdo de Amostras para
Geoquimica e Geocronologia (LOPAG), com o objetivo de obter a idade relativa de geragdo dos
escarnitos. As amostras foram britadas e moidas e os minerais pesados foram separados por bateia.
Posteriormente 0s minerais pesados magnéticos foram separados dos restantes por um ima. Por
catacdo manual, zircGes selecionados deste concentrado ndo-magnético foram montados em um disco
de epoxy no LOPAG, e imageados por catodoluminescéncia e elétrons retroespalhados
(backscattering) via microscopio eletrénico de varredura Quanta-250-FEI da Oxford Instruments Co.
no Laboratério Multiusuario de Meio Ambiente e Materiais (MULTILAB), da Universidade do Estado
do Rio de Janeiro. Em seguida foram datados no no laboratério de is6topos e geoquimica por Laser
Ablation-ICP-MS (LA-ICP-MS), Agilent 7700 Q-ICP-MS e laser 213 nm New Wave laser no
Laboratério de Geoquimica Isotopica (ver Romano et al. 2013 e Takenaka et al. 2015 para
detalhamento da instrumentacdo e metodologia), no DEGEO da UFOP. Os dados das razdes isotopicas
relevantes foram reduzidos no software Glitter (van Achterbergh et al. 2001) e os diagramas U-Pb

foram construidos no Isoplot 3.75 (Ludwig 2012). No Anexo Il estdo os dados completos da datacao.

1.4.4 — Calculo de balan¢o de massa

Os célculos de balanco de massa foram feitos com base no método de Grant (1986),
aprimorado de um método desenvolvido por Gresens (1967) que compara as concentragdes dos
elementos entre a rocha protélito e a rocha alterada (metassomatizada) e identifica a quantidade
adicionada e subtraida durante o metassomatismo bem como determina, por diagramas de

composicao-volume, quais elementos que permaneceram imoveis ou tiveram pouca mobilidade.
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O método de Gresens (1967) utiliza equacGes para o calculo de ganhos e perdas, tanto de
rochas quanto de minerais, a partir de dados de composi¢des quimicas e densidade relativa dos
equivalentes alterados e ndo alterados. Em seu argumento bésico, Gresens (1967) afirma que um
componente que permaneceu imével no processo de alteracdo pode ser utilizado para determinar

qualquer mudanca de volume que tenha acontecido.

Assumindo que a mudanga de volume é comum a todos os componentes, podem-se calcular
ganhos e perdas de outros componentes. Para realizar os calculos, duas amostras devem ser
selecionadas, uma de referéncia, que pode estar totalmente preservada ou parcialmente transformada
por processos metassomaticos, e outra alterada. Esta ultima deve estar mais alterada que a amostra de
referéncia, isso porque o objetivo dos calculos é determinar quais elementos a rocha alterada ganhou

ou perdeu em relacdo a rocha de referéncia.
A equacéo fundamental de Gresens (1967) para o célculo é:
Xn = [f, (g®/g”) CnB — Cn*a. (1.1)
Onde:
Xn: Mudanga de massa no componente n;
fv: Fator volume;
B: Valores para a rocha de referéncia;
A: Valores para a rocha alterada;
g: gravidade especifica (densidade relativa) da amostra;
Cn: Concentragdo do componente n nas amostras A e B;
a: Massa arbitraria (geralmente 100g).

O método de Grant (1986) utiliza uma representacdo grafica conhecida como diagrama de
isconas. Esse diagrama é construido com os dados de analises quimicas de duas rochas, em um
sistema de eixos cartesianos, de modo que o0 eixo Y representa as concentragdes dos elementos da

rocha alterada e o eixo X representa as concentra¢fes da rocha de referéncia.

Os elementos imdveis devem se arranjar obrigatoriamente ao longo de uma reta designada de
isbcona, enquanto que os elementos que foram mobilizados se dispGem acima da reta, quando a rocha
alterada é enriquecida neles, e abaixo da reta, quando os elementos sairam do sistema, ou seja, a rocha
alterada é empobrecida nesses elementos em relagdo a rocha de referéncia. Para facilitar a
visualizacdo, como nem sempre os pontos definem um bom alinhamento, utiliza-se um ou mais

elementos imdveis para determinar, a partir de cada um deles, uma reta isécona. Outros pardmetros
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podem ser utilizados para a determinag&o da is6cona como assumir massa e volume constantes durante

a alteracéo.

Para 0 método de Grant (1986), a equacdo fundamental de Gresens (1967) é reescrita com uma
nova terminologia (1.2) e renovada para (1.3):

AM; = [(MA/MO)CA — CiPTM°, (1.2)
Ci* = MO/MA(C® + AC)) (1.3)

Onde:

AMi: Variacdo de massa de um componente i;

AC;: Ganho ou perda de massa de um componente i;

O: Valores para a rocha de referéncia (original);

A: Valores para a rocha alterada;

M: Massas das amostras;

Ci: Concentragdo do componente i nas amostras A e O.

Nota-se que se M° = 1g, C é g/g, se M° = 100g, C é em % de peso, e se M° = 10°g, C é em
ppm.

O método da isbcona

O método da is6cona de Grant (1986) consiste em gerar uma reta que melhor se ajuste através
de uma série de pontos no grafico de concentracdo dos elementos da rocha alterada versus
concentragdo dos elementos da rocha de referéncia (Ci* x C°). Para cada componente analisado a
isocona € definida aplicando a equacdo (1.3), na qual (M®/M”) é constante. ldentificando os
componentes imdveis para cada ACi = 0 é possivel obter (M®/M?), que é a razdo fundamental das

massas equivalentes antes e depois da alteracéo. A equacao da isdcona é escrita dessa forma:
CA = (MO/MA)CP (1.4)
Assumindo um elemento imdvel, por exemplo, o aluminio, da equacdo (1.3) tem-se:
(MO/MA) = (CPa0s/C° AL03),
ao substituir na equacdo da isécona (1.4), tem-se:

CA= (CAAI203/CO AIzOs)CO- (15)
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Para massa e volume constante, respectivamente, encontram-se:
CA=CSY; (1.6)
CA = (p°/p™)CO. (1.7)
Na equacdo da isdcona de volume constante, p é a densidade relativa da amostra.

As equagdes que geram os valores relativos de ganhos e perdas dos elementos méveis sdo
obtidas ao dividir a equacéo (1.3) por Ci° e rearranjando para:

(AGIIC®) = (MAIMP)(CAIC®) -1 (1.8)
Admitindo novamente o aluminio como elemento imével, a partir da equacédo (1.8) obtém-se:
(AGI/Ci) = (C° Al,Os / CA Al,O3)(CA/C) — 1. (1.9)
Para massa e volume constante, respectivamente, tem-se:
(AGI/Ci) = (CAIC®) - 1; (1.10)

(ACi/Ci) = (pA/pO) (CiA/CiO) -1. (1.11)

1.4.5 — Tratamento e interpretacao dos dados

Os dados obtidos dos estudos petrogréficos, das analises quimicas, dos calculos de balanco de
massa e das analises geocronoldgicas foram tratados e interpretados e sdo apresentados neste trabalho.

O software Minpet® versdo 2.02 (Richard 1995) foi utilizado para tratamento dos dados de
quimica mineral e o software GCDkKit versdo 4.0 (Janousek et al. 2015) foi empregado no
processamento dos dados de geoquimica. Para os calculos de balanco de massa, foi utilizado o
software Microsoft® Office Excel 2007.

Os mapas de localizacdo e vias de acesso das unidades geol6gicas foram confeccionados no
software ArcGis® versdo 9.3, utilizando dados vetoriais da folha Cachoeiro de Itapemirim (SF.24-V-
A, escala 1:250.000).
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CAPITULO 2
CONTEXTO GEOLOGICO

2.1 - INTRODUCAO

As ocorréncias de marmores da regido de Cachoeiro de Itapemirim, sul do Espirito Santo,
encontram-se tectonicamente inseridas na Provincia Mantiqueira (Almeida et al. 1981), mais
especificamente, na por¢édo sul do Ordgeno Araguai préximo ao limite com a Faixa Ribeira. Pedrosa-
Soares & Noce (1998), Pedrosa-Soares & Wiedemann-Leonardos (2000) e Pedrosa-Soares et al.
(2001) balizam esse limite pela extremidade sul do Craton do S&o Francisco na altura do paralelo 21°
S. A regido de ocorréncia dos marmores pertence nucleo cristalino do Ordgeno Araguai-Congo
Ocidental (Alkmim et al. 2006, 2007) e compreende rochas metavulcanossedimentares e
metassedimentares do Complexo Paraiba do Sul além de ortognaisses tonaliticos e ortognaisses
graniticos a granodioriticos (Vieira 1993, 1997).

A seguir, neste capitulo, serd apresentada uma revisdo bibliografica acerca do orégeno
Aracuai, suas definicGes, compartimentos e evolucdo, e sobre as principais unidades geoldgicas que

ocorrem na area de estudo. Tem-se, ainda, uma descri¢do detalhada das ocorréncias de marmore.

2.2 - CONTEXTO GEOLOGICO REGIONAL

2.2.1 — Orogeno Araguai

O Ordgeno Araguai é constituido pela Faixa de Dobramentos Araguai, que possui como limite
oeste 0 Craton do Sao Francisco (Almeida 1977), e pelo nucleo cristalino que se estende até o litoral
Atlantico. Essa regido contigua a Faixa de Dobramentos Araguai é dominada por rochas graniticas e
de alto grau metamorfico onde se situam 0s principais escarnitos, e as rochas associadas a sua

formacdo, estudados nesta dissertacéo.

A Faixa Aracuai e ndcleo cristalino a leste, situados no Brasil, além da Faixa Congo
Ocidental, instalada & margem do Créaton do Congo na Africa, sdo partes complementares do sistema
orogénico brasiliano-panafricano do Gondwana Ocidental (Porada 1989, Pedrosa-Soares et al. 1992)
que recebe o nome de Ordgeno Araguai-Congo Ocidental (Figura 2.1). Pedrosa-Soares & Noce
(1998), Pedrosa-Soares & Wiedemann-Leonardos (2000) e Pedrosa-Soares et al. (2001, 2007) o
definiram como uma zona orogénica neoproterozoico-cambriana contida em uma ampla reentrancia
entre os cratons do S&o Francisco e do Congo. A porcdo brasileira possui aproximadamente dois tercos

do sistema orogénico, com componentes geotectdnicos como a zona de sutura, 0 arco magmatico e
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suas bacias associadas, e 0s granitos sin- a pos-colisionais, além das unidades do rifte continental, da
margem passiva ocidental e das rochas ofioliticas. J& a Faixa Congo Ocidental abriga a espessa pilha
vulcano-sedimentar da fase rifte continental, a assembleia de margem passiva e uma bacia molassica.

Por esse motivo, a parte brasileira € designada de Ordgeno Araguai (Pedrosa-Soares et al. 2007, 2008).

Em mapa, o ordgeno possui um contorno em forma de ferradura, apresentando vergéncias
tectonicas centrifugas direcionadas para as areas cratonicas, que o envolvem, tornando-o quase que
integralmente confinado. Esse aspecto é consequéncia de uma ponte cratbnica Bahia-Gabao (Figura
2.1) que ligou o Craton do Sdo Francisco ao Craton do Congo desde o Paleoproterozoico até o
Cretaceo, quando da abertura do Atlantico Sul (Porada 1989, Pedrosa-Soares et al. 1992). A principio
essa caracteristica sugeria que a evolucdo do Ordgeno Aracuai fosse completamente ensidlica, pois a
presenga da ponte cratonica teria inibido a abertura da bacia e a formag&o de litosfera oceénica (e.g.
Brito-Neves & Cordani 1991). Os estudos de Pedrosa-Soares et al. (1990, 1992), porém, mostraram a
existéncia de remanescentes ofioliticos neoproterozdicos. Além disso, uma caracterizagdo geoquimica
e isotopica do batdlito tonalitico Galiléia (Barbosa et al. 1964) feita por Nalini et al. (2005),
demonstrou sua origem em arco magmatico continental, construido a aproximadamente 594 Ma. Essas
descobertas levaram, entdo, a conclusao de que este arco magmatico foi gerado a partir do consumo da

litosfera oceénica, descaracterizando o orégeno como exclusivamente ensialico.

Dessa forma, a Bacia Macalbas, precursora do orégeno, corresponderia a um grande golfo,
parcialmente oceanizado, ou seja, com formacdo de crosta ocednica (Alkmim et al. 2006, Pedrosa-
Soares et al. 1998, 2001, 2007, 2008), cujo desenvolvimento ocorreu a partir de um rifteamento
continental, que teve inicio em torno de 880 Ma (Silva et al. 2007), no Paleocontinente Sdo Francisco-
Congo, e durou por volta de ca. 220 Ma, como destaca Alkmim et al. (2007), até a produgdo de rochas
magmaticas oceanicas em torno de 660 Ma (Queiroga et al. 2007).
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Figura 2.1- O Ordgeno Araguai na regido central do Paleocontinente Gondwana (modificado de Alkmim et al.
2006, por Pedrosa-Soares et al. 2007). Legenda: FA, tracos estruturais da Faixa de Dobramentos Araguai (sensu
Almeida 1977); ZI, zona de interferéncia do Orogeno Araguai com o Aulacdgeno do Paramirim. Créatons: A,

Amazbnico; K, Kalahari; PP-RP, Parana- Paranapanema-Rio de la Plata; SF-C, Sdo Francisco-Congo; SL-OA,
S8o Luis-Oeste Africano; area destacada em vermelho representa a localizagdo aproximada da regido de estudo.

Compartimentos tectébnicos

O Ordgeno Araguai-Congo Ocidental subdivide-se em nove compartimentos tectdnicos,
distintos entre si em funcdo da orientacdo espacial, do significado cineméatico e da histéria de
nucleagdo das estruturas dominantes (Alkmim et al. 2006, 2007), a saber (Figura 2.2): 1) Cinturdo de
Cavalgamentos da Serra do Espinha¢o Meridional; 2) a Zona de Cisalhamento da Chapada Acaud, 3) o
Corredor Transpressivo de Minas Novas; 4) a saliéncia do Rio Pardo e sua zona de interacdo com o
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Aulacogeno do Paramirim; 5) o Bloco de Guanh&es; 6) a Zona de Cisalhamento de Dom Silvério e
estruturas associadas; 7) a Zona de Cisalhamento de Itapebi e estruturas associadas; 8) o nucleo
cristalino (zona interna de alto grau que representa o ndcleo do ordgeno); e 9) o Cinturdo Oeste-
Congolés. A zona interna de alto grau, compartimento 8, é o dominio de principal interesse desta
dissertagdo, pois compreende, entre outras unidades, 0 Complexo Paraiba do Sul que é detentor das
rochas estudadas.

. p : Cobertura Fanerozoica
\ AULACOGENO _
\ PARAMIRIM : 1) Cinturio de Cavalgamentos da
\\ 4 Serra do Espinhaco Meridional
: RATO

DO 2) Zona de Cisalhamento da
() 0 Chapada Acaua

3) Corredor Transpressivo de
Minas Novas

4) Saliéncia do Rio Pardo e
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Aulacégeno do Paramirim

5) Bloco de Guanhies

r

CRATON DO SAO FRANCISCO

6) Zona de Cisalhamento de Dom
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7) Zona de Cisalhamento de
Itapebi e estruturas associadas

OROGENO ARACUAI-CONGO e

OCIDENTAL 9) Cinturido Oeste-Congolés

BRASIL

Figura 2.2- Dominios estruturais do Orégeno Araguai—Congo Ocidental (modificado de Alkmim et al., 2006).

O nucleo cristalino ou a zona interna de alto grau representa a por¢ao do orégeno na qual se
reconhecem condi¢Ges metamdrficas de facies anfibolito a granulito. As unidades que ocorrem nesse
dominio sdo o Complexo Juiz de Fora, de idade paleoproterozéica, as suites graniticas pré- a pos-

colisionais (G1 a G5) e assembleias metavulcanossedimentares e metassedimentares, com menos de
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630 Ma, do Grupo Rio Doce e de complexos paragnaissicos (Noce et al. 2004, Pedrosa-Soares et al.
2007, 2008, Vieira 2007, Alkmim et al. 2007). Estes Gltimos estdo relacionados aos sedimentos
depositados nas bacias associadas ao arco magmatico do ordgeno.

Evolucéo tectonica

A evolucdo do orogeno, segundo Alkmim et al. (2003, 2006, 2007), teria se desenvolvido a
partir de uma subduccdo de litosfera oceénica induzida por colisbes a distancia, segundo um
mecanismo semelhante ao funcionamento de um quebra-nozes. O modelo evolutivo é composto por
cinco estagios principais (Figura 2.3): 1) da bacia precursora Macalbas; 2) da convergéncia inicial; 3)
colisional; 4) do escape lateral da porcdo sul; e 5) do colapso gravitacional (Alkmim et al. 20086,
2007).

O primeiro estagio evolutivo se deu a partir da abertura da bacia precursora Macalbas, que
ocorreu progressivamente de sul para norte, configurando um grande golfo, cujo setor sul era
oceanizado e a contraparte norte era ensialica (Pedrosa-Soares et al. 2001, 2007). O rifteamento
evoluiu para duas margens passivas em um processo que perdurou desde 880 Ma até 660 Ma, com o
inicio da geracéo de litosfera oceénica (Figura 2.3).

Os diques maéficos da Suite Pedro Lessa (906 + 2 Ma, U-Pb TIMS, zircdo e badeleita,
Machado et al. 1989), os granitos anarogénicos da Suite Salto da Divisa (875 + 9 Ma, U-Pb SHRIMP,
zircdo, Silva et al. 2002, 2007), e os xistos verdes basalticos do Membro Rio Preto da Formacao
Chapada Acaud (Gradim et al. 2005), de vulcanismo mais jovem que 1,1 Ga (Babinski et al. 2005),
representam o magmatismo da fase rifte da abertura da bacia Macalbas. As unidades sedimentares
desta fase correlacionam-se, da base para o topo, as formacdes Duas Barras e Rio Peixe Bravo, fluvial
a marinha pré-glacial, & Formacgdo Serra do Catuni, glacio-terrestre a glacio-marinha, e & Formagéo
Nova Aurora, glacio-marinha. A unidade inferior da Formacdo Chapada do Acaud, com sedimentos
glacio-marinhos distais, representa a fase transicional do rifte. De acordo com Pedrosa-Soares et al.
(2007), a fase que se seguiu ao rifte continental, levou a deposicao de sedimentos de margem passiva e
a formagdo de litosfera oceénica, como é evidenciado por sedimentos plataformais proximais pos-
glaciais, da unidade superior da Formacdo Chapada do Acaud, por sedimentos pos-glaciais de margem
passiva distal e lascas tectonicas de rochas maficas e ultraméaficas ofioliticas da Formacao Ribeirdo da
Folha.
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Figura 2.3- Modelo evolutivo da tectnica quebra-nozes do Ordgeno Araguai-Congo Ocidental (modificado de

Alkmim et al. 2003, 2006).

O estagio de convergéncia inicial, segundo Alkmim et al. (2006, 2007), foi induzido por

colisbes a distancia envolvendo a peninsula S8o Francisco e a placa Parana ou Rio de La Plata, por

volta de 630 Ma (Seer et al. 2001, Valeriano et al. 2004). O mecanismo de fechamento da Bacia

Macaubas seria semelhante ao fechamento de um quebra-nozes (Alkmim et al. 2006, 2007), no qual a

peninsula S&o Francisco rotacionaria no sentido anti-horério, contra o continente Congo, levando-a a

uma compressdo generalizada e ao consumo de sua litosfera oceénica (Figura 2.3). Inicia-se, entdo, a

edificacdo do arco magmatico, que persiste de ca. 630 Ma a ca. 580 Ma, com a geracdo das rochas

vulcanicas do Grupo Rio Doce e da Suite G1, constituida principalmente por tonalitos e granodioritos,
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com féacies e autdlitos dioriticos e maéficos, portadores de xenolitos de rochas metassedimentares
(Pedrosa-Soares et al. 2007).

Na etapa de colisdo das duas margens opostas da bacia, que se iniciou pelo norte e avangou
progressivamente para sul desde 580 a 560 Ma, houve o soerguimento da cadeia montanhosa
(Pedrosa-Soares et al. 2001, 2007) (Figura 2.3). Esse estagio foi responséavel pela deformagdo, com
geracdo de dobramentos e empurrdes com vergéncias centrifugas para as areas cratbnicas, a oeste,
contra o Créton do Sdo Francisco, e a leste, contra o Craton do Congo, além do metamorfismo
relacionado as paragéneses minerais que determinaram a foliacdo regional (Pedrosa-Soares et al. 2001,
2007, 2008, Alkmim et al. 2006, 2007, Vieira 2007). O metamorfismo originado cresce, de modo
geral, de facies xisto verde baixo, em rochas junto ao limite cratdnico norte e oeste, a facies anfibolito

alto e granulito, em rochas do nucleo do or6geno, a leste e a sul (Pedrosa-Soares et al. 2007).

Também nessa fase, foi gerado grande volume de granitos do tipo S das suites G2, sin-
colisional, e G3, tardi- a pdés-colisional, a partir da fusdo parcial de espessas pilhas de rochas
sedimentares aluminosas — em parte representadas pelas extensas unidades Xistosas e complexos
paragnaissicos — em resposta ao espessamento crustal causado pela colisdo das massas continentais
(Alkmim et al. 2007). Os granitos G2 possuem granada e, frequentemente, cordierita e/ou sillimanita,
e sao marcados por uma foliagdo regional, muitas vezes milonitica e paralela a prévia orientacdo de
fluxo igneo (Pedrosa-Soares et al. 2006, 2007). As rochas da Suite G3 sdo leucogranitos com granada
e/ou cordierita, pobres em micas e sem foliacdo regional, resultantes de fusdo autoctone e parautéctone
da Suite G2. A época de maior geracdo desta Gltima € indicada pela idade U-Pb de 575 Ma (Silva et al.
2005, Pedrosa-Soares et al. 2006), enquanto que os granitos G3 apresentam idades de cristalizacéo
magmatica em torno de 540-530 Ma (Whittington et al. 2001, Silva et al. 2005, Pedrosa-Soares et al.
2006).

No intervalo entre 560 e 535 Ma, ap0s a propagacdo das frentes de empurrdo em direcdo aos
cratons, ocorreu 0 escape de material para sul por meio de grandes zonas de cisalhamento dextrais.
Segundo Alkmim et al. (2006, 2007), a movimentacdo ao longo dessas zonas adveio da méaxima
aproximacao entre o extremo sul da peninsula S&o Francisco e a margem do continente do Congo,

segundo a trajetéria de fechamento do quebra-nozes (Figura 2.3).

Por fim, devido as altas elevacGes, caracterizadas por altas espessuras e alto potencial
gravitacional, o or6geno passou por um regime distensional sob acdo da forca peso (van Bemmelen
1954, Dewey 1988, England & Houseman 1989, Malavieille 1993). O enfraquecimento da crosta,
causado pelo seu espessamento e aquecimento, resultou em fluxo lateral da porcéo basal causando
abatimento da parte superior. Os granitos das suites G4 e G5 foram gerados nesta fase entre 520 e 490
Ma, por fusdo parcial crustal e mantélica resultante dessa descompressdo (Pedrosa-Soares &
Wiedemann-Leonardos 2000).
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A Suite G4 é caracterizada por plutons zonados de granitos tipo S, peraluminosos a levemente
metaluminosos, gerados em aproximadamente 530 Ma (Basilio et al. 1998, Pedrosa-Soares &
Wiedemann-Leonardos 2000). Esses plitons contém comumente nucleos de biotita granitos gradando
para granitos a duas micas ou moscovita-granada leucogranito, em dire¢cdo as bordas superiores
(Pedrosa-Soares & Wiedemann-Leonardos 2000) e podem preservar clpulas de granito pegmatoide. A
Suite G5 compreende rochas geradas no intervalo ca. 520-490 Ma (Séllner et al. 1991, Noce et al.
1999 in Pedrosa-Soares & Wiedemann-Leonardos 2000), por plutonismo tipo | e A2, calcio-alcalino
rico em potassio e ferro, de composicao granitica ou charnockitica e, subordinadamente, enderbitica e
noritica, com diversas evidéncias de misturas (mingling e mixing) de magmas (Pedrosa-Soares et al.
2007).

2.2.2 — Unidades Geoldgicas — Ordégeno Aracuai

As principais unidades geol6gicas que ocorrem na area de estudo sdo as rochas
metavulcanossedimentares e metassedimentares do Complexo Paraiba do Sul (PS), as intrusivas pré-
colisionais gnaissificadas (y1), e as intrusivas pos-colisionais (y4) (Figura 2.4). As litologias serdo
apresentadas de acordo com as sinteses geoldgicas das folhas Cachoeiro de Itapemirim, SF.24-V-A,
escala 1:250.000, e SF.24-V-A-V, escala 1:100.000, de Vieira (1997) e Silva (1993), respectivamente.

Complexo Paraiba do Sul

O Complexo Paraiba do Sul compreende nove unidades, denominadas de PS1 a PS9 (Figura
2.4), agrupadas por Vieira (1997) em duas sequéncias, da base para o topo: o Dominio
Metassedimentar e o Dominio Metavulcanossedimentar. O primeiro é composto por: granada-
sillimanita-biotita gnaisses com frequentes intercalagdes de quartzitos (PS1); granada-sillimanita-
biotita gnaisses com frequentes intercalacfes de calciossilicaticas (PS2); granada-sillimanita-biotita
gnaisses com lentes subordinadas de quartzitos, calciossilicaticas e anfibolitos (PS3); grafita-
cordierita-granada-sillimanita-biotita gnaisses bandados intercalados com niveis de anfibolitos,
guartzitos e rocha calciossilicatica (PS4); e granada-sillimanita gnaisses de aspecto Xistoso, com
intercalacGes de niveis quartziticos (PS5). O segundo compreende: biotita gnaisses bandados com
intercalacGes de anfibolitos e rochas calciossilicaticas (PS6); biotita-anfibolio gnaisses bandados, com
marcante foliacdo de transposicdo, intercalados com anfibolitos, calciossilicaticas, quartzitos (chert) e
marmores (PS7); anfibolio gnaisses bandados com intercalacbes de anfibolitos, quartzitos,

calciossilicaticas e subordinadamente gnaisses aluminosos (PS8); e anfibolio-biotita gnaisses, gnaisses
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graniticos e granatiferos, e lentes subordinadas de quartzito xistoso (PS9). A seguir serdo detalhadas as
unidades PS4, PS5, PS6, PS7 e PS8 que aparecem, comumente de forma alongada com dire¢do N-S e
NE-SW, na area de interesse desse estudo (Figura 2.4).
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Figura 2.4- Mapa geoldgico da regido de Cachoeiro de Itapemirim-ES (modificado de Vieira 1997) com a
localizacdo dos pontos visitados.

Na unidade PS4, ocorrem grafita-cordierita-granada-sillimanita-biotita  gnaisses,
marcadamente bandados, com granulagdo grossa a média. Veios remobilizados granatiferos sdo

frequentes e conferem & rocha um aspecto de migmatito estromatico. Rochas calciossilicaticas,

quartzitos e anfibolitos intercalam-se com 0s gnaisses.

A unidade PS5 constitui o topo da unidade metassedimentar e compreende granada-sillimanita

gnaisses de aspecto xistoso, com intercalac@es de niveis quartziticos.

Na unidade PS6, base da sequéncia metavulcanossedimentar, encontram-se sillimanita-biotita
gnaisses granatiferos, bastante intemperizados, com intercalacGes de anfibolitos. A mineralogia da
rocha, de caracteristica aluminosa, indica origem sedimentar e evidencia condi¢des de metamorfismo
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na facies anfibolito alto a granulito. Os anfibolitos possuem granulacdo fina a média, com estrutura

macica pouco foliada, e sdo de provavel carater metavulcanico.

Na unidade PS7, acham-se os marmores estudados nesta dissertacdo. Predominantemente,
ocorre um biotita-anfibélio gnaisse bandado, com foliacdo de transposi¢cdo bem marcada, composto
essencialmente por plagioclésio, quartzo, hornblenda, biotita e feldspato potassico. A paragénese dessa
rocha é caracteristica de facies anfibolito. Segundo Silva (1993), esses gnaisses sdo de natureza
ortoderivada, de composicdo tonalitica, e podem ser granatiferos. Anfibolitos, rochas
calciossilicaticas, quartzitos (cherts) e marmores ocorrem intercalados. Silva (1993) subdividiu a lente
de marmore em duas porc¢des principais: uma a nordeste que possui um marmore mais puro (PS7mm);

e outra a sudoeste onde o marmore é impuro (PS7mm1).

Os corpos anfiboliticos sdo lenticulares e pequenos, concordantes com a foliacdo regional.
Compdem-se por hornblenda, diopsidio, plagioclasio, quartzo e biotita. As rochas calciossilicéticas
ocorrem como pequenas lentes com foliagdo bem marcada, de granulagdo fina, associadas aos
anfibolitos. O méarmore, que se intercala com os gnaisses em forma de lentes, foi subdividido por Silva
(1993) em duas subunidades (Figura 2.4). Uma constitui-se de um marmore dolomitico puro e branco,
que pode ocorrer, em algumas faixas, nas cores rosa, cinza, marrom e azul devido a presenca de
minerais ferromagnesianos. Em algumas por¢6es podem ocorrer bols6es de calcita bem formada, de
até 3 cm, e niveis com moscovita, tremolita e flogopita. A outra subunidade compreende um marmore
impuro, silicoso, com intercalacbes de rochas anfiboliticas, gndissicas, calciossilicaticas e niveis
calciticos. Segundo Jordt-Evangelista & Viana (2000), o marmore é cortado, em diversos pontos, por
diques graniticos indeformados e diques méaficos deformados e metamorfizados na facies granulito.
Seus contatos com 0 marmore sd0 marcados por zonas de reacdo metassomatica responsaveis pela

geracao de auréolas escarniticas.

A unidade PS8 constitui o topo da sequéncia metavulcanossedimentar e € composta,
principalmente, por um anfibdlio-biotita gnaisse bandado, de granulagdo fina a grossa, que apresenta,
de modo geral, estrutura migmatitica dobrada. Sua mineralogia essencial é formada por microclina,
oligoclasio, quartzo, biotita e anfibdlio. Essa rocha intercala-se com niveis centimétricos de anfibolitos
finos, bem orientados, quartzitos grossos com espessura métrica a decimétrica, pequenas lentes de
rochas calciossilicaticas finamente bandadas, e gnaisses aluminosos ricos em granada, sillimanita,
biotita quartzo e feldspato. Ainda, diques e corpos graniticos, veios pegmatiticos e diques de diabasio

cortam a unidade.
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Intrusivas pré-colisionais gnaissificadas

As intrusivas pré-colisionais gnaissificadas compreendem ortognaisses metamorfizados em
facies anfibolito, com composi¢do granitica a tonalitica, de carater céalcio-alcalino. Constituem
batélitos com foliagdo bem marcada de baixo é&ngulo, correspondentes a Suite G1, com
posicionamento geotectdnico de pré-colisdo de placas no evento brasiliano (Vieira 1997). Séo trés as
unidades descritas: ortognaisse tonalitico (yla); ortognaisse granodiotitico (y1lb); e augen-gnaisses

graniticos (ylc) (Figura 2.4).

A unidade yla, caracterizada por Silva (1993) e Signorelli (1993), € um gnaisse de foliagéo
regular marcada principalmente por biotita e anfibélio, com mineralogia composta por quartzo,
plagioclasio, biotita, hornblenda, K-feldspato e, localmente, granada. Sua granulacdo varia de média a
grossa, contendo enclaves de anfibolito, anfibélio gnaisse, metadiorito e gnaisse kinzigitico. A rocha
possui composigdo tonalitica com variagcbes para quartzo-dioritica, granodioritica e, raramente,
granitica ou quartzo-monzodioritica. A unidade y1b, segundo Signorelli (1993), compreende uma
rocha granitica gnaissificada, de composicdo, predominantemente, granodioritica com facies granitica
a tonalitica. Na unidade ylc ocorrem augen-gnaisses graniticos, com facies granodioritica a tonalitica.
As rochas possuem remanescentes porfiriticos de feldspato potéassico de até 5 cm, e apresentam raros
enclaves de gnaisses bandados. S&o descritas, por Signorelli (1993), como pequenos corpos em forma

de pontdes, contrastantes com 0s paragnaisses encaixantes.

Intrusivas pds-colisionais

As intrusivas pos-colisionais (y4), correspondentes & Suite G5, compreendem maci¢os com
formas circulares a elipticas que contém composi¢des desde acidas, intermediarias a bésicas (Figura
2.4). Esses macicos possuem associagOes complexas de rochas intrusivas com granitos porfiriticos,
titanita granitos, granodioritos, leucogranitos, monzogranitos, quartzomonzogranitos, dioritos, gabros

e noritos, além de zonas de mistura magmatica, migmatitos de borda e charnockitos (Vieira 1997).

2.3 - CONTEXTO GEOLOGICO LOCAL

Neste item sera detalhada a geologia das lentes de marmore, onde se inserem 0s escarnitos
estudados, e de seus entornos. Para tanto, utilizaram-se informac6es dos trabalhos de Jordt-Evangelista
& Viana (2000), que enfocaram o estudo em escarnitos encontrados em duas pedreiras na regido de
Itaoca, distrito de Cachoeiro de Itapemirim-ES, e de Oliveira (2012), que também analisou escarnitos
da regido. Além disso, foram compilados dados do mapeamento geoldgico realizado na regido da lente
por Costa Junior et al. (2011), Oliveira et al. (2012) e Alvarenga et al. (2013).
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2.3.1 — Lente de marmore de Cachoeiro de Itapemirim-ES

O méarmore de Cachoeiro de Itapemirim-ES ocorre principalmente sob a forma de um corpo
alongado de aproximadamente 25 km de comprimento por 4 km de largura, que se associa a altos
topograficos e estd disposto na direcdo NE-SW. Alguns corpos menores localizados a leste ocorrem
em baixos topograficos (Costa Junior et al. 2011). Otimas exposicdes sido observadas em frentes de
lavras de pedreiras que exploram recursos tanto para rocha ornamental quanto para fins industriais,
como producdo de cimento e corretivos de solo. Outros afloramentos do marmore apresentam padrédo
ruiniforme e, raramente, espeleoldgico (Oliveira et al. 2012). Os perfis de intemperismo formam um
solo caracteristico com coloracBes avermelhadas (Costa Junior et al. 2011, Oliveira et al. 2012,
Alvarenga et al. 2013).

Segundo Jordt-Evangelista & Viana (2000), o marmore, de modo geral, € muito puro com
coloragdo branca, mas em algumas porg¢des apresenta minerais silicatados que causam uma coloragdo
mais escura. O marmore é dolomitico com camadas e lentes de composi¢do calcitica. Nas porcdes
dolomiticas, porém, também ocorre calcita em abundancia subordinada. Diques metaméficos
intensamente deformados, e graniticos indeformados, cortam o marmore localmente e podem gerar

auréolas de reagdo metassomatica no contato.

A estrutura do marmore mais puro é principalmente macica, mas observa-se, localmente, um
bandamento dado pela alternéncia de bandas de granulacdo grossa (acinzentadas) com bandas de
granulacdo média (brancas). A textura é granoblastica, marcada pelos grdos de dolomita e calcita,
principalmente, e lepidoblastica, nos niveis impuros, marcada pela orientacdo preferencial de
flogopita. Os corpos menores localizados a leste possuem textura granoblastica. Por todo o marmore, é
comum a ocorréncia de veios e bolsbes de calcita recristalizada bem formada de granulacdo grossa
(Costa Junior et al. 2011, Oliveira et al. 2012, Alvarenga et al. 2013).

Os niveis ricos em minerais silicatados possibilitam a observacdo da foliacdo que possui
direcdo geral NE-SW com mergulho para SE (Oliveira et al. 2012). Ainda, dobras com vergéncia para
W e boudins sdo observaveis nessas porcdes impuras, que muitas vezes conferem ao marmore

coloragdes esverdeadas ou acastanhadas (Jordt-Evangelista & Viana 2000).

As porgdes impuras do marmore, além de gnaisses calciossilicaticos e micaxistos, foram
classificadas por Jordt-Evangelista & Viana (2000) como rochas calciossilicaticas que formam bandas
decimétricas de coloracdo branca, esverdeada, verde-azulada e castanha. Tais rochas apresentam
quatro associacGes mineraldgicas principais, além da presenca de carbonato e minerais opacos, como

ilmenita e pirrotita, que podem ser centimétricos. As associagdes sdo: olivina + clinohumita; espinélio
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s.s. + magnésio-hornblenda + flogopita; diopsidio + anfibolio célcico + plagioclésio; e biotita/flogopita
+ plagioclasio + quartzo + anfibdlio.

Em rochas calciossilicaticas mais ricas em carbonato dolomitico e calcitico, ocorre a
associagéo olivina + clinohumita. A olivina ocorre intercrescida com clinohumita, mineral do grupo da
humita, e pode conter alteragdes marginais em tremolita. Minerais como anfibdlio célcico, flogopita e
diopsidio também podem ocorrer (Jordt-Evangelista & Viana 2000).

Na rocha com a associacao espinélio s.s. + magnésio-hornblenda =+ flogopita, os cristais de
espinélio s.s. chegam a 5 mm de didmetro e sdo cinza azulados muito palidos, xenoblasticos,
fraturados e ocorrem parcialmente substituidos por Mg-clorita. O anfibolio, com cristais de até 7 mm,
é incolor e foi caracterizado como Mg-hornblenda por Jordt-Evangelista & Viana (2000). A flogopita
é praticamente incolor e ocorre preferencialmente orientada. A dolomita e a calcita sdo granoblasticas
poligonais e os grdos de calcita, frequentemente, ocorrem com exsolucBes de blebs de dolomita. A
Mg-clorita aparece como resultado de alteracdo retrometamorfica em forma de palhetas decussadas
(Jordt-Evangelista & Viana 2000).

Na associagdo diopsidio + anfibdlio célcico + plagioclésio, o diopsidio pode ocorrer
intercrescido com carbonatos ou anfibdlios, e escapolita e epidoto substituem localmente o
plagioclasio. Podem ocorrer, subordinadamente, minerais como flogopita, titanita e apatita, além de

sericita, Mg-clorita, tremolita e clinozoisita como fases secundarias.

Na rocha detentora da associacdo biotita/flogopita + plagioclasio + quartzo + anfibolio, a mica
possui coloracdo que varia de amarela clara, quando é mais rica em Mg, a castanho alaranjada, quando
possui Fe mais elevado (Jordt-Evangelista & Viana 2000). A presenca de tremolita € comum, e as

fases minerais acessorias sao titanita, zircao, apatita e minerais opacos.

Jordt-Evangelista & Viana (2000), relataram a ocorréncia de diques maficos deformados,
estirados, rompidos e metamorfizados que possuem até 1 m de espessura, e apresentam zonas de
reagdo marcada por bandamento mineralégico no contato com o marmore. Os diques séo anfibolitos a
anfibolio-biotita xistos compostos essencialmente de anfibdlio verde amarelado claro, caracterizado
como pargasita, ou anfibdlio verde oliva, de composicéo tschermakitica a magnesiohornblenda (Jordt-
Evangelista & Viana 2000). Escapolita, epidoto ou sericita frequentemente substituem parcialmente o
plagioclasio. Minerais como espinélio verde (hercinita), minerais opacos, titanita, apatita e zircdo
ocorrem como acessorios, e clorita, epidoto, sericita, anfibolio verde-azulado claro e carbonato

intersticial s@o resultantes de alteracdo retrometamorfica.

Diques félsicos indeformados, observados por Jordt-Evangelista & Viana (2000), associam-se
a zonas de cisalhamento, e sdo granitos leucocraticos, de granulacdo fina a grossa, com contato

abrupto com o méarmore. A mineralogia principal desses granitos é composta por microclina,
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plagioclasio e quartzo. Quanto aos minerais méaficos, os granitos podem ser divididos em dois tipos:
um com biotita e anfibolio verde-castanho muito escuro, e outro com granada. Zircdo, apatita e raro
mineral opaco compdem a fase acessoria da rocha. A auséncia de deformacao nesses diques graniticos,
segundo Jordt-Evangelista & Viana (2000), evidencia que eles sdo mais jovens que o0s diques
metamaficos e, provavelmente, pertencem ao estagio pés-tectonico do ciclo Brasiliano e podem ser

correlacionaveis as suites magmaticas G4 e G5 de Pedrosa-Soares & Wiedemann-Leonardos (2000).

O zoneamento metassomatico observado por Jordt-Evangelista & Viana (2000) no contato
com os diques metamaficos, possui largura centimétrica a decimétrica, com até 20 cm, e caracteriza-se

por uma variacdo mineraldgica composta por: uma porcdo com carbonatos (calcita+dolomita) +

I+

olivina, que caracteriza 0 marmore; uma intermediaria com carbonatos + diopsidio + escapolita
epidoto, e plagioclasio + diopsidio = escapolita + epidoto + carbonatos, que distingue o escarnito
propriamente dito; e uma com anfibdlio + plagioclasio + biotita/flogopita + hercinita + grossularita,
que caracteriza o anfibolito. Tal zoneamento é resultado da reagdo metassomatica ocorrida entre 0s

dois litotipos com composi¢des quimicamente distintas.

As auréolas metassomaticas observadas no contato com o granito possuem de 2 a 3 cm,
ocorrem apenas N0 marmore e S80 compostas por: uma zona mais préxima do marmore com olivina +
carbonato + piroxénio + anfibdlio + flogopita; uma intermedidria com piroxénio + anfibdlio +
flogopita + escapolita; e uma mais proxima do granito com piroxénio + flogopita. No granito ocorre
apenas zoneamentos inversos ou irregulares no plagioclasio (Jordt-Evangelista & Viana 2000).

Oliveira (2012), que também estudou escarnitos da regido formados no contato entre o
marmore e diques de granito, descreveu a ocorréncia de escapolita, diopsidio e flogopita, além de
epidoto em algumas amostras. Segundo o autor supracitado, a escapolita ocorre mais préxima ao
granito e possui um zoneamento composicional com centro rico em Na e borda rica em Ca. Outra
caracteristica é a presenca de grdos de escapolita mais ricos em Ca préximos ao contato com o
marmore, e grdos mais ricos em Na, proximos ao contato com o granito. Além disso, é frequente a

presenca de simplectita de escapolita e diopsidio.

De acordo com Jordt-Evangelista & Viana (2000), o marmore e as rochas associadas foram
metamorfizadas na facies granulito devido a presenca esporadica de espinélio. Além disso, um evento
retrometamorfico possibilitou a transformacgdo de espinélio e flogopita em Mg-clorita, de olivina e

diopsidio em tremolita, e a saussuritizacao e sericitizagdo do plagioclasio.
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CAPITULO 3
ESCARNITOS

3.1 - CONSIDERACOES GERAIS SOBRE METASSOMATISMO

O termo metassomatismo foi primeiramente utilizado por Naumann (1826) (in Zharikov et al.
2007) e deriva das palavras gregas meta = mudanca e soma = corpo. Goldschmidt (1922) o definiu
como: “um processo de alteracdo que envolve enriquecimento da rocha por novas substancias trazidas
de fora. Esse enriquecimento ocorre por reagfes quimicas entre 0s minerais originais da rocha e as
substancias enriquecedoras”. Para Lindgren (1925), metassomatismo é “um processo molecular,
essencialmente simultaneo, de solucdo e deposicdo pelo qual, na presenca de uma fase fluida, um

mineral ¢ modificado para outro de composi¢do quimica diferente”.

Em uma anélise das duas abordagens, Vernon & Clarke (2008) afirmaram que a primeira
definicdo considera o aspecto mais importante do metassomatismo: a mudanca da composic¢éo quimica
da rocha por inteiro. Esse aspecto € o que diferencia o metassomatismo do metamorfismo, uma vez
que este é considerado um processo isoquimico, ou seja, sem modificagdo da composicdo quimica
global da rocha. J& a definicdo de Lindgren (1925) o trata como um processo de volume constante,

isso, porém, ndo ocorre sempre.

Atualmente a SCMR (Subcommission on the Systematics of Metamorphic Rocks), da IUGS
(International Union of Geological Sciences), aceita a seguinte definicdo para 0o metassomatismo
(Zharikov et al. 2007): “um processo metamorfico pelo qual a composi¢do quimica de uma rocha ou
de uma porc¢éo da rocha é alterada de forma penetrante e que envolve a introdugdo e/ou remocéao de
componentes quimicos como um resultado da interagdo da rocha com fluidos aquosos (solugdes).

Durante o metassomatismo a rocha permanece em estado solido”.

Os principais processos metassomaticos foram primeiramente distinguidos por Korzhinskii
(1959, 1968) como difusdo e infiltracdo. O desenvolvimento desses processos ocorre através do
contato entre rochas de composicdo altamente contrastante, o que facilita 0 movimento dos elementos
e torna 0 metassomatismo mais intenso. Os elementos quimicos podem se mover de forma diferente
por mecanismos de fluxo, em um fluido em movimento (transferéncia de massa por adveccao), ou por
difusdo sob seus préprios gradientes de potencial quimico, em fluido estatico (transferéncia de massa
por difusdo) (Vidale 1969).

O metassomatismo por difusdo se da pelo movimento de componentes de uma rocha por meio
de um so6lido ou fluidos estacionarios (Korzhinskii 1959, 1968). A transferéncia ocorre no contato
entre duas rochas de composicdo global contrastante por gradientes gerados pela diferenca de
potencial quimico entre uma area e outra, ou seja, um componente tende a migrar de uma &rea onde o
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potencial quimico € alto para uma area onde o potencial quimico é baixo. Assim, a matéria migrara
dirigida por gradientes de potencial quimico se ndo houver algo que iniba essa migracdo (Winter
2010). Segundo Strieder (1992), o fato de ndo ocorrer saturacdo de qualquer dos componentes
difundidos nas paragéneses formadas a partir deste metassomatismo, pode indicar que a taxa de
difusdo é menor que a taxa de reacdo, ou seja, as reagdes controlam o processo metassomatico.
Quando ha reacdes nas duas rochas em contato, devido a difusdo de componentes em direcBes opostas
de maneira reciproca, o processo € chamado de bimetassomatismo. As rochas formadas por
metassomatismo por difusdo representam corpos zonados finos ao longo de fraturas, veios e
superficies de contato e a composi¢do dos minerais pode variar gradualmente através de cada zona

metassomatica.

O metassomatismo por infiltracdo envolve transferéncia passiva de massa dos componentes
quimicos por transporte em um meio fluido (solu¢des aquosas) em movimento ao longo de redes de
percolagdo (Korzhinskii 1959, 1968, Norton 1988). O movimento das solugfes aquosas é provocado
por gradientes de pressdo de fluido externos e esta condicionado a permeabilidade das rochas. Esse
tipo de metassomatismo é comum em condi¢cbes de metamorfismo regional e de contato,
especialmente em torno de plutons. As rochas formadas por metassomatismo por infiltracdo, de modo

geral, ocupam grandes volumes e a composicao dos minerais € constante em cada zona metassomatica.

Strieder (1992) afirma que h& um conflito dos conceitos de processo e mecanismo nas
definigbes de tipos de metassomatismo distinguidos por Korzhinskii (1959, 1968), e sugere uma
ordenacdo diferente. Segundo Strieder (1992), o0 metassomatismo pode ser dividido em dois tipos de
processos: infiltracdo e contato, que podem estar associados ou ndo dependendo das condicdes locais.
A partir disso, a transferéncia de massa envolvida ocorreria por dois mecanismos principais: difusdo
intergranular e transporte por solugdo. O que vai favorecer a predominancia de um mecanismo em
relacdo ao outro é a quantidade de componentes fluidos que se infiltra na rocha ou que é colocada em

contato.

Korzhinskii (1953) destacou ainda que o metassomatismo pode ser dividido em dois estagios
relacionados ao magmatismo: magmatico, que estd ligado ao metassomatismo de rochas sélidas
encaixantes por fluidos provenientes de um corpo de magma; e o pés-magmatico, que esta ligado ao
metassomatismo por soluc¢Ges hidrotermais que provém tanto de magmas em resfriamento quanto de

outras fontes exdgenas quentes, como agua metedrica e marinha.
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3.2 - CONSIDERACOES INICIAIS SOBRE ESCARNITOS

As primeiras publicacOes a respeito desse tipo de rocha datam do século XIX (p. ex. von Cotta
1864 in Burt 1982), tendo o termo escarnito (skarn = lixo, sujeira) sido originado em minas de ferro da
Suécia como referéncia a ganga calciossilicatica associada ao minério (Geijer & Magnusson 1952 in
Meinert 1992).

Segundo Einaudi & Burt (1982), escarnito “¢ uma mistura de granulagdo grossa de silicatos de
Ca, Mg, Fe, e Al, geralmente rica em Fe, formada por processos metassomaticos em temperaturas

relativamente altas”.

Para Meinert et al. (2005), escarnito “é um tipo de rocha relativamente simples definida pela

sua mineralogia usualmente dominada por minerais calciossilicaticos como granada e piroxénio”.

Winter (2010) definiu escarnitos como “rochas compostas por uma mineralogia caracteristica,
gue inclui minerais calciossilicaticos ricos em Ca, Fe e Mg, formadas por processos metassomaticos
no contato entre uma rocha silicatica e uma rocha carbonatica, durante o0 metamorfismo regional e/ou

de contato”.

Vernon & Clarke (2008) apresentaram uma definicdo bastante abrangente a partir da
compilacdo de diversos trabalhos: “escarnitos sdo rochas silicaticas, de granulagdo grossa,
metassomaticamente zonadas, que se desenvolvem entre rochas ricas em carbonatos (calcérios,
dolomitos e rochas carbonéticas ricas em Mg metamorfizadas) e rochas ricas em Al e Si (xistos,
folhelhos, ou granitos ou outras rochas intrusivas), especialmente em ambientes de metamorfismo de

contato, mas também em algumas situagdes de metamorfismo regional”.

Outro termo, tactito (tactus = tocar), foi inserido por Hess (1919) em seus estudos nos
depositos de tungsténio em Utah, EUA, nas Grouse Creek Mountains. Hess (1919) define o termo
como “uma rocha de mineralogia mais ou menos complexa formada por metamorfismo de contato de
calcérios e dolomitos, ou outras rochas sollveis, na qual matéria externa proveniente do magma que
intrude foi introduzida por solucBes ou gases quentes. Isso ndo inclui a zona anexa de tremolita,

wollastonita, e calcita”.

Os dois termos, escarnito e tactito, parecem nomear 0 mesmo tipo de rocha e apesar de muitos
autores o utilizarem como sindnimos, Hess (1919) restringiu seu significado e considera como tactito a
porcdo de mineralogia complexa gerada a partir do metassomatismo, com entrada de componentes
provenientes de fonte externa, de rochas calcérias, dolomiticas, ou outras rochas reativas. Escarnito,

por sua vez, é um termo mais amplo.

Meinert et al. (2005) afirmaram que o termo escarnito, apesar de ser utilizado por muitos com
sentido genético restrito - considerando a formacao de minerais calciossilicaticos a partir da reacdo de

fluidos metassomaticos provenientes de uma intrusdo no contato com uma rocha calcaria -, era
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utilizado originalmente com sentido descritivo baseado na mineralogia. Assim, Burt (1982), a partir de
seu estudo sobre a evolugdo histérica da terminologia dos escarnitos, verificou que muitas das
tentativas de incluir conceitos genéticos as defini¢fes formais geraram confuséo. Entdo, Einaudi et al.
(1981) sugeriram que o termo escarnito fosse utilizado apenas para descri¢des baseadas no contetdo

mineral6gico sem implicacdes genéticas.

Dessa forma, existem diversas definigdes para o termo escarnito, cada uma com uma
conotacdo genética especifica, considerando processos metassomaticos ou metamorficos atuantes na
formacdo do escarnito e/ou considerando seu protolito, a rocha carbonatica ou a silicatica. Segundo
Meinert et al. (2005), apesar das definicbes serem especificas, existe uma continuidade entre a
ocorréncia exclusiva desses dois processos, metassomatico e metamorfico, tanto conceitualmente
guanto nas caracteristicas de campo. Ainda de acordo com 0 autor supracitado, para todos 0s termos, a

textura e a composicdo do escarnito resultante tendem a ser controladas pelo protolito.

Nos itens a seguir serdo detalhados alguns dos termos mais utilizados na caracterizagdo de
diferentes tipos de escarnitos; sua evolugdo associada & platons; e as diferentes associagdes

mineraldgicas.

3.3-TIPOS DE ESCARNITOS

As rochas calciossilicaticas de depdsitos escarniticos possuem variados tipos de textura,
composicdo e origem. Isso por que se formam em uma combinagdo complexa de rochas encaixantes,
tais como rochas plutdnicas, vulcanicas, carbonaticas e folhelhos (Einaudi & Burt 1982). Por isso
utilizam-se diversos termos para distinguir os diferentes tipos, desde hornfels calciossilicético, gerado

por metamorfismo, escarnito de reacdo, escarndide, até o termo escarnito.

Hornfels calciossilicatico € uma rocha de granulacdo fina que se forma por metamorfismo de
rochas carbonaticas impuras (Figura 3.1 A). Essas rochas diferenciam-se dos escarnitos
principalmente por ndo possuirem zoneamento metassomatico, além das diferengas na morfologia, no
tamanho de grdo e na composicdo. Escarnitos possuem granulagéo grossa e sdo gerados em carbonatos
relativamente puros por infiltracdo e difusdo de fluidos metassométicos que carreiam elementos de
fora (Einaudi & Burt 1982).
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Figura 3.1- Tipos de escarnitos (modificado de Meinert 1992). (A) Metamorfismo em camadas de calcarios e
folhelhos intercaladas geram escarnitos de reacdo destacados em (B). (C) Escarnoides. (D) Escarnitos formados
por infiltrac&o.

Escarnitos de reagdo sdo pequenas zonas silicaticas, de escala centimétrica, produzidas a partir
da troca de componentes por difusdo (bimetassomatismo) entre camadas silicosas, como folhelhos ou
cherts, e camadas carbonaticas intercaladas (Figura 3.1 B) (Burt 1974 in Vernon & Clarke 2008, e
Einaudi & Burt 1982). Tal como 0s escarnitos s.s., 0S escarnitos de reagcdo sdo zonados, mas ndo
necessitam da entrada de componentes de fora da secdo sedimentar para se formarem, de modo

semelhante aos hornfels calciossilicaticos. Dessa forma, os escarnitos de reacdo podem ser
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diferenciados dos escarnitos s.s. por estudo cuidadoso da composicdo mineral e das relacbes de
campo, mas todas as gradacdes entre esses dois tipos sdo possiveis (Einaudi & Burt 1982).

Escarnoides sdo formados em rochas carbonaticas impuras por meio da transferéncia de massa
entre camadas, também em pequena escala, pela circulagdo de um fluido em movimento (Figura 3.1
C) (Zharikov 1970). S&o caracterizados pela granulacéo fina, coloragéo clara, deficiéncia em Fe e por
refletirem parcialmente a composi¢do do protdlito. Segundo Meinert et al. (2005), escarnoides sdo
intermediarios entre um escarnito de granulacdo grossa puramente metassomatico e um hornfels

calciossilicatico exclusivamente metamorfico.

Escarnitos podem ser classificados de acordo com seu protoélito pelos termos endoescarnito e
exoescarnito (Figuras 3.1 D) (Einaudi et al. 1981, Meinert 1992). O primeiro indica desenvolvimento
a partir da rocha silicatica, que pode ocorrer tanto no contato com a encaixante carbonética quanto na
interacdo com um possivel xenolito capturado pelo magma, bem como a partir da entrada de fluidos
provenientes da rocha carbonética na rocha silicatica. O segundo, por outro lado, é utilizado para
classificar escarnitos gerados a partir da rocha carbonética encaixante. Korzhinskii (1953 in Zharikov
et al. 2007) introduziu um terceiro termo, near-skarn rock, para designar rochas com conteldo
mineral6gico diferente do usual, ocorrendo nao sé silicatos de Ca, Fe e Mg, mas também feldspato ou
escapolita e/ou feldspatoide. Essa mineralogia pode ocorrer na zona mais externa do endoescarnito ou

na zona do exoescarnito mais proxima do corpo magmatico original.

Segundo Einaudi & Burt (1982), os endoescarnitos sdo mais bem desenvolvidos onde 0s
fluidos metassométicos utilizam contatos intensamente fraturados e altamente permeaveis como
condutos. Em locais mais profundos, onde os platons sdo menos fraturados e a circulagdo de fluidos é
mais restrita, sdo formadas zonas mais finas. JA em por¢des mais rasas, quando ha formacdo de
escarnitos no topo da camara magmatica, endoescarnitos ndao se desenvolvem. Dessa forma, 0s

processos de infiltracdo sdo dominantes no desenvolvimento desse tipo de escarnito.

O zoneamento da mineralogia em endoescarnitos segue um padrdo de progressivo ganho de
Ca pela rocha silicatica. Em condices relativas de reducdo a assembleia diagndstica é piroxénio-
plagioclasio, formada a partir da sequéncia biotita — anfibdlio — piroxénio — (granada), em diregdo
ao calcéario. Ha o desaparecimento simultaneo de K-feldspato e biotita, e a permanéncia de
plagioclasio por todo o zoneamento, exceto em situacdes onde a granada se torna predominante
(Einaudi & Burt 1982). Sob condices relativas de oxidacdo a assembleia epidoto-quartzo predomina
sobre a piroxénio-plagioclésio (Liou 1973, Shimazaki 1980), além de ocorrer maior abundéncia de

granada.
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Exoescarnitos podem ser classificados, ainda, com base na composic¢éo da rocha carbonéatica
original, que é frequentemente indicada pela mineralogia dominante. Escarnitos magnesianos se
desenvolvem no contato com dolomitos e sdo compostos principalmente por forsterita, muitas vezes
alterada para serpentina, associada a diopsidio, calcita e espinélio. Escarnitos célcicos sdo gerados no
contato com calcarios e sua mineralogia caracteristica dominante é especialmente formada por granada

e piroxénio (Einaudi et al. 1981).

Outra subdivisdo para os escarnitos é apresentada por Kerrick (1977) com base nos ambientes
geolégicos de formacdo, a saber: magmaticos, de veio e metamérficos (Figura 3.2). Os escarnitos
magmaticos formam-se no contato entre rochas igneas e marmores. Os escarnitos de veio sdo gerados
em fraturas ou pequenos digues em marmores. Os escarnitos metamarficos se formam no contato entre
rochas carbonéticas e silicaticas, geralmente envolvendo camadas sedimentares originais. Os dois

primeiros derivam de metassomatismo por infiltracdo. Ja no ultimo, a difusdo € o principal processo de

formacé&o do escarnito.
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Figura 3.2- Os trés principais tipos de escarnitos segundo Kerrick (1977) (modificado de Winter 2010).

3.4-EVOLUCAO

O desenvolvimento de escarnitos associados a plutons é apresentado por Meinert (1992) como

uma sequéncia de estagios relacionados a colocagdo do pluton (emplacement), a cristalizacdo, a

alteracdo e ao resfriamento, e o consequente metamorfismo, metassomatismo e alteracdo retrograda
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das rochas encaixantes (Figura 3.3). Esse, porém, € um modelo geral. As caracteristicas e os tipos de
escarnitos formados dependerdo dos aspectos geoldgicos de cada ambiente.

Em um primeiro momento, a intrusdo provoca o metamorfismo das rochas sedimentares
encaixantes devido ao aumento da temperatura proporcionado pelo magma (Figura 3.3 A), com
geracao de hornfels calciossilicatico. A partir dai, formam-se os escarnitos de reacdo e o0s escarnoides,
por bimetassomatismo e por circulagcdo de fluidos, respectivamente (Figura 3.3 B). As rochas da
sequéncia se tornam mais fraturadas e, portanto, mais propensas a infiltracdo e circulacdo de fluidos

dos préximos estagios da evolugdo.

O metamorfismo nas rochas encaixantes € mais extenso em temperaturas caracteristicas de
grande profundidade do que nas porgdes mais rasas do sistema (Figura 3.3 B). Por outro lado, a
progressiva percolacdo de fluidos provenientes da intrusdo, que resulta em nova geracdo de escarnitos
(Figura 3.3 C), gera auréolas metassomaticas menores em profundidade, enquanto que o processo de

escarnitizagdo no topo do sistema alcanca maiores extensdes que o0 metamorfismo.

As temperaturas do metamorfismo e metassomatismo foram calculadas em 400°-800° C por
Kwak (1986), acima de 1200°C por Wallmach & Hatton (1989), mas tipicamente permanecem entre
600° e 800° C segundo Meinert et al. (2005).

Por fim, ocorre retrometamorfismo das fases minerais calciossilicaticas, tanto metamorficas
quanto metassomaticas, causado pelo resfriamento do pldton e pela possivel circulacdo de agua
metedrica oxigenada (Figura 3.3 D).
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Figura 3.3- Evolugdo do desenvolvimento de escarnitos associados a plutons (modificado de Meinert 1992).

3.5- MINERALOGIA

Muitos dos minerais gerados nos escarnitos sdo tipicos formadores de rocha, como quartzo e
calcita, outros sdo menos abundantes, e muitos possuem variadas composi¢fes que podem fornecer
informacdes importantes a respeito do ambiente de formag&o. Os minerais mais comuns em escarnitos
sdo granada, piroxénio, olivina, piroxenoides (rodonita e wollastonita), anfibélio, epidoto, plagioclasio
e escapolita. Alguns mais raros sdo humita, periclasio, flogopita, talco, serpentina e brucita, além de

minerais ricos em Sn, B, Be, e F, que sdo ainda mais restritos (Meintert 1992).
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A primeira descrigdo sistemética das variagcfes mineralégicas nos escarnitos foi feita por
Zharikov (1970), que usou equilibrio de fase, compatibilidades minerais e variacbes composicionais
em solucdes solidas para descrever e prever assembleias minerais caracteristicas para diferentes tipos
de escarnitos. Burt (1972) (in Meinert 1992) e Einaudi et al. (1981), a partir da extensdo dos estudos
do autor supracitado, incluiram uma ampla variedade de tipos de depoésitos e suas variagdes
mineraldgicas. Assim, 0s principais minerais utilizados para classificacdo de escarnitos sao granada,
piroxénio e anfibolio, pois ocorrem em todos os tipos de escarnitos e apresentam grande variabilidade
composicional.

Um exemplo de zoneamento tipico de rochas metassomatizadas foi descrito por Frisch &
Helgeson (1984) em escarnitos do tipo magmaético e de veio formados em marmores dolomiticos
associados a quartzo diorito nos Alpes Italianos. Os autores verificaram que as zonas metassomaticas
ndo sdo monomineralicas, mas comumente associa¢cfes de dois ou mais minerais. Os minerais
observados compdem cinco zonas, a partir do marmore dolomitico até o quartzo diorito: (1) calcita +
forsterita; (2) diopsidio; (3) diopsidio + tremolita + clinozoisita + clorita, na zona de contato; (4)

clinozoisita + plagioclasio; e (5) zona enriquecida em silica (Figura 3.4).
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Figura 3.4- Zonas minerais desenvolvidas no contato entre quartzo diorito e marmore dolomitico (modificado de
Winter 2010, Frisch & Helgeson 1984).
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Principais reages minerais

Algumas das principais reacfes responsaveis pela geracdo de minerais tipicos de escarnitos,
como granada, anfibdlio, piroxénio, olivina e wollastonita sdo apresentadas neste item. A formagao
desses minerais envolve diversas reagdes de desvolatilizacdo e dependem ndo s6 da pressdo, da
temperatura, e da composicdo da rocha, mas também da composicdo da fase fluida. Dessa forma, as
reacGes listadas a seguir sdo representacdes simplificadas das possiveis formas de geracdo das fases
minerais de escarnitos.

A granada mais comum associada aos escarnitos metassomaticos € a andradita, que pode ser
gerada a partir da reacdo (3.1) (Deer et al. 1992):

— 3 CaCO; (calcita) + Fe2O3 (hematita) + 3 SiO; (quartzo) = CasFe,SizO12 (andradita) + 3 CO, (3.1)

O anfibdlio, comumente tremolita, pode formar-se a partir da reagdo (3.2) entre dolomita e
quartzo (Winter 2010):

— 5 MgCa(COs3), (dolomita) + 8 SiO; + H,0 = Ca,MgsSisO22(OH), (tremolita) + 3 CaCOs (calcita) +
7CO; (3.2)

O piroxénio, cuja composi¢cdo mais comum nessas rochas € a série diopsidio-hedenbergita,
pode aparecer a partir da reag@o entre dolomita e quartzo (3.3), calcita e tremolita (3.4), e tremolita,
calcita e quartzo (3.5) (Winter 2010):

— MgCa(COs), + 2 SiO, = CaMgSi-Os (diopsidio) + 2 CO; (3.3)
— 3 CaCO;z; + Cax(Mg, Fe?)sSis02(0OH), = MgCa(COs), + 4 Ca(Mg, Fe)Si.Os (diopsidio-
hedenbergita) + CO; + H.0 (3.4)
— Caz(Mg, Fe**)sSigO22(0OH), + 3 CaCOs + 2 SiO, = 5 Ca(Mg, Fe)Si,0s + 3 CO, + H.0 (3.5)

Olivina, de composicdo forsteritica, pode ser gerada a partir de duas reacdes envolvendo

dolomita, uma com participacdo de tremolita (3.6), e outra com diopsidio (3.7) (Winter 2010):

— 11 MgCa(COs); + Caz(Mg, Fe?*)sSisO22(OH), (tremolita) = 13 CaCO3 + 8 Mg,SiO, (forsterita) + 9
CO; + H.0 (3.6)

— 3 MgCa(COs), + CaMgSi2Os (diopsidio) = 4 CaCOs + 2 M@,SiOs + 2 CO; (3.7

Por fim, a formagdo de wollastonita, que é caracteristica de alto grau, é favorecida no
metamorfismo de contato e no metassomatismo, pois em presses baixas, tipicas desses dois
processos, pode ocorrer em temperaturas mais baixas. A reacdo entre calcita e quartzo (3.8) gera
wollastonita (Deer et al. 1992, Winter 2010):

— CaCOs + SiO2 = CaSiOs (wollastonita) + CO> (3.8)
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CAPITULO 4

PETROGENESIS AND AGE OF SKARNS ASSOCIATED WITH FELSIC
AND METAMAFIC DYKES FROM THE PARAIBA DO SUL
COMPLEX, SOUTHERN ESPIRITO SANTO STATE!

Abstract: This paper concerns the study of petrography, mineral chemistry and geochronology of
skarns generated at the contact of marbles of the Paraiba do Sul Complex with felsic and metamafic
dykes, in southern Araguai orogen, in Cachoeiro de Itapemirim, Vargem Alta and Castelo
municipalities. The marbles were metamorphosed under conditions of the granulite facies during the
syn-collisional orogenic phase. Metamafic dykes are composed of amphibolites and hornblende
granofels, while felsic dykes consist of either alkali-feldspar granite, monzogranite or syenogranite.
Skarns associated with the metamafic and granitic dykes are composed of two zones and three zones,
from marble to dyke, respectively: carbonate + olivine zone, diopside + hornblende zone; and
carbonate + tremolite zone, diopside zone, scapolite + diopside zone. The variation of mineral
chemical compositions along the zones suggests introduction of Mg and Ca from the marbles, Fe from
the metamafic dykes and Na from the granites. The presence of spinel in the metamafic dykes and
their skarns indicate that both were metamorphosed under granulite facies during the 580-560Ma syn-
collisional phase. U-Pb zircon geochronology (LA-ICP-MS) of a granitic dyke resulted in a
crystallization age of ca. 530 Ma, compatible with the post-collisional phase, which suggests that its

skarns are therefore younger than skarns associated with the syn-collisional metamafic dykes.
Keywords: Skarns; Petrogenesis; Geochronology; Paraiba do Sul Complex

Resumo: Este trabalho apresenta o estudo de petrografia, quimica mineral e geocronologia de
escarnitos gerados no contato de marmores do Complexo Paraiba do Sul com diques metamaficos e
félsicos, no sul do orégeno Araguai, nos municipios de Cachoeiro de Itapemirim, Vargem Alta e
Castelo. Os marmores foram metamorfizados sob condigdes de facies granulito durante a fase
orogénica sin-colisional do ordgeno neoproterozoico Araguai. Os diques metamaficos sdo compostos
por anfibolitos e hornblenda granofels, enquanto os diques félsicos consistem de alcali-feldspato
granito, monzogranito ou sienogranito. Escarnitos associados com diques metamaficos e graniticos sdo
compostos por duas e trés zonas mineraldgicas do marmore ao dique, respectivamente: zona carbonato
+ olivina, zona diopsidio + hornblenda; e zona carbonato + tremolita, zona diopsidio, e zona escapolita

+ diopsidio. A variacdo da composicdo mineral ao longo das zonas sugere introducdo de Mg e Ca dos

! Artigo submetido em 14/07/2016 na Brazilian Journal of Geology. Autores: Raissa Beloti de Mesquita, Hanna Jordt-Evangelista, Glaucia
Nascimento Queiroga, Edgar Batista de Medeiros Junior, lvo Antdnio Dussin.
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marmores, Fe dos diques metamaficos e Na dos granitos. A presenca de espinélio nos diques
metamaficos e em seus escarnitos indica que ambos foram metamorfizados sob condicbes de facies
granulito durante a fase sin-colisional do or6geno (580-560Ma). A geocronologia U-Pb via LA-ICP-
MS em zircbes de um dique granitico resultou em uma idade de cristalizacdo de ca. 530 Ma,
compativel com a fase pds-colisional do orégeno Araguai, 0 que sugere que seus escarnitos sao,

portando, mais novos que os escarnitos associados com os diques metamaficos sin-colisionais.

Palavras-chave: Escarnitos; Petrogénese; Geocronologia; Complexo Paraiba do Sul

4.1 - INTRODUCTION

The southern region of the Espirito Santo State in Brazil stands out for the explotation of
dimension stones, mainly of marble. The marble quarries are distributed in a lens-shaped body that
occurs in Cachoeiro de Itapemirim and VVargem Alta municipalities, outcropping also in smaller bodies
in Castelo (Fig. 4.1). Metamafic dykes of amphibolite and felsic dykes of granite are intruded in these
occurrences of marble. In general, the felsic dykes do not show evidences of deformation and
metamorphism. The metamafic dykes, in contrast, were intensely deformed, metamorphosed and
transformed into amphibolite. Skarns were formed at the contacts between the dykes and the marble
and show zones with distinct mineralogical compositions due to migration of chemical components
because of the chemical contrast caused by the distinct compositions of the lithotypes. The purpose of
the detailed study of the petrography, mineral chemistry and geochronology of the skarns at the
contact between the marbles and the metamafic and felsic dykes is to provide information on the age

and on the metamorphic/metasomatic processes that led to the skarn formation.
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Figure 4.1- Geographic location and geological map of the Cachoeiro de Itapemirim, Vargem Alta and Castelo
regions, with the location of the collected samples (modified from Vieira 1997).

4.2 - GEOLOGICAL SETTING

The study region belongs to the crystalline core of the Araguai orogen composed of rocks
related to the Paraiba do Sul Complex, besides pre-collisional and post-collisional intrusive rocks (Fig.
4.1). The Araguai orogen comprehends the Aracuai fold belt and the high-grade crystalline core. To
the west the Araguai orogen is limited by the Sdo Francisco Craton (Almeida 1977), and to the east by
the Atlantic coast. This orogen and the West Congo Belt that is situated on the western border of the
African Congo Craton, makes up the Brasiliano/Pan-African system of orogens of West Gondwana
(Porada 1989, Pedrosa-Soares et al. 1992) referred in the literature as the Araguai-West Congo orogen.

The Paraiba do Sul Complex was subdivided by Vieira (1997) into nine units that comprise a
metasedimentary sequence at the base and a metavolcano-sedimentary sequence on the top. The units
embrace gneisses with intercalations of calc-silicate rocks, quartzites, amphibolites and marbles. The
sediments of this Complex were deposited in a back-arc basin with a maximum depositional age of
619 Ma (Medeiros Junior 2016). The metamorphic event that affected the Complex is correlated to the
syn-collisional stage of the edification of the Araguai orogen between 580 and 560 Ma (Pedrosa-
Soares et al. 2001, 2007).
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The pre-collisional gneissic rocks correspond to the G1 Suite of Pedrosa-Soares et al. (2007)
formed between ca. 630 and 580 Ma. They compreehend amphibolite facies, calc-alkaline granitic to

tonalitic orthogneisses.

The post-collisional intrusive rocks are associated with the G5 Suite, generated between 520
and 490 Ma (Sollner et al. 1991, Noce et al. 1999 in Pedrosa-Soares & Wiedemann-Leonardos 2000).
They comprehend mainly rocks of granitic composition and subordinately mafic rocks (Vieira 1997).

The main occurrence of marble in the region of Cachoeiro de Itapemirim consists of a lens-
shaped body that extends for at least 25 km in northeast—southwest direction with a width of about 4
km. Another occurrence is located northwest of the main lens, in the region of Castelo. Paragneisses of
the Paraiba do Sul Complex and pre-collisional granodioritic orthogneisses also occur in the study
area. Outstanding expositions can be observed in the marble quarries.

The marble, is in general very pure, being composed mainly of dolomite and of rare calcitic
layers and lenses. Locally, it shows bands rich in silicate minerals that present a NE-SW foliation
dipping to the SE, besides west-vergent folds and boudins (Oliveira et al. 2012).

The mineralogy of the marble, its silicate portions, the granitic and metamafic dykes as well as
the skarnitic zones were described by Jordt-Evangelista & Viana (2000) and Oliveira (2012) in the
region of Cachoeiro de Itapemirim. Because of the rare presence of spinel, the marble and the skarns
generated at the contact with the metamafic dykes were formed under granulite facies conditions and

were partially affected by retrometamorphic transformations (Jordt-Evangelista & Viana 2000).

4.3 - MATERIALS AND METHODS

Representative samples of the different lithotypes were collected from ten outcrops (Fig. 4.1),
of which 47 thin sections were made. In addition, ten thin sections from Medeiros Junior (2016) (ITA-
68 and CAS29) and ten thin sections from Oliveira (2012) (ESC) were used.

The thin sections were described on transmitted and reflected light microscope at the
Departamento de Geologia (DEGEO) of Universidade Federal de Ouro Preto (UFOP) and at
Laboratério de Analises Minerais (LAMIN) of Superintendéncia Regional de Manaus do Servico
Geoldgico do Brasil (CPRM). Quantitative and semi-quantitative analyses of mineral chemistry were
obtained using the electron microprobe (EMP) Jeol Superprobe JXA-8900RL, at 15 kV and a beam
current of 20 nA, at the Centro de Microscopia of Universidade Federal de Minas Gerais (UFMG), and

the scanning electronic microscope (SEM) Jeol JSM-6010LA with energy dispersive spectrometer
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(EDS) attached, at 20 kV and spot size of 70, at the Laboratorio de Microanalises of DEGEO/UFOP.
The data of mineral chemistry were treated with Minpet® software version 2.02 (Richard 1995).

U-Pb geochronology by laser ablation-ICP-MS (LA-ICP-MS) analyses was performed on
zircon grains from a granitic dyke sample. The zircon concentrate was obtained at the Laboratério de
Preparacdo de Amostras para Geoquimica e Geocronologia (LOPAG) of DEGEO/UFOP using
conventional jaw crusher, milling, manual panning, heavy liquids separation and magnetic-Frantz
isodynamic separator. Subsequently, the zircons were handpicked under binocular microscope and
mounted on an epoxy disk. The mount was polished and imaged under cathodoluminescence, using a
scanning electronic microscope Quanta-250-FEI with cathodoluminescence detector of Oxford
Instruments Co. at the Laboratério Multiusuario de Meio Ambiente e Materiais (MULTILAB) of
Universidade do Estado do Rio de Janeiro. The laser ablation-ICP-MS (LA-ICP-MS) analyses were
performed using an Agilent 7700 Q-ICP-MS and a 213 nm New Wave laser at the Laboratério de
Geoquimica Isotépica of DEGEO/UFOP (see Romano et al. 2013 and Takenaka et al. 2015 for details
on the instrumentation and methodology). The standard M127 zircon (Nasdala et al. 2008) was used
during the runs. The relevant isotopic ratios were calculated using the data reduction software Glitter
(van Achterbergh et al., 2001) and the U-Pb diagrams were produced using the software Isoplot 3.75
(Ludwig, 2012).

4.4 - FIELD AND PETROGRAPHIC ASPECTS
4.4.1 - Metamafic Dykes

The metamafic rocks occur as 7cm to 1.5m wide dykes and lens-shaped bodies that are
stretched parallel to the marble foliation. The dykes are intensely deformed, boudinated, folded,
disrupted and metamorphosed (Fig. 4.2A). They are composed of amphibolite and hornblende
granofels. The amphibolite is dark gray to black, fine-grained, and the mafic minerals are oriented
parallel to the regional foliation. The hornblende granofels is black, fine-grained and does not show
foliation. Usually, there are phlogopite-rich films along the borders of the dykes, in some cases the
dyke seems to be completely transformed into this mineral. Garnet and pyroxene porphyroblasts occur

in the largest dykes.

The amphibolite consists essentially of pargasite (50 to 60vol%) and plagioclase (30 to 40%)
(Fig. 4.2B), with minor amounts of biotite (3 to 15%) and opaque minerals (mainly pyrrhotite) (2 to
5%). Titanite, apatite, zircon and rare clinopyroxene occur as accessories. Sericite, epidote, carbonate,
chlorite and calcic scapolite (see mineral chemistry) occur as secondary minerals. Pargasite (see
mineral chemistry) is subidioblastic to idioblastic and presents greenish to brownish pleochroism.

Plagioclase occurs as xenoblastic and sometimes porphyroblastic grains that display interlobate to
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polygonal contacts and intense sericitization, saussuritization and scapolitization (Fig. 4.2B). Often, it
presents usually well defined concentric extinction, due to compositional zoning. Brownish to reddish
biotite can be poiquiloblastic with inclusions of plagiolase, scapolite, opaque minerals and amphibole.

The main opaque mineral is pyrrhotite, subordinately also chalcopyrite.

The hornblende granofels is granoblastic, composed of pargasitic to tschermakitic hornblende
(99 to 100vol%), and scarce phlogopite, pyrrhotite and spinel. The amphibole is weakly pleochroic in
shades of brown and yellow-brown. Rarely, green spinel is found associated with phlogopite.

4.4.2 - Felsic Dykes

The felsic dykes and sills are 10 cm to 2 m wide. Generally, they do not show any evidence of
deformation (Fig. 2C and D), but dykes showing some foliation were rarely observed.

The felsic dykes consist of alkali-feldspar granite, monzogranite and syenogranite. The

syenogranite presents some metamorphic overprint but still preserves relicts of the igneous texture.

The largest of the studied skarns, 1.5m wide, was found at the contact of an alkali-feldspar
granite. This granite is composed of 75vol% of akali-feldspar, 20% quartz, 2% plagioclase, 2%
clinopyroxene (hedenbergite, see mineral chemistry) and 1% of titanite, biotite, opaque minerals,
allanite, apatite and zircon. Typically, igneous tabular feldspars are observed (Fig. 2E). They may
display a poiquilitic texture with apatite and pyroxene inclusions. Quartz with undulatory extinction is
an evidence of incipient deformation. Alkali-feldspar is perthitic and presents Tartan and Carlsbad
twinning. Usually this feldspar is partially altered into sericite and carbonate. Subhedral tabular
plagioclase grains have a concentric extinction due to compositional zoning. Light green hedenbergite

presents partial substitution by amphiboles.

The monzogranite presents anhedral granular and inequigranular seriate texture, with tabular
plagioclase. It is composed of 25-40vol% quartz, 15-25% plagioclase, 15-35% alkali-feldspar and less
than 1% of amphibole, clinopyroxene, biotite, sericite, titanite, apatite, garnet, zircon, monazite,
epidote, Fe-Mg chlorite and opaque minerals. Quartz may show undulatory extinction. Plagioclase
presents concentric extinction due to chemical zoning. It may be partially replaced by sericite, epidote
and carbonate. Alkali feldspar is commony perthitic, has Tartan twinning and incipient sericitization.
Amphibole is strongly pleochroic from olive-green to brownish-green, which is characteristic of
hornblende. It may be partially replaced by biotite and carbonate. Fe-Mg chlorite may occur as

alteration of biotite.
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The syenogranite is distinguished from the other granites by the preferential orientation of
biotite and hornblende. It is composed of 25-30vol% quartz, 35-50% alkali feldspar and 5-15%
plagioclase, biotite (up to 5%), hornblende (up to 3%), clinopyroxene (up to 2%), and traces of
titanite, garnet and zircon. Sericite, chlorite, epidote and carbonate may occur as secondary minerals.
Quartz is granular and may be stretched parallel to the mafic mineral orientation. Undulatory
extinction and dynamic recrystallization by subgrain rotation and by boundary migration occur as an
evidence of deformation. Perthitic alkali feldspar is often tabular-shaped. It presents Tartan and
Carlsbad twinning and, frequently, alteration to sericite. Plagioclase is anhedral to subhedral,
sometimes tabular-shaped, and may present concentric extinction. Alteration to sericite and epidote
usually occurs. Clinopyroxene is weakly pleochroic in shades of light green to colorless and may
occur partially replaced by hornblende. Hornblende is pleochroic from olive-green to brownish-green.

Biotite is dark brown, may replace hornblende and be replaced by chlorite.

4.4.3 — Marble

The marble is white with pink, green, blue and gray portions. The foliation has usually a NE-
SW direction dipping to SE that is marked by variations in the grain size. Impurity levels also mark
the foliation and may be often folded. There are coarse to very coarse-grained pockets of recrystallized

calcite.

In thin section, the marble presents fine to medium-grained granoblastic texture. It is
composed essentially of carbonates, olivine is rarely found. Clinopyroxene, phlogopite, scapolite and
humite occur as accessory minerals, rarely, also spinel and talc. The carbonates are dolomite and
subordinately calcite. Exsolution of blebs and lamellae of dolomite can be found in calcite grains.

Olivine may be partially replaced by tremolite and serpentinization is common.
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Figure 4.2— Photographs and photomicrographs of dykes: A — deformed metamafic dykes (PIES-6); B —
photomicrograph of amphibolite (PIES-2F2) C — granitic dyke (PIES-10); D — outcrop of alkali-feldspar granite;
E — photomicrograph of alkali-feldspar granite with tabular alkali feldspar (XPL); F - photomicrograph of alkali-
feldspar granite with hedenbergite with marginal substitution by amphibole (PPL). Pargasite (Prg), plagioclase
(PI), phlogopite (Phl), scapolite (Scp), alkali feldspar (Afs), hedenbergite (Hd), amphibole (Amp). XPL: crossed
polarized light; PPL: plane polarized light.
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4.4.4 - Skarns

Two main types of skarns were identified in the study area where one of them is associated
with the metamafic dykes and the other one is associated with the felsic dykes.

The skarns related to metamafic dykes are centimeter to decimeter wide; their main
mineralogy can be depicted from Fig. 4.3A. The skarn zones are irregular and enter to the dyke as well

as to the marble.

The skarns related to felsic dykes can vary from few millimeters to few centimeters,
exceptionally reaching 1.5m in width (Fig. 4.3B, 4.3C and 4.3D). Thinner dykes can be almost
completely transformed into skarn (Fig. 4.3B). The largest skarn studied is composed of distinct
mineralogical zones with well-marked or reentrant contacts. A dark green zone classified in the field
as exoskarn, occurs attached to the marble, and another greyish zone classified as endoskarn, occurs
attached to the granite (Figs. 4.3C and 4.3D).

mafiesike ™ ) P e

diopside+ hornblende

% marble

diopsidet hornblende

mafic dike

endoskarn

. RS oo
. b ] . - 1l
granite i exoskarn

Figure 4.3— Photographs of the skarns: A — skarn associated with two metamafic dykes, one on the upper and
the other on the lower portion of the photo (PIES-5); B — granitic dyke transformed into skarn (PIES-1); C and D
— mineralogical zones associated with the alkali-feldspar granite (PIES-1).
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Skarns associated with metamafic dykes

Two types of skarns, related to amphibolite and hornblende granofels, were selected for a
detailed description of the different mineralogical zones.

Skarn associated with amphibolites

The skarn associated with the amphibolite dyke has the following mineralogical zones, from
marble to amphibolite (Fig. 4.4A): carbonate + olivine and diopside + honblende. These zones are

irregular with indentations between them and also with the marble and the dyke.

The carbonate + olivine zone is about 1 cm wide and is composed of 80-90vol% carbonate,
10-15% olivine and 5% tremolite, with rare phlogopite. Clino-humite can occur in association with
olivine. Carbonate is dolomite and lesser calcite, this last one may present exsolution of blebs of
dolomite. Olivine is commonly surrounded by dolomite and tremolite which may be intergrown with
vermiform dolomite (Fig. 4.5A). Replacement by serpentine and iddingsite is common. (Fig. 4.5A,
4.5B). Olivine is classified as chrysolite (see mineral chemistry). Diopside can occur in this zone

surrounding olivine (Fig. 4.5A), evidencing the infiltration of silica during the skarn generation.

The diopside + hornblende zone is about 1.5cm wide being composed of 35-80vol% of
diopside, 10-20% amphibole and 10-40% carbonate. Phlogopite reaches up to 5%, apatite and titanite
are accessory minerals. Diopside (Fig. 4.5C) occurs as poiquiloblastic grains with inclusions of
carbonate, actinolite and phlogopite, and smaller granoblastic grains as inclusions in hornblende.
Amphibole (Fig. 4.5D) is pleochroic in shades of bluish green-brownish green-yellowish brown that
become more intense closer to the amphibolite. Commonly, the grains have compositional zoning
(Fig. 4.5D) with strongly pleochroic cores of Mg-hornblende and edenite, and weakly pleochroic
borders of actinolite (see mineral chemistry). Carbonate occurs as inclusion as well as dispersed

between the other minerals.

Skarn associated with the hornblende granofels

The skarn associated with the hornblende granofels comprises only one mineralogical zone
with few millimeters in width (Fig. 4.4B): carbonate + olivine. This zone is composed of 80vol% of
carbonate, 10% olivine, 5% amphibole and 5% phlogopite and Mg-chlorite. Spinel also occurs in an
amount of less than 1%. Carbonate was identified as dolomite and calcite. Olivine and spinel were
formed closer to the marble, while Mg-hornblende, Mg-chlorite and phlogopite occur closer to the

dyke. Olivine is xenoblastic and is partially altered to serpentine and iddingsite (Fig. 4.5E). The grains
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are partially to totally replaced by tremolita (Fig. 4.5F) and surrounded by dolomite. Tremolite is
commonly intergrown with vermiform dolomite. Spinel (pleonaste, see mineral chemistry) is partially
replaced by Mg-chlorite (Fig. 4.5E). Mg-hornblende, occasionally intergrown with carbonate and Mg-
chlorite, is larger near the contact with the dyke (Fig. 4.5F). Mg-chlorite may constitute radial
aggregates (Fig. 4.5F). Phlogopite is colored in shades of orange. It occurs associated with Mg-chlorite
near the dyke contact (Fig. 4.5H) and with carbonate in the dyke.

Skarn associated with felsic dykes

The skarns associated with the monzogranite and syenogranite dykes are about few
millimeters to few centimeters in width. They are composed mainly of diopside and scapolite,
sometimes also phlogopite, amphibole, epidote and titanite. Near the marble, the skarn is composed of
diopside, which can be replaced by hornblende or colorless amphibole and carbonate. Poiquiloblastic

amphibole with diopside inclusions can also be found.

The skarns associated with the alkali-feldspar granites are the widest (up to 1.5 m) found in
the study area. The detailed description of the skarnitic zones encountered in the sampling site PIES-1
(Figs. 4.1 and 4.6) are presented below.

From marble to granite the following mineralogical zones were found: (1) carbonate +
tremolite; (2) diopside; and (3) scapolite + diopside. In the contact of zone (3) with the granite, there
is an alkali feldspar enriched portion. The names of the zones refer to the most abundant minerals but

other mineral phases may occur.
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Figure 4.4— Illustrative schematic cross-sections (without scale) of the skarns associated with metamafic dykes
showing the location of mineral analyses and photomicrographs. The modal mineralogy is indicated within the
rectangles. A: skarn associated with the amphibolite; B: skarn associated with the hornblende granofels.
Carbonate (Cb), olivine (OlI), tremolite (Tr), diopside (Di), hornblende (Hbl), phlogopite (Phl), pargasite (Prg),
plagioclase (PI), pyrrhotite (Po), amphibole (Amp), Mg-chlorite (Mg-Chl). EMP: Electron Microprobe; SEM:

Scanning Electron Microscope.
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A # 9 y
BEC 20kV WD10mmSS70 X300,

Mg-Hbl

Figure 4.5- Photomicrographs and SEM image of skarns associated with metamafic dykes. A — olivine (Ol)
replaced by tremolite (Tr) and surrounded by dolomite (Dol) and diopside (Di) (XPL) (PIES-2F1); B — detailed
SEM image of the replacement of olivine by tremolite (PIES-2F1); C — diopside with replacement by actinolite
(Act) and with carbonate (Cb) inclusion (XPL) (PIES-2F1); D — zoned amphibole with core of edenite (Ed) and
Mg-hornblende (Mg-Hbl) and border of actinolite (Act) (PPL) (PIES-2F1); E — spinel (Spl) grains partially
replaced by Mg-chlorite (Mg-Chl) (PPL) (ITA-68A1); F — tremolite aggregate as pseudomorph after olivine
(XPL) (ITA-68A); G — Mg-hornblende associated with Mg-chlorite (XPL) (ITA-68); H — skarn border zone with
tschermakite (Ts) remnant from the metamafic dyke and neoformed phlogopite (Phl) and Mg-chlorite (XPL)
(ITA-68). PPL: plane polarized light, XPL: crossed polarizes light.
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According to the Einaudi et al. (1981), Einaudi & Burt (1982) and Meinert (1992) skarns are
classified as exoskarns if their protolith is the marble, and endoskarns if the protolith is the igneous
rock. In the studied skarn, zones (1) and (2) are exoskarns and zone (3) is an endoskarn. The
identification of the endoskarn was made by field-based observations that showed a gradational
boundary of the granite and the scapolite + diopside zone (endoskarn) (Fig. 4.3C and 4.3D),
suggesting a metasomatic transformation of the granite. On the other hand, the contact between the
endoskarn and the diopside zone is abrupt and probably represents the original contact between the
granite and the marble. A mineralogical indication of the endoskarn origin is the presence of zircon
inherited from the granite. Other arguments concerning the classification of the studied zones as endo
and exoskarns are based on their chemical composition in terms of major, trace and REE elements as
discussed by Mesquita (2016).

Zone (1) is only centimeter wide and it is composed of carbonate (80 — 99vol%) and tremolite
(1 - 15%), with rare olivine (0 — 5%) and phlogopite. Carbonate (dolomite and calcite) may have
inclusions of tremolite, olivine and phlogopite. At the contact with zone (2) calcite commonly contains
blebs and lamellae of dolomite. Amphibole is colorless to greenish due to chemical variation. It was
identified as tremolite and actinolite (see mineral chemistry) often displays intergrowths with
carbonate (Fig. 4.7A). Olivine is partially to completely replaced by serpentine. Between zones (1) and
(2) there are irregular bands composed of carbonates intergrown with amphibole and bands composed
of phlogopite (Fig. 4.7A and 4.7B).

Zone (2) is up to 1 m wide and it is composed of diopside (up to 95% in volume),
accompanied by up to 30% of actinolite (see mineral chemistry) and minor quantities of phlogopite,
guartz, zoisite/clinozoisite, carbonate and titanite. Diopside (see mineral chemistry) is found as larger
prismatic and smaller granoblastic grains that can occur as inclusions in clinoamphibole (Fig. 4.7C).
The larger grains may be partially replaced by carbonate. Actinolite is poiquiloblastic with inclusions
of cabonate and diopside (Fig. 4.7C). Quartz and carbonate occur disseminated among the other
minerals (Fig. 4.7C). At the border of carbonate veins found in this zone, a phlogopite-rich seam was
formed (Fig. 4.6 and Fig. 4.7D). This band is also observed between zones (2) and (3) (Fig. 4.7E).

Zone (3) is about 0.5 m wide and it is composed of scapolite (50-80vol%) and pyroxene (20-
50%), with minor quantity of phlogopite. Zircon, zoisite/clinozoisite and colorless clinoamphibole
may also occur. The occurrence of zircon in this zone can indicate that its protolith is the alkali-
feldspar granite. Zoisite/clinozoisite is more common near zone (2), and actinolite (see mineral
chemistry) occurs at the contact with the granite. The texture is granoblastic, characterized by the
granular and decussated grains of scapolite, clinopyroxene and lamellar phlogopite (Fig. 4.7F).

Scapolite has inclusions of carbonate, pyroxene and epidote. It commonly shows undulatory
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extinction, subgrains and new grains surrounding larger crystals, similar to core-mantle
microestructure. Compositional zoning in scapolite is suggested by differences in the birefringence,
lower in the core (higher content of sodium) and higher at the border (higher content of calcium). Near
the contact with the zone (2) scapolite constitutes elongated porphyroblasts grown perpendicularly to
the contact or as radial aggregates. Scapolite grains are intergrown with symplectitic diopside (Figs.
4.7G and 4.7H) which is granoblastic farther away of the contact with the granite. Scapolite, diopside

and zoisite/clinozoisite commonly occur partially replaced by carbonate.

The granite close to the skarn presents an up to 15 cm wide zone rich in alkali feldspar, which
decreases in quantity farther away of the contact distance due to the increase of quartz and plagioclase.
The mafic minerals in the granite such as hedenbergite, hastingsite (see mineral chemistry), and biotite

occur in minor guantity.
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Figure 4.6— Illustrative schematic cross-section (without scale) of the skarn associated with alkali-feldspar
granite showing the locations of mineral analyses and photomicrographs. The modal mineralogy is indicated
within the rectangles. Carbonate (Cb), tremolite (Tr), olivine (Ol), diopside (Di), actinolite (Act), scapolite (Scp),
alkali feldspar (Afs), plagioclase (Pl), quartz (Qz), hedenbergite (Hd). EMP: Electron Microprobe; SEM:
Scanning Electron Microscope.
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Figure 4.7- Photomicrographs of skarns associated with felsic dykes. A and B — phlogopite (Phl) enriched
contact between zones (1) and (2) (left: PPL; right XPL) (ESC +); C —zone (2) showing poiquiloblastic
actinolite (Act) with inclusions of diopside (Di) (XPL) ( PIES-1-11A); D — carbonate (Cb) vein bordered by
phlogopite seam (XPL) (ESC...); E — phlogopite-rich contact between zones (2) and (3) (XPL) (CAS29D2); F —
zone (3) with diopside, phlogopite and fractured scapolite (Scp) (XPL) (PIES-1QC); G and H — contact between
zone (3) and granite showing symplectites of diopside intergrown with scapolite (left: PPL; right XPL) (ESC.).
PPL.: plane polarized light, XPL: crossed polarizes light.
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4.5 - MINERAL CHEMISTRY

The main minerals of the skarns were analyzed by electron microprobe (EMP) to determinate
the formula and to verify the compositional variations. In addition, analyses were performed by
scanning electronic microscopy (SEM) coupled with energy dispersive spectrometer (EDS).

Pyroxene, amphibole, scapolite, olivine, phlogopite, spinel, chlorite and feldspars were
analyzed. Tables 4.1 to 4.7 show the results of the EMP and SEM analyses and the mineral formulas.
Figures 4.8 and 4.9 present the classification diagrams obtained for the SEM analyses. The location of

the analyzed minerals in the skarnitic zones are shown in Figures 4.4 and 4.6.

4.5.1 - Pyroxene

The clinopyroxene is the most abundant mineral of the skarns and belongs to the diopside-
hedenbergite solid solution. In the skarnitic zones it is diopside while in the alkali-feldspar granite the
it is hedenbergite (Table 4.1).

Some diopside analyses from the skarnitic zone associated with the amphibolites plotted above
of the diopside-hedenbergite series field (Fig. 4.8A), possibly due to calcium derived from carbonate
inclusions. In the diopside + hornblende zone it tends to have more Fe, with Xug values ranging from
0.76 to 0.90, and less rich in Fe in the carbonate + olivine zone, where Xwug ranges from 0.92 to 0.95
(Table 4.1).

The diopside composition also varies over the skarnitic zone associated with the alkali-
feldspar granite. For instance, in samples ESC and CAS9Pb diopside is more depleted in Mg in the
scapolite + diopside zone closer to the granite, (Xmg 0.77 - 0.95), than in the diopside zone closer to
the marble (Xmg 0.93 - 0.97, Table 4.1).
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4.5.2 - Amphibole

The amphiboles belong to the calcic clinoamphiboles series (Tables 4.2 and 4.3). They occur
in the skarns associated with both metamafic and felsic dykes as well as in the granites and
amphibolites.

In the skarns associated with the amphibolite there is a compositional variation with increase
in Mg and decrease in Fe from the diopside + hornblende zone to the carbonate + olivine zone. In the
carbonate + olivine zone tremolite replaces olivine and diopside while in the other zone actinolite
occurs as replacement of diopside (Table 4.2 and Fig. 4.8B). These replacements are more likely to be
the result of a posterior retrometamorphic process with introduction of aqueous fluid.

In the diopside + hornblende zone amphibole presents compositional zoning, from Mg-
hornblende and edenite (core), to actinolite (border) (Fig. 4.8B and 4.8C). These zoned grains present
a core more enriched in Al, Na and K (Figs. 4.8D, 4.8E and 4.8F), with stronger pleochroism, and a
border more enriched in Mg (Fig. 4.8G), with weaker pleochroism. The amphibole of the amphibolite

is pargasite (Table 4.3).

In the skarns associated with the hornblende granofels (sample ITA-68, Fig. 4.8B, Table 4.2)
tremolite occurs as replacement of olivine in the portions closer to the marble while Mg-hornblende
occurs next to the contact with the metamafic dyke. The main amphibole of the hornblende granofels

is pargasite (Table 4.2 and 4.3), but tschermakite also occurs (Fig. 4.8B).

There is a compositional variation in the amphiboles from the mineralogical zones of the skarn
associated with the alkali-feldspar granite, with an increase of Mg and decrease of Fe toward the
marble. The carbonate + tremolite zone, closer to the marble, has Mg-rich tremolite (Xmg = 0.99 —
1.00, Table 4.3) while the diopside zone has actinolite (Fig. 4.8H) with Xug= 0.76 — 0.77 (Table 4.2),
thus more depleted in Mg.

At the contact between the zones carbonate + tremolite and diopside, amphibole grains can
show compositional variation from tremolite to actinolite (Fig. 4.8H) as is indicated by differences in
color, from colorless to green. The scapolite + diopside zone contains actinolite in the contact with the

granite where ranges from 0.80 to 0.85 (Table 4.3).

In the alkali-feldspar granite, the amphibole occurs as a replacement of hedenbergite. The
compositions are Fe-actinolite and Fe-hornblende, with Xug = 0.40, and hastingsite, with Xug = 0.18 -
0.21 (Table 4.3).
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Figure 4.8- A, B and C: pyroxene and amphibole classification of skarns associated with metamafic dykes. D, E,
F and G: amphibole compositional maps obtained by SEM of skarns associated with metamafic dykes. H:
amphibole classification of skarns associated with felsic dykes.

57



, balanco de massa e idade de escarnitos...

énese, geogquimica

Mesquita, R. B., 2016, Petrog

(,z04+BIN)/BIN = DX

60 160 160 180 060 960 %60 610 10 90 220 00T €0 00T %60 660 €60 830 680 60 S0 €0 080 120 1,0 80 8.0 v
00’82 £0°€Z 80'€Z 00'EZ 00°'SZ SO'EZ LO'EZ 00'SZ £0°SZ TO'EZ Z0'EZ G822 SOEZ ¥g'sZ TOEZ 1622 60°SZ CU'€Z ST'EZ TU'SZ vO'EZ 80°S 00€Z 00 00SZ 00EZ 00€Z ouwns
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 190
JO'ST PTST OT'ST 00ST ZUST ZIST WU'ST bO'ST L0ST 90T ZU'ST [0S 6T OGST 66%T LOST OSST §TST 9UST OTST T0ST SUST 66%T 0GST /TSI GZST  vI'ST suone
100 ¥T0 OTO0 ¥00 2ZT0 ZT'0 »T0 SO0 100 900 ZT0 100 6T°0 950 000 .00 OS0 8T0 STO O0T0 TO0 €U0 000 050 /IO SZ0  ¥T0 vung
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 €00 000 000 000 000 000 IV
00 €10 OT0 $0O 2T0 Zr0 €0 S00 00 900 2T0 000 60 6/0 000 000 /20 [T0 OT0 600 000 OT0 000 050 JT0 S0  #T0 ey
000 000 000 000 7100 000 000 000 000 000 000 /00 000 /00 000 00 €00 200 900 7100 TOO 000 000 000 000 000 000 eV
00Z 007 00Z 96T 00Z 00Z 002 002 00Z 00Z 00Z 00Z 00Z 00Z 66T 00Z 00Z 00Z 002 00Z 002 00Z 66T 002 002 002 002 awng
00 000 200 ¥00 000 900 000 SO0 900 900 Z00 000 000 000 000 000 000 000 000 000 000 000 000 200 SO0 100 €00 eNg
/8T 007 6T <S8T 007 06T 002 16T €8T 68T /8T 00C 002 002 /6T 00C 00C 002 002 O00C 002 002 86T 96T 26T 86T  S6T eog
200 000 000 100 000 TOO 000 7100 €00 200 200 000 000 000 000 000 000 000 000 000 000 000 000 000 TO0 000 200 ung
Y00 000 200 900 000 YOO 000 €00 €00 Y00 00 000 000 000 TO0 000 000 000 000 000 000 000 TO0 200 €00 100 100 L
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 Bing
00S 00 006 00S 006 006 00S 006 006 00S 006G 006G 00S 00G 006 006 006 00§ 00G O00S 006 006 006 006 006G 00G 00§ owng
000 000 000 000 000 000 000 000 000 000 000 900 000 900 000 900 €00 200 900 100 T00 000 000 000 000 000 000 o8
200 200 000 100 €00 T00 T00 100 €00 200 200 000 000 000 000 000 000 000 000 000 000 000 000 000 TO0 000 200 unD
60 Zr0 STO 980 8y0 8T0 080 00T 90T EUT 90T 000 SE0 000 /20 €00 280 /S0 TS0 620 S0 S0 60 02T 0T 660  vOT 240
€ ISV Sy S8E v 9% 9% £8F SL€ 9T TUE SL€ 0SY YOV  T9% 89 8Sv TV £Sv  /Sv 9% 85y S/E  T0E  S9E  85E 0L BAD
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 1o
820 000 000 20 200 800 000 OTO €I0 /T0 /IO 050 000 000 200 6¢0 000 000 000 000 000 000 T20 €0 10 180 810 40
€00 Y00 20 €00 T00 00 [00 100 €00 00 S00 890 SI0 060 OT0 S50 820 €20 OT0 U0 800 900 600 2¥0 €10 €0 00 V)
008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 008 Lung
100 000 000 200 000 000 000 200 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 T
0£0 TI0 Y00 [T0 ST0 TI0 900 U0 2T0 610 220 €9T €20 90T 00 ST €v0 610 €00 200 T00 €00 80 /2T Ov0 890  9€0 WL
69, 68L 96 T18. O8L 68L V6L YL 8L T8L 6L €9 LUl Y69 €6 99 JSL T8L 861 S6L 66L L6L UL €19  09L &L vl ISL
00T 00T 6666 6666 6666 OOT 00T 6666 OOT 8666 00T OOT OOT OO 0O OOL OOT OOT 00T TOOOT TOOOT OOT 6666 TOOOT 00T TO'0OT TO'0OT oL
IT0 o
%50 TS0 S0 620 YO 90 TS0 FEO 050 PO TLO w0 081 €0T €90 960 €£0 6£0 06T 180 860 290 0%N
0971 Y8ET SLET €570 ST 0TSl Z6ET 8871 9970 99T SGZT £8YI T8ET OTVL BLET Q/bT TZVT O6ET OvbT €OWT SO%T €8ET OVEl 882 9821 b€l  TUET o®
620 910 €20 S0 ST0 OT0 8T0 20 080 2Z£0 0Z0 100 20 OUN
SOST Sreg vIEr 9UST ST'ZZ LS€C 20TC SG'8T £TST 8GUT 0621 TLST 987C €061 CUEC TS6T 89T¢ SS07 €T 8L2C 6SEC 62 g8l TZWT 09T 6TLT S8l OB
GOTI &€ 6VT €201 ¥EV €97 9T SvOT 90T SYIT 60T 8vb SIE 0z 09 87 €05 8vv 5T 22T YIS ETOT  OVED /90T TZTT  ¥SOT 08
66T T60 860 €T »60 T 180 260 060 68T 65T /SVT Tre 670 TUT G021 Svb 192 280 660 650 /SO g2 OTOT  6TS 06 192 oty
0555 Ov'8S 096G 2/9S 208G 988G /698G [90G €895 OTOS 100G Trlv OGS OC6F 6065 26y [SSG STUS 958G ECES U6 TUES S6SS  Ovly  [9VS 8IS 868 018
v | L | aL [ev | L | | oa [ v v st | ar fion-e| ar fianei| oL [ ew v | an | | | e | o | v _Mx v esauIA
glwe|n|alu|w|om|la|on|laz|a|u|az|nw |ala|alal|w|oa|a|e BPD]E0|6ep0]) (@) Uapioa) 1ods
g | o | o || w
g 4 € 14 T 4 € 14 X2 Xy Xg X2 XT [ 35 | ) | X e Ay Ae AT uoneso
Seuoz 3puslquIoy
apISAOID PUE SN|OWIAL) + STEUOGIED UEA] 19BIU0D apisdoip p 3UINIIO + 3]eU0queD 4 apisdorp | 2UMNIO + 8reuogiEd apus|quioy + apisdoip auoz
anT-sald VIIT-s3Id V89Vl TvS-sald THz-s3ld aoqIyduwy

“aI{BWLIBYDS) :S |

‘ojowWa) 1] ‘aNuapa ;p3 ‘apusjgloy-BIA [IgH-BIN sujounoe 10y “UoRNGLISIP J1UOIEeD SN pue ‘NTS AQ paureiqo ‘sjogiydure paros|as 40 (94 yBIam) uomsodwiod [BaWaYD —Z b AlqeL

58



Contribuices as Ciéncias da Terra. Série M, vol. 75, 123p.

Table 4.3— Chemical composition (weight %) of selected amphibole, obtained by EMP, and its cationic
distribution. Prg: pargasite; Tr: tremolite; Act: actinolite; Hst: hastingsite; Fe-Act: Fe-actinolite; Fe-Hbl: Fe-
hornblende.

Amphibole ITA-68A1 PIES-5F1 ESC... CAS29Pb | PIES-1B1
Zone hg:::;efzg ¢ Cs:;?sta:?\gfé n amphibolite Ci:z:-)r;alitte; scapolite + diopside granite

Location w 4w 1z 2a 3c 5¢c 5d
Spot a]s[e|als]e]a]2]s]als]e[s]a]s]a]afs]a]s[e]7][1]:2
Mineral Prg Prg Tr Act Hst Fe-Act|Fe-Hbl
SiO, 4502 4641 4539 4517 4552 4460 4393 4607 4574 4396 4493 4345 57.07 56.65 5748 56.63 57.36 55.87 3858 3809 3645 3872 4954 47.30
TiO, 076 115 086 124 134 120 108 126 135 156 110 124 012 000 000 001 005 017 036 020 037 015 004 012
Al,03 1419 1385 1359 1487 1438 1464 1425 1362 1386 1507 1381 1507 057 069 052 123 106 192 1129 1164 1092 1131 265 468
FeOt* 356 330 374 361 348 338 765 748 720 775 804 765 026 033 028 658 632 853 2922 2974 2931 2939 2330 2446
MgO 1756 17.82 17.82 1731 1763 17.60 1527 1551 1535 1453 1521 1445 2399 2416 2414 1968 1951 1836 317 287 324 302 804 751
MnO 001 001 003 007 001 003 010 018 006 013 012 012 000 008 010 004 018 014 086 089 065 072 115 113
Ca0 13.05 1331 1339 1337 1338 1321 1270 1287 1293 1303 1305 1270 1352 1345 1368 1327 1350 1264 1122 1146 109 1139 1175 1164
Na,O 159 169 155 18 168 172 177 183 190 190 18 198 035 036 026 029 018 049 155 133 142 146 038 050
KO 108 081 084 08 095 089 108 109 109 125 111 128 021 024 018 012 011 020 231 25 221 232 017 041
F 041 061 036 010 062 073 042 0.66 046 026 025 041 047 093 035 031 015 030 026 001 005 000 028 000
Cl 007 007 007 008 007 008 021 017 021 027 019 023 000 000 000 002 002 001 199 224 203 208 003 007
Total 97.30 99.01 97.64 98.52 99.06 98.08 98.46 100.72 100.14 99.69 99.64 98.56 96.57 96.88 96.99 98.18 98.44 98.63 100.80 101.04 97.61 100.54 97.33 97.81
TSi 640 649 642 635 638 631 630 648 647 627 639 627 791 78 791 792 800 78 613 606 59 616 759 722
TAI 160 151 158 166 162 169 170 152 153 173 162 173 009 011 009 008 000 015 187 194 202 184 042 078
TFe3 000 000 000 000 000 000 000 000 000 000 000 000 000 004 000 000 000 000 000 000 000 000 000 000
TTi 000 000 000 000 000 000 000 0.00 000 000 000 000 001 000 000 000 000 000 0.00 000 000 000 000 0.00
sumT 800 800 800 800 800 800 800 800 800 800 800 800 801 800 800 800 800 800 800 800 800 800 800 800
CAl 078 078 069 081 076 075 071 074 078 081 070 084 000 000 000 013 017 017 025 024 009 028 006 0.06
CCr 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
CRe®* 004 000 010 000 000 004 012 0.00 000 000 001 000 000 000 000 000 000 002 068 077 101 066 028 058
CTi 008 012 009 013 014 013 012 013 014 017 012 013 001 000 000 000 001 002 004 002 005 002 001 001
CMg 372 372 376 363 369 371 327 325 324 309 322 311 49 49 49 410 406 38 075 068 079 072 183 171
CFe?* 038 038 035 042 041 036 078 086 084 093 095 091 003 000 003 077 074 094 320 318 301 326 271 255
CMn 000 000 000 001 000 000 001 001 000 001 001 001 000 001 001 000 002 001 007 010 006 007 012 010
CCa 000 000 001 001 001 000 000 000 000 000 000 000 001 000 001 000 001 000 000 000 000 000 000 000
SumC 500 500 5.00 5.00 500 500 500 5.0 500 500 500 5.00 500 500 500 500 5.0 500 500 500 5.00 500 500 5.00
BMg 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
BFe?* 001 000 000 000 000 000 002 002 002 000 000 001 000 000 000 000 000 004 000 000 000 000 000 000
BMn 000 000 000 000 000 000 001 001 000 000 001 001 000 000 000 000 000 001 004 002 004 003 003 005
BCa 199 200 200 200 200 200 195 194 19 199 199 197 200 200 200 199 200 190 191 195 193 194 193 190
BNa 001 000 000 000 000 000 003 003 002 000 001 002 001 000 000 001 000 005 005 003 004 003 004 005
SumB 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200 200
ACa 000 000 002 001 001 000 000 000 000 000 000 000 000 000 001 000 001 000 000 000 000 000 000 000
ANa 043 046 043 050 046 047 047 047 050 052 050 054 009 009 007 007 005 008 043 039 041 042 007 010
AK 020 014 015 015 017 016 020 020 020 023 020 024 004 004 003 002 002 004 047 052 046 047 003 008
SumA 063 060 059 066 063 064 066 066 070 0.75 070 077 0.13 014 011 009 0.08 012 090 091 088 089 011 018
Cations 1563 1560 1559 1566 1563 1564 1566 1566 1570 1575 1570 1577 1514 1514 1511 1509 1508 1512 1590 1591 1588 1589 1511 1518
Ccl 002 002 002 002 002 002 005 0.04 005 007 005 006 000 000 000 001 000 000 054 061 057 056 001 0.02
CF 019 027 016 004 027 033 019 029 021 012 011 019 021 041 015 014 007 013 013 000 003 000 014 000
SumO 23.00 23.06 23.00 23.04 23.03 23.00 23.00 23.06 23.11 23.08 23.01 23.06 23.03 22.99 23.01 23.07 23.14 23.07 23.00 23.00 23.00 23.00 23.00 23.00
*Xwvg 091 091 092 09 09 091 08 079 079 077 077 077 099 100 099 084 08 08 019 018 021 018 040 040

*Xug = Mg/(Mg+Fe?")

4.5.3 - Scapolite

Scapolite was classified as dipyre and mizzonite, intermediary members of the marialite-

meionite series.

In the amphibolites, scapolite occurs as a replacement of plagioclase and it is classified as

mizzonite with a meionite (Me) component of 66 to 72 mol%.

In the scapolite + diopside zone belonging to the skarn associated with the alkali-feldspar

granite the composition of scapolite varies from more calcic when closer to the marble (Me = 60 — 65),
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to more sodic closer to the granite (Me = 27 — 45) (Table 4.4). Compositional zoning occurs with

increase of Ca toward the border.

45.4 - Olivine

The composition of olivine is essentially Mg-rich (Forz — Fogg) and it was classified as
forsterite and chrysolite (Fig. 4.9A). Forsterite was found mainly in the skarn adjacent to the granitic
dyke, while chrysolite, in which the Fe-content is higher (Fais — Fazs), was found in the skarn
associated with the metamafic dyke (Table 4.5).

4.5.5 - Phlogopite

The type of mica that occurs in the skarns and in the metamafic dykes is phlogopite (81 to
98% of the phlogopite component) (Table 4.5). The diagram of Fig. 4.9B shows that the phlogopite
found in carbonate + olivine zone in the skarn associated with the metamafic dyke has higher content
of Mg and lower content of Fe and Al than that found in the diopside + hornblende zone which is
closer to the dyke. More Fe-rich compositions are observed in the skarns associated with the

metamafic dykes.

In the skarns associated with the felsic dykes the plogopite-rich zones (Fig. 4.6) that occur at
the boundaries between the zones present a small compositional variation with increase of Mg toward
the marble. At the contact between the zones carbonate + tremolite and diopside, phlogopite has 2%
of annite componente while at the contact between zones diopside and scapolite + diopside the
content of annite is 5% (Table 4.5). The phlogopite at the border of the carbonate veins found in the
diopside zone has 3% of annite. The content of Al is a little-lower at the contact of zones carbonate +
tremolite and diopside, (Al = 2.03 - 2.06), than of zones diopside and scapolite + diopside (Al =
2.13-2.19).

4.5.6 - Spinel

The spinel from the hornblende granofels and the skarn associated with this rock is Al-rich
and belongs to the solid solution in which the end-member are spinel s.s. and hercynite. Spinel is

classified as pleonaste in which the hercynite component varies between 29 and 31% (Table 4.6).
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45.7 - Chlorite

Chlorite is essentially Mg-rich with Xug = 0.92 - 0.93 (Table 4.6). This chlorite occurs as

replacement of pleonaste in the skarn associated with the hornblende granofels.

4.5.8 - Feldspar

The feldspar from the amphibolite dykes was classified as anorthite (An = 91-96) and
bytownite (An72). In the alkali-feldspar granite, the plagioclase was classified as oligoclase (An = 14-
19) and the alkali feldspar as orthoclase (Or = 93-96) (Table 4.7).

A Forsterite Fayalite E}a%tonite Siderophyllite
vt gt ronsnonigcmenean et . 0 Ch + Ol zone
S Hyalosideritg ortonolit 3 1
= e, y : (PIES-5A1)
3 2, E ¢ Di + Hbi zone
_ 7 , (PIES-5AT1)
gﬂ - — . 1 AContact between
+ £ E 3 dike and Cb + OI
bk 5 zone (ITA-68A1)
E 3 2wl
PPV IVUUTIUONE FOVRTTUU IOUUTTOONE IORTOOON O 0.0 Fe/(Fe+Mg) 1.0
0.0 5 1.0 Phlogopite Annite
(Fe*/(Fe*+Mg))
OCh + Tr zone (ESC...) ACh + Ol zone
©Ch + Ol zone (PIES-2-F1 (ITA-G8A1)
and PIES-5A1)

Figure 4.9- Classification of olivine (A) and biotite (B) of skarn associated with metamafic dykes.

61



, balanco de massa e idade de escarnitos...

énese, geogquimica

Mesquita, R. B., 2016, Petrog

00T «(eN+80/ED) = AN »

99  ¥EST 200 ¢¢T /€T 9T0 000 000 #00 000 IG¥ 20Z 000 000 260 ¥2'86 <¢I0 €7y 95ST 000 S.0 /LEO €692 000 9E6Y €T
2L TEST 900 ¥OT 29T TOO 000 000 TOO 000 TL¥ /89 000 ¥0O0 €80 €186 280 L€ vZ.T 00 €00 900 TZ8Z 000 8E8y T T ajoqydure 145-531d
69  vEST  T00 9TT 09 000 000 000 TOO 000 S9F 169 TO0 610 280 8886 L00 ¢¢v TIZT 000 000 OT0 88/ 000 €8¢ o)

& SyST ¥T0 927 €€T 000 000 000 000 000 S6'€ 9L 000 000 8SZ 2996 ¥.0 808 298 €00 000 +00 62€Z T00 [8€S 8T

8¢ IyST  ¥T0 92C 9€T 000 000 000 000 000 00% 2L 000 TO0 95 2€96 €0 G088 S8 000 000 +00 Ly€Z 000 OEES 1T

8¢  EyST  TT0 €27 8€T 000 000 000 000 000 S6'€ 9./ 100 000 982 2I'/6 290 G0'8 968 000 000 +00 2vez €00 OTYS 9T

v vpST €10 ¥I2 Z¥T 000 000 000 TOO 000 00F 692 000 000 2€Z 8896 690 29/ GS6 000 000 OT0 €9€Z T00 Zres T pT 191-S3Id
6  0SST  ¥IT0 922 Z¢T 000 000 000 TOO 000 96°€ TLL 000 TTO [yZ /896 ¥.0 608 026 000 000 800 <2S€Z €00 EFES T U0z

8  TSST  ¢I0 02 8€T TOO 000 000 TOO TOO 66°€ 692 000 000 ¥SZ 6196 290 9I'8 888 000 SO0 GO0 +vEEC OT0 [67S €T apisdoip

8¢  TGST 20 02 OFT 000 TOO 000 000 TOO [6€ OLL 100 000 Sv'Z 1896 /90 €28 806 00 000 TOO 8S€C SO0 EFES 4 + ayjodess

ve  6YST  2T0 2Zv'Z €T 000 000 000 TOO 000 06€ 282 100 €TI0 08Z 2686 290 88 TI'8 000 T00 600 [¥E€Z 000 L¥SS € pue anuelh

lZ  09ST  /T0 297 /60 000 TOO 000 000 000 89€ SO'8 000 000 [0€ Z066 960 196 /[y'9 SO0 000 €00 +2Z2 000 €€.S [ ay usemisq

2€ ST ITO0 vrZ ¥TT 000 000 000 000 TOO 8L€ €6L 100 ST'0 9.C 666 €60 868 8L 200 000 000 1622 <TI0 0995 T 1380

€€ I¥ST  STO 62 0ZT 000 000 000 000 000 /8€ 98 100 000 8.2 ¥./6 080 998 €8L 200 T00 TOO +0€Z 000 0CSS 4

¥e  vYST €10 Z€Z 02T 000 000 000 000 000 88€ 98. €00 /IO 08 ¥I'00T ¥.0 6.8 €08 T00 000 €00 TL€Z 000 TS9S €

Z€  TISST 20 62 9TT 000 TOO 000 TOO 000 /8€ 98/ 200 L00 ¥8Z €886 ¥90 2ZI'6 G9L +00 000 900 62€C 000 GL'SG z G

T€  6vST  STO /2 €IT 000 000 000 000 000 €8°€ 06 000 600 S8 T¢66 ¥80 606 vSL 000 000 <200 LTEZ €00 9295 T

09 TrST 600 6T 22¢ 000 000 000 000 000 Ovy STZ €00 ¥00 O0ST 8€96 0S50 826 €%l T0O0 000 000 <2092 000 LO6Y T apisdoip

09 SyST 600 2¢ST S¢'z 000 000 000 000 000 6vF OTZ ¥O0 €00 TvT €26 0S50 2rS TIS¥T 000 000 100 6€92 000 6T6Y 01 pue apisdoip

29 ZrST  OT0 OFT 2€2 000 000 000 000 000 €5% 902 €00 900 TET 0L96 IS0 867 2¢6%T €00 000 200 0592 000 198y 8 e +8Mj0dedS | 444053
79  EyST  OT0 9T 922 000 000 000 TOO 000 €5% 80Z €00 000 96T GE'96 IS0 SIS 0S¥l 000 000 GO0 Tr9z 000 8S8Y L BRI

& ST TT0 S0C /ST 000 000 000 TOO 000 ET% ZGZ 100 000 0ZZ ¢G'86 650 /L¥'L [€0T 000 000 200 8% 000 25€s (2100 ¢T

v ZyST  TT0 T0Z 6ST 000 000 000 TOO 7100 €Ty 952 T00 000 6IC 8T8 650 TIE€L ¥yOT 000 000 GO0 OL%C TTO0 /[2€S (1apiog)TT

66  SPST  ZT0 8TZ TYT 000 000 000 000 TO0 90% 992 T00 000 v»Z [086 S90 €6L GS¢6 000 000 ¥00 62¥¢ OT0 16€S (2100 0T

S ZEST 000 €07 95T 000 000 000 000 000 60F S92 T00 000 TZZ /L6 100 €L 20T 000 T00 €00 9v¥c 000 T16%€S (18pioq)6 apisdoip

86  SFST  TT0 92 95T 000 100 000 TO0 000 96€ S.L TO0 000 T9CZ 9886 €90 GZ8 668 200 T0OO0 SO0 ¥8€C 000 6675  (s100)8 ar + ajjodeds

66  /FST  2T0 €2 T¥'T 000 000 000 000 TO0 #0¥ 992 200 000 02C ¥»00T /90 628 8Y6 200 200 ¥00 8L¥Z 800 €£95  (8109) L

Sy 9¥ST  2ZT'0 T0C ¥9T 000 000 000 000 000 ST¥ €52 200 8T0 €12 T€66 990 8EL 060T 200 000 000 Z0SZ 000 .¥'es (19piog) 9

9  ¥FST  2ZT0 S6T 89T 000 000 000 000 TO0 TZ¥ 8L T00 200 €12 9266 ¥90 GI'Z ¥IUTT T00 000 000 1I¥Se 200 ¥I'€s (19piog) g

€9 VEST 600 €T T€C 000 000 000 000 000 6v¥ 2¢I'. 000 000 22T 626 6Y0 LLv 00GT 000 000 100 0592 €00 €56V L

G9  TEST 600 ST SE€C 000 000 000 000 000 TIS¥ OTZ 000 000 ZTT OT/6 0S0 6¢y +2ST 000 000 100 T992 €00 CE6v 9 apisdoip

G9  €EST 600 82T S€C 000 000 000 000 000 TIS¥ OTZ 200 ST'0 92T 2¢L/6 6Y0 09% O0SST 000 000 000 <2292 000 OS6Y S v + 3jjodeds

¥9  ¥EST 600 ZET €T 000 000 000 000 TO0 ¢G 60 200 €T0 TZT G596 0S0 /9% T6YT 000 000 €00 Sv9Z 600 v8'ey v

9 OvST 20 82Z OET 000 000 000 TOO 000 TI8E 68 100 000 €5 L066 290 /€8 98 000 000 [OO [OEZ 000 GZ'9S T U0z Q6zS Yo
8  6EST €0 T2z ¥€T 000 TOO 000 000 000 /8€ ¥8L 200 OT0 85 6086 €.0 €08 6.8 00 000 €00 22€C 000 O0€SS o) a8 apisdoip

8  6EST ¢TI0 02Z 9€T 000 000 000 TOO 000 S8°€ S8L €00 TT0 [yZ /566 290 €18 806 000 000 800 6S€Z 000 GST'9S 6 + ojjodeas

Sy 6€ST ¢TI0 66T 09T 000 000 000 000 000 vO¥ ¥9L 100 ST'0 L0 8.6 ¥90 02L SYOT 000 000 <200 SO¥Z 000 ZS€S € pue ayuelB

v SEST 20 S0C 6YT 000 000 000 000 TOO S6€ vLL 100 €20 622 8926 €90 €/ 9.6 000 000 000 €S€Z 100 +EVS z aT ussMIaq

2 6EST ¢TI0 80C 0ST 000 TOO 000 000 TOO S6'€ 2¢LL 000 900 0ZZ 6286 G90 /. 066 900 200 000 2L€C SO0 8SYS 1 19RO

N suomed M eN ®BD BN uUN 4D A 1L v IS S 4 [0 [@oL O O%®N 0eD OUAN OFN .08 OV Ol ‘OIS 10ds uonedo auoz ayjodess

"uonNQLISIP J1UoIed Si pue ‘dIN3 Aq paurelqo ‘aujodeas pa1ag|es Jo (9 ybiam) uomsodwod [eawayd — 'y dqe.L

62



da Terra. Série M, vol. 75, 123p.

iéncias

C

icOes as

Contribu

960 S6°0 160 160 860 860 180 160 ¥80 €80 ¥80 T60 060 T60 260 160 260 andobojyd

500 500 €00 €0 200 200 610 600 910 /T0 9T0 600 OT0 600 800 600 800 ajuuy

€00 €00 200 200 200 €00 000 000 200 100 200 900 00 SO0 €00 #00 00 120

G9T SET ¥ST OFT 98T 6T 000 000 9/0 290 Y0 680 0T 9.0 €50 TL0 TKO 40

96T T8GT 28T 28ST  26GT 68'ST S6'ST €091 2GST TGST #Y'ST 2L'ST 8LST LLST 69ST S9'ST 29°GT suoned

LT 6T ¥8T €8T 68T 8T 60T €Te 6vT 6YT 9T TLT TLT  TLT 19T ST S9T N

200 Y00 ¥00 200 200 200 000 000 9T0 9T0 9T0 800 800 600 G0 €I0 TT0 EN

86 66 98 8 1 28 6 08 18 o4 000 000 000 T00 000 200 000 000 700 100 T00 000 000 000 T00 T00 T00 o)

z 1 T T €2z 8T 8 0z €T B4 0§ €€ 196 095 LS 9's 6EY €S €€Y 92 TZv 96 v6Y €6V 18% 8% 18% BN

66 00€ <20€ ¥OE €0E GIE  26E  €0¢€ 66 suoned 100 000 000 000 000 000 000 000 000 000 000 000 TOO 000 000 000 TOO UA

000 000 200 200 200 000 000 000 000 BN 620 620 ST0 8T0 €70 zro 0T 150 T80 /80 280 0S0 G50 050 S¥0 9Y0 ¥70 et

000 000 000 000 200 €0 /6T 000 000 ®D 200 200 200 ¥00 100 200 000 000 GT0 ST0 8T0 800 00 /00 800 [00O 600 1L

v6T 6T €T 2T ¥ST /ST T 9T Ut BN €0 SE0 S20 S0 TT0 600 o 800 950 850 090 0 €0 /¥O 650 090 /S0 INIV

000 000 000 000 000 000 000 TOO 000 UN 9T 61 S0z 1T 90T €0 vz €0 9T 97C e 9€T 9T €T 8T €T €€T NIV

€00 €00 620 T€0 90 S€0 STO0  O¥0 S20 2 988 8'G S6S 685  ¥6G 16G LS 16'G YIS ¥LS 8LS YIS YOS  €9G 296  €9G 19§ IS

000 000 000 000 000 000 000 000 000 1L 8TYe 8666 666 8€96  ECHE €86 66'66 6666 YOV6 9696 TLS6 [T96 SP'S6 9066 ¥8'96 66G6 L9W6 [e1oL

000 000 100 T00 200 000 000 T00 000 IV 900 900 €00 €00  S00 900 00 200 SO0 IO ¥I0 O0T0 L00 800 800 10

T0T 00T 860 /60 160 980 600 /60 10T IS €8T ST vLT 65T 0T 17T ¥80 0.0 €50 00T 6TT 80 090 080 SO E|

G6'86 S¢'66 00000T TO'0OT 0000T TO'0OT 0000T 0000T  2¥'T0T 01 296 266  2€0T 0S0T  +E0T 1207 €8Tl vzel oT8 €8 T8 256 Tré cve TII6 €98 2I'6 oM

€00 000 €0 S0  SEO 700 O%N 100 €10 ¥T0 800 800 900 650 090 850 00 620 2Z€0 950 /K0 Tv0 o%N

200 €00 S50 TOET 099G 000 oed 100 200 200 900 100 10 100 $00 00 200 200 T00 €00 800 00 oed

600 S00 70 800 OUN 100 €00 000 000 000 000 €00 200 000 000 SO0 000 000 +#00 00 OUN

€LYS ¥.'SS 6y9y 89Gy GB6E LE6E LESE 88T 0E'Ly [o1/VI: 374 TE€GC Y9 8r9C Y0 6T'LC w2 LA 620z 070z TO0Z 89€C 6C€C SC€C LT€C €0€C 9LTT obn

ST OFT PLET 06T  ¥TTZ  YOST  TPS  L98T i A0°d 88T we 62T T 0T €T [A%3 8y 89 €. 969 8y 85y 0Cv G8E 88E pLE A0

000 S00 €0 8Y0 /SO [340] 000 FOYUV  00'GT 9ZST  96ET LEVT €8T 9921 99T 2TET 899T 9Z/T /69T ¥6'9T 999T 00T TZ8T 667LT SELT Kol

800 000 €00 oIl 810 120 020 €0 800 020 ov¥T OFT 69T ¥.0 0L0 890 T80 890 180 o1l

vrey 607y TU6E 0986  ¥SLE  66T€ 29T T19.€ 95Ty OIS 6807 Ty ¥ STy 9STY 86'Ty 95Ty T6€ 600y 20Ty 60y CLOF €96E 6G6E 9507 900F SOOF Koy

z 1 €1 7 €e € oz T o1 ods ¢ 1 2 T z T T T 9 S 4 € z 1 6 8 L 10ds

el FEE Ay mg uoreso a g S G AT 7z My MT uoneaoT
Sauo0z sauoz apisdoip

+ sioqs oz P st | U | e | amsdon |+ avuoqes omag omio | SOUBIDpUBIGUIOY otz
usamiag 1oeuod usamiaq 10euod

(dn3) 03 as) (A39) 14z-sa1d (ane) unlO  (dIAB) +++03 (dn3) oS3 (n39) TvS-s3Id (dn3) 145-s3Id (dAB) TV89-V.LI apdobojyd

TVS-S3ld TV89-V1I

“uonNgLISIp J1UoIED S pue ‘TS pue dINT Ag paureigo ‘suinjo pue audobojyd pa199)as 4o (% ybiam) uonisodwod [ealwayd —S ¢ dqel

63



Mesquita, R. B., 2016, Petrogénese, geoquimica, balango de massa e idade de escarnitos...

Table 4.6— Chemical composition (weight %) of selected spinel and chlorite, obtained by EMP and SEM, and its
cationic distribution.

Spinel ITA-68A1 Chlorite ITA-68A1 ITA-68A (SEM) |
Zone homnblenda granofels carbonate +olivine  Zone carbonate + olivine carbonate + olivine
Location 1w 2w Location 2w 4x 2X
Spot 1 | s [ a1 ] 2| 3 s R
SiO, 0.01 003 006 007 003 003 SiO; 2821 2956 2929 3540 3742 3528 3552
TiO, 0.05 0.02 0.09 0.04 0.01 000 TiO, 003 010 005
Al,O3 68.55 6811 6788 6794 68.09 6841 Al,O3 2191 2278 2260 2223 2158 2250 2252
FeOt* 13.88 1446 1364 1315 1370 1380 FeOt* 438 447 412 59 550 670 647
MgO 17.58 1767 1750 1843 18.88 1850 MgO 2871 3003 2951 3584 3551 3553 3538
MnO 0.05 0.06 0.03 011 0.04 011 MnO 0.00 004 004 0.06
CaO 0.00 0.01 0.04 0.03 0.00 0.05 CaO 011 005 005 0.07
Na,O 0.04 0.00 0.00 0.03 0.02 0.03 NaO 0.08 003 006 050
KO 0.02 0.01 0.01 0.02 0.01 003 KO 0.04 002 003 0.05
Total 100.18 10040 99.37 99.85 100.82 101.08 Total 83.531 87.195 85942 100 100.01 100.01 100
Al 16.23 16.14 1621 1611 16.02 16.08 Si 398 399 401 419 439 418 420
Fe2* 2.33 243 231 221 2.29 230 AV 364 362 364 310 298 314 314
Mg 5.27 5.30 529 553 5.62 551 SumT 761 761 765 728 737 731 734
Cations 23.87 2390 2385 2391 2396 2394 AlVI 000 000 000 000 000 000 000
Fe/(Fe+Mg) 30.70 3145 3042 2859 2893 2950 Ti 000 001 001 000 000 000 000
Fe2* 052 050 047 059 054 066 064
Mn 000 000 000 000 000 000 001
Mg 6.03 604 602 632 621 627 624
Ca 002 001 001 001 000 000 0.00
Na 002 001 002 012 000 000 0.00
K 001 000 001 000 000 000 001
Cations 1421 1419 1417 1432 1412 1425 1423

Fe/(Fe+Mg) 008 008 007 009 008 010 0.09
Mg/(Fe+Mg) 092 092 093 091 092 090 091

64



da Terra. Série M, vol. 75, 123p.

iéncias

C

icOes as

Contribu

0c0 O0evT 0€98 LL6T TO0 €0€ TS0 T0O0 000 TOO TOO 68% OETT G096 SO0 /S8 19C ¢00 «¢00 600 GL¢c ¥00O 06719 8
0S¥6 010 Ov's €0c 6v€ 0c0 000 ¥S0 000 €€0 T00 c¢Iv ¥STT GL96 8TVl €S0 200 €00 68T S0¢ ¢I8T S00 G86S L oG
08'€6 020 009 88'6T 99¢ €¢0 TO0 000 000 000 000 ST¥ €611 [296 89¥T <¢90 €00 000 T00 €00 ¢S8T 100 €L729 9 ——
0T'e6 020 019 ¥0'0c 9.¢ [c0 TO0 000 000 000 000 SO¥ G611 8686 LLGT G0 00 000 000 000 OF8T 000 V69 S
0.0 0c8T O0TT8 ¥86T €00 ¥0€ 890 000 000 000 000 6/% OETT G996 <TI0 098 8Y€ 200 000 200 T€¢C 000 0029 ¢ 0T
00T Ore6T 096. <661 ¥00 90€ S0 000 TO0 <00 000 €% TCTT +¢66 9T0 988 26€ SO0 TO0 9T0 SO€EC 100 6629 € anuesh
0€'s6e 000 OL¥ /66T €€ 8T0 000 000 TO0 TOO0 000 TIv €6TT 6/66 18ST 1S90 T0O0 900 000 900 9887 000 w9 6
00€6 010 069 66'6T /9€ /¢0 000 000 000 000 000 €Iy T16TT /666 69ST 9.0 200 000 TO0 100 6687 000 ¥S¥9 8 av +++353
0L¥6 000 0C'S ¥00c 08¢ T¢0 000 000 000 TO0 000 c¢Iv 067TT CT00T TT9T 650 T00 <¢00 T00 00 ¢68T 000 8EV9 L
0T'9%6 0T0 08¢ €6'6T /L€ GT0 000 000 000 TOO 000 96€ vO0CT STTOT 8T9T <¢P0 200 000 T00 SO0 ¢v8T €00 €6'99 8 o .
0,0 08%¥T OF¥8 661 €00 SIT€ S50 000 000 7TOO TO0 0S¥ vSTT [v66 ¢TI0 ¢¢6 €¢ <¢00 T00 00 €9Tc 800 SES9 L
0T0 0956 057 00'0c 000 8T0 98€ 000 000 000 000 SL. 0c8 7T920T T00 1S90 966T €00 000 TOO €59€ 000 TIS'Sh €
000 00€6 069 6661 000 820 9.€ 000 000 TO0 TOO T9L ¢€8 66'¢OT TOO0 180 956T 000 000 800 TO9E 600 6EOY [4 z
0T0 0E¥6 09G 000c 000 €20 T8€ 000 000 TOO0 000 OLL S¢8 GB8TOT TOO0 990 T96T €00 000 ¥O0O SO9E 000 L¥Sy T
0T0 0ce6 0.9 /6'6T 000 [¢0 69€ 000 TO0 TOO 000 992 <¢€8 8L2T <¢00 920 0C6T L00 000 600 9¢9¢ TO0 LE9Y 6 apjoqiydwe | T46-S31d
008 0T¢. 000c 88Tc 00 9.0 €L¢ 8yy ¢00 8T 8T0 €€€ 188 GI66 0CT 96T ¥8CT 600 €IST ¢LL €Vl T LEv 8 a
00 0076 098 66'6T T00 v€0 ¢9€ T00 000 7TOO 7TO0 T9L [€8 ¢¢€OT 900 660 ¥68T 7T00 00 00 T¢9€ ¥0OO 989 L
000 09¢6 0€9 8667 000 SC0 92€ 000 000 7TOO 000 S92 7T€8 <2L20T 100 €0 €967 T00 000 €00 079 000 8T9y <T
10 u/ gy suomed M eN BD BN uN A 1L v IS [EIOL O O%N 0D OUN OBA 084 0%V ‘OlL OIS 10dS  uonesoT auoz Jedspled

*3SE]O0ULIO 11O ‘BNYLIOUE (BN ‘dUQJe :qy "UoNNGLISIP JIUONEeD S pue ‘dINT Ag paurelqo ‘redspjay paios]as Jo (9% 1uyBlam) uomsodwod [eawayd —L 'y dlqe].

65



Mesquita, R. B., 2016, Petrogénese, geoquimica, balango de massa e idade de escarnitos...

4.6 - GEOCHRONOLOGY

The selected zircon grains from the sample PIES-1-C are well-formed, elongated,
bipyramidal-prismatic and colorless to yellowish, often transparent. The length/width ratio varies from
2:1 to 4:1. They may be fractured and broken and the cathodoluminescence images show zoning
interpreted as of magmatic origin (Fig. 4.10). The analyses were performed on 60 spots on 51 zircon
grains. The values of Th/U ratio are typically magmatic, higher than 0.1 (Table 4.8).

The six most concordant analyses were plotted on Figure 4.11A providing an age of 534 + 14
Ma for the superior intercept. Two grains show a concordant age of 528.3 + 4.9 Ma that can be
interpreted as the age of magmatic crystallization (Fig. 4.11B). This age corresponds to the post-
collisional stage of the Araguai orogen that generated the G4 Suite approximately 530 Ma ago and the
G5 Suite in the interval between 520 and 490 Ma (Séllner et al. 1991, Noce et al. 1999 in Pedrosa-
Soares & Wiedemann-Leonardos 2000).

Since the skarns associated with the granites were formed concomitantly to the crystallization

of these rocks, the obtained age of 528.3 + 4.9 Ma can evidence the timing of skarnitization.

——— 400 um

Figure 4.10— Cathodoluminescence images of zircon grains from sample PIES-1C and 2°Pb/?*®U ages in
million years.

Table 4.8- LA-ICP-MS zircon U-Pb dating results from 6 spots applied on the diagrams.

Spot Ratios Age (Ma) % Th u Pb  2%2Th
number 207ppx238 & 6ppepIBy  +  Rho1207ppe%ppx & 208pp238(y + 07pp 23y 1+ 07pp206pn & Disc.  ppm  ppm  ppm 2%y
034-7210 0.641461 0.0100 0.078520 0.0007 0.54 0.059250 0.0011 487 4 503 6 576 39 3 86760 154790 25288 0.62

040-Z14 0.633898 0.0052 0.077799 0.0005 0.78  0.059094 0.0007 483 3 499 3 571 25 3 101083 778722 125771 0.31
092-743 0.662095 0.0054 0.081680 0.0005 0.77  0.058790 0.0007 506 3 516 3 559 25 2 363480 1312570 190890 0.28
020-202 0.653281 0.0143 0.080620 0.0008 0.48 0.058770 0.0014 500 5 510 9 559 52 2 110980 218303 33339 0.63
019-Z01 0.683413 0.0086 0.084540 0.0006 0.59  0.058630 0.0009 523 4 529 5 553 33 1 121670 298603 43882 0.39
073-Z33 0.687889 0.0067 0.086208 0.0006 0.66 0.057872 0.0008 533 3 532 4 525 28 0 162041 415984 66477 0.46

* Analyses used for the Concordia Age

1. Sample and standard are corrected after Pb and Hg blanks

2. 207Pb/206Pb and 206Phb/238U are corrected after common Pb presence. Common Pb assuming 206Pb/238U  207Pb/235U concordant age
3. 235U = 1/137.88*Utotal

4. Standard M127

5. ThU = 232Th/238U * 0.992743

6. All errors in the table are calculated 1 sigma (% for isotope ratios, absolute for ages)

66



Contribuices as Ciéncias da Terra. Série M, vol. 75, 123p.

0.090

0.088

0.086

0.084 1

0.082

206ppy, 238

0.080
0.078
4

0.076

0.074

Intercepts at

0.60

Py -536+560 & 534+14 Ma
. MSWD =0.23
0.62 0.64 0.66 0.68 0.70 0.72
207Pb/335U

B 0.0885

0.0875
0.0865

0.0855

1"6PbJIJWU

0.0845

Probability (of concordance) = 0.54

0.0835
515

Concordia Age = 528.3 =+ 4.9 Ma
(20, decay-const. errs included)
MSWD (of concordance) = 0.37,

0.675

0.685
Hﬁth 235U

0.695 0.705

Figure 4.11- U-Pb diagrams of LA-ICP-MS analyses from zircon grains of the alkali-feldspar granite, sample
PIES-1C. A: Discordia diagram. B: Concordia diagram.

4.7 - DISCUSSION AND CONCLUSIONS

The skarns of the study area can be divided into two main types: skarns related to metamafic

dykes and skarns related to felsic dykes. The rocks of the metamafic dykes are amphibolite and

hornblende granofels. They were intensely deformed, folded, disrupted and metamorphosed. The

rocks of the felsic dykes are alkali-feldspar granite, monzogranite and syenogranite. The first two do

not show evidence of deformation and metamorphism, the last one presents deformation but still

preserves relicts of the igneous minerals and texture.
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Associated with the metamafic dykes two main skarn zones were identified from marble
toward the dyke (Fig. 4.4): carbonate + olivine and diopside + hornblende. In the skarns related to the
felsic dykes three well-defined mineralogical zones were identified from marble toward the granite

(Fig. 4.6): carbonate + tremolite; diopside; and scapolite + diopside.

Concerning the skarns related to the metamafic dykes, the skarn zones are probably generated
at the costs of the marble due to the metassomatic infiltration of elements originated from the intrusion
and, thus, are exoskarns. Mesquita (2016) discuss that the substantial decrease of elements of low
mobility such as Al and Ti from the dyke to the adjacent skarn is an evidence for it to be an exoskarn.
However, it is also possible that the metamorphic event that affected the metamafic dykes, skarns and
marbles may have promoted an additional exchange of elements between the rock types.

In the skarns related to the granite dyke two zones were identified that have the marble as their
protoliths (carbonate + tremolite and diopside), so they are exoskarns. The other zone (scapolite +
diopside) is an endoskarn formed at the costs of the alkali-feldspar granite. This interpretation was
made possible by field-based observations that show a gradual transition between the granite and the
endoskarn and an abrupt contact between the endoskarn and the exoskarn. The occurrence of zircon in
the scapolite + diopside zone is also an evidence that it is in fact an endoskarn since this mineral is not

found in the studied marbles.

Other arguments concerning the classification of the studied zones as endo or exoskarns are
based on their chemical composition in terms of major, trace and REE elements as discussed by
Mesquita (2016) who consider that the abrupt decrease of Al and Ti as well as of most of trace
elements from the scapolite + diopside zone to the diopside show that the first zone is an endoskarn

and the second one is an exoskarn.

Mineral chemistry data show that in all skarns diopside, amphibole and phlogopite are more
enriched in Mg in the zones closer to the marble. This suggests contribution of this element from the
dolomite. In the skarns related to the amphibolite (Fig. 4.4) the higher content of Fe in the amphibole
from the diopside + hornblende zone suggests contribution of this element from the dyke, rich in

mafic minerals.

Regarding olivine, it was found that the contribution of Fe from the metamafic dyke provides
the formation of less magnesian compositions (chrysolite) than in the olivine related to the granitic
dykes (forsterite). Moreover, its occurrence in the skarn portions closer to the marble is due to the
lower content of Si in this rock. The migration of this element is hampered by the distance since its
supply is derived from the dykes that generate minerals increasingly more depleted in Si toward the

marble.
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Phlogopite is also more enriched in Fe in the skarns related to the metamafic dykes (Phlg; - 91)
than in the skarns related to the felsic dykes (Phlss - ¢8), which supports the idea of contribution of Fe
from the metamafic dyke.

In the skarns related to the felsic dykes, in contrast, the migration of Si and of aqueous
fluids achieved a higher distance as shown by the larger skarn zones and by the occurrence of
amphiboles such as actinolite and tremolite closer to the marble (Fig. 4.6), since amphiboles require
the presence of H,O and a higher Si-content than olivine.

The formation of skarns is promoted by the chemical potential gradients between marble and
dykes. Since there is substantial contrast in the chemical compositions of the granite and marble in
comparison with amphibolite and marble, the generation of skarns associated with granites is more
effective. The migration of elements is also facilitated by fluids which are more abundant in felsic

magmas than in mafic magmas.

Another element that had some mobility was Al derived from the dykes, responsible for the
generation of phlogopite-rich seams at the contact between the zones (Fig. 4.6). The smaller quantity

of Al in the phlogopite closer to the marble reveals the decrease of mobility.

Regarding the scapolite there is an increase of the calcic component (meionite) and a decrease
of the sodic component (marialite) from granite toward the marble indicating an input of calcium from
the marble while the granite would be the source of the sodium. The compositional zoning detected in
some scapolites that show increase of the meionite-content toward the border indicates that the supply
of calcium was higher than the supply of sodium during the formation of the skarn. In the amphibolites
scapolite occurs as a replacement of plagioclase. Since this plagioclase is rich in anorthite component,
more calcic scapolites were formed with up to 72% of the meionite component. Probably, the anion

CO3?% was derived from the marble.

Medeiros Junior (2016) obtained temperatures of 690 to 790°C for the metamorphism of the
marbles and the calc-silicate rocks from the Paraiba do Sul Complex in the study region. Similar
metamorphic conditions are corroborated by the occurrence of pargasite and spinel and the features of
deformation in the metamafic dykes and in the related skarns. Therefore, the skarns related to the
metamafic dykes were metamorphosed simultaneously to the event that metamorphosed the rocks of
the Paraiba do Sul Complex during the sin-collisional stage of the Aracuai orogen dated at 580 and
560 Ma by Pedrosa-Soares et al. (2001, 2007). Retrometamorphic processes provided the formation of
tremolite from olivine and diopside, Mg-hornblende and actinolite from diopside, Mg-chlorite from
pleonaste, and the formation of compositional zoning in amphiboles with cores composed of Mg-

hornblende to edenite and border of actinolite.
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The dating of the alkali-feldspar granite resulted in an age of ca. 530 Ma, interpreted as the
age of magmatic crystallization and thus the approximate age of skarn generation. According to this
result and because of the absence of deformation in these rocks, the skarns related to the alkali-
feldspar granite and the monzogranite are younger than those related to the metamafic dykes and must
have been formed in the post-collisional stage of the Araguai orogen.
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CAPITULO5

GEOCHEMISTRY AND MASS BALANCE OF SKARNS RELATED TO
METAMAFIC AND FELSIC DYKES FROM THE PARAIBA DO SUL
COMPLEX, SOUTHERN ESPIRITO SANTO STATE, BRAZIL!

Abstract: This paper concerns the study of geochemistry and mass balance of skarns formed at the
contact of amphibolite and hornblende granofels dykes and of an alkali-feldspar granite dyke with
marbles from the Paraiba do Sul Complex, southern Espirito Santo Statem in Cachoeiro de
Itapemirim, Vargem Alta and Castelo municipalities. The metamafic dykes, the marbles and their
skarns were deformed and metamorphosed under conditions of granulite facies. These skarns can
present two zones: carbonate + olivine zone, and diopside + hornblende zone. The felsic dyke is
undeformed and presents three mineralogical zones: carbonate + tremolite zone, diopside zone, and
scapolite + diopside zone. The study shows that Si, Mg and Ca-mobility was higher in the skarns
related to the granite probably due to the presence of H,O and to the higher chemical potential gradient
between the rocks involved. Unexpected distribution trends for some trace elements in the skarns
associated with the metamafic dykes could possibly be due to chemical homogenization during the
later metamorphic process. The similar REE fractionation patterns of the skarns associated with
metamafic dykes and the marbles, besides their low contents of low mobility elements such as Al and
Ti, suggest that these skarns were generated by metasomatism of the marble, so they are exoskarns. In
the zones related to the granite, the identification of exo- and endoskarn was based on the similar trace
element contents of dyke and scapolite + diopside zone (endoskarn) as well as of marble and diopside
zone (exoskarn), moreover on the abrupt change of Al, Ti and Na-contents from endoskarn towards

exoskarn.

Keywords: GEOCHEMISTRY, MASS BALANCE; SKARN, PARAIBA DO SUL COMPLEX.

5.1-INTRODUCTION

Skarns associated with granitic and metamafic dykes were formed at the contact with marble
in Cachoeiro de Itapemirim, Vargem Alta and Castelo municipalities, southern region of Espirito
Santo State (Figure 5.1). Jordt-Evangelista & Viana (2000), Oliveira (2012) and Mesquita (2016)
described these skarns and identified different mineralogical zones formed at the contact between the
marble and the dykes. The zones result from the migration of chemical elements through the contact

due to the contrasting compositions of the lithotypes.

! Artigo submetido em 14/07/2016 na Revista Escola de Minas. Autores: Raissa Beloti de Mesquita, Hanna Jordt-Evangelista, Glaucia
Nascimento Queiroga, Edgar Batista de Medeiros Junior.
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This paper presents the results of the geochemical characterization and mass balance study of
skarns formed at the contact between the marbles and granitic and metamafic dykes. Detailed mass
balance calculations provide information on the mass and volume changes and the possible sources of

various elements during the formation of the skarns.
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Figure 5.1- Geographic location and geological map of the Cachoeiro de Itapemirim, Vargem Alta and Castelo
region, with the location of the studied outcrops (modified from Vieira 1997).

5.2 - GEOLOGICAL SETTING

The Aracguai orogen is formed by the Araguai fold belt and the high-grade crystalline core. Its
western boundary is the S8o Francisco Craton (Almeida 1977), and to the east it is limited by the
Atlantic coast. The studied marbles and skarns belong to the high-grade crystalline core which, in the
study area, is characterized by rocks belonging to the Paraiba do Sul Complex, and by the pre-
collisional and post-collisional intrusive rocks (Figure 5.1). Vieira (1977) described the Paraiba do Sul
Complex as being composed of a basal metasedimentary sequence overlain by a metavolcano-
sedimentary sequence. These sequences are subdivided into nine units of gneisses with intercalations
of calc-silicate rocks, quartzites, amphibolites and marbles (Vieira 1977), deposited in a back-arc basin
with a maximum depositional age of 619 Ma (Medeiros Junior 2016). The metamorphism that affected
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theses rocks is contemporary with the syn-collisional stage (580 to 560 Ma) of the Aracuai orogen
(Pedrosa-Soares et al. 2001, 2007). The pre-collisional intrusive rocks comprise amphibolite facies
orthognesisses with calc-alkaline granitic to tonalitic composition. They belong to the 630-580 Ma G1
Suite defined by Pedrosa-Soares et al. (2007). The post-collisional intrusive rocks correspond to the
G5 Suite formed between 520 and 490 Ma (S6llner et al. 1991, Noce et al. 1999 in Pedrosa-Soares &
Wiedemann-Leonardos 2000)-comprising mainly granitic rocks (Vieira 1997).

The studies were concentrated in a ca. 25 km long and 4 km wide lens-shaped body of marble
that extends in northeast-southwest direction in the municipality of Cachoeiro de Itapemirim (Figure

5.1). A smaller occurrence is located in the municipality of Castelo (Figure 5.1).

Intensely deformed and stretched granulite facies mafic dykes, and undeformed felsic dykes,
both intruded the marbles generating skarns at their contacts. The metamafic dykes vary from few
centimeters up to 1.5 m in width and the skarns generated in their contacts are a few centimeters to
decimeters wide. The felsic dykes reach up to 2 m in width and their skarns are millimeters up to 1.5
m wide. Because of the presence of spinel Jordt-Evangelista & Viana (2000) concluded that the skarns
associated with the metamafic dykes were formed in the syn-collisional stage of Araguai orogen
between 580 and 560 Ma, simultaneously to the event that metamorphosed the Paraiba do Sul
Complex. On other hand, the skarns associated with the felsic dykes dated at ca. 530 Ma by Mesquita
(2016) are younger and were generated concomitantly to the magmatic crystallization of the dyke
during the post-collisional stage of Araguai orogen.

5.3 - MATERIALS AND METHODS

Representative samples from traverses across the dyke — skarn contacts were collected in three
outcrops (PIES-1, PIES-2, PIES-5, see Figure 5.1) for chemical analysis of the different skarn zones

and wall rocks. Samples from the outcrop ITA-68 were collected by Medeiros-Junior (2016).

Four skarnitic zones were selected for chemical analysis. The different mineralogical zones
were separated, crushed and milled. The analyses were performed at Acme Analytical Laboratories
S.A., Canada, via X-Ray Fluorescence (XRF) for major elements, and via Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) for trace and rare earth elements. Total carbon was determined by the
method of Leco. Loss of ignition (LOI) was established by weight difference after calcination at 1000

°C. The detection limits are presented in Table 5.2.
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5.4 - MINERALOGY OF SKARNS AND DYKES

The skarns described by Mesquita (2016) can be divided into two main types, one associated

with the metamafic dykes and the other one associated with the granitic dykes.

The metamafic dykes are represented by amphibolites and hornblende granofels while the
granitic dykes consist of alkali-feldspar granite, monzogranite and syenogranite. Two skarn zones
associated with amphibolite (PIES-2 e PIES-5), one with hornblende granofels (ITA-68A) and one
with alkali-feldspar granite (PIES-1) were characterized from the geochemical point of view in this
study. The mineralogy of the dykes and their skarns are concisely represented in the Figures 5.2 and

5.3 and Table 5.1 and was described in detail by Mesquita (2016).
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Figure 5.2— Illustrative schematic cross-sections (without scale) of the skarns related to the metamafic dykes.
The modal mineralogy is indicated within the rectangles. A: skarn associated with the amphibolite; B: skarn
associated with the hornblende granofels. A: skarn associated with the amphibolite; B: skarn associated with the
hornblende granofels. Modified from Mesquita (2016). Carbonate (Cb), olivine (Ol), tremolite (Tr), diopside
(Di), hornblende (Hbl), phlogopite (Phl), pargasite (Prg), plagioclase (PI), pyrrhotite (Po), amphibole (Amp),
Mg-chlorite (Mg-Chl).
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Figure 5.3 Illustrative schematic cross-section (without scale) of the skarn related to the alkali-feldspar granite.
The modal mineralogy is indicated within the rectangles. Modified from Mesquita (2016). Carbonate (Cb),
tremolite (Tr), olivine (Ol), diopside (Di), actinolite (Act), scapolite (Scp), alkali-feldspar (Afs), plagioclase (Pl),
quartz (Qz), hedenbergite (Hd).

5.5- GEOCHEMISTRY
5.5.1 - Metamafic dykes

The geochemical data of three samples (PIES-2F2, PIES-5F and ITA68AL) of metamafic
rocks are presented in Table 5.2. According to the content of SiO-, these samples are ultrabasic (41.01
to 42.14wt%, Figure 5.4A). The contents of Al,Os, CaO and MgO vary, respectively, between 13.9
and 18.78%, 12.76 and 14.35%, and 9.62 and 17.87%. Sample ITA-68A1 (hornblende granofels), that
is composed essentially of hornblende (pargasite) and thus is ultramafic, has the highest amount of
CaO (14.35%) and MgO (17.9%). The highest contents of Al.O; belong to the samples with
plagioclase and phlogopite FeOt varies between 3.85 and 9.50%.

According to the total alkalis versus silica diagram of Le Bas et al. (1986), the samples can be
correlated to picrobasalts (Figure 5.4A). In the ternary diagrams of Irvine & Baragar (1971) and
Jensen (1976) (Figures 5.4B and 5.4C), samples PIES-2F2 and PIES-5F present correlation with the
high-Mg tholeiitic series. In the diagram of Jensen (1976) sample ITA-68A1 plots in the komatiitic
basalt field (Figure 5.4C).

The pattern of the rare earth elements (REE) displays an enrichment of light over heavy-REE
with slightly positive slopes from La to Lu (Figure 5.4D), which is confirmed by the fractionation
patterns with low Lan/Yby ratios ranging between 3.7 and 5.95 (Table 5.2). These fractionation
patterns are comparable to those of E-type mid-ocean ridge basalt (E-MORB) (Winter 2010). The
samples PIES-2F2 and ITA-68A1 have small negative Eu anomalies (Eu/Eu* = 0.68 and 0.87).
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Moreover, sample ITA-68A1 presents higher fractionation pattern and negative anomalies of La and
Ce. The total content of rare earth elements (3. ETR) is low in all samples, with values between 81.61
and 90.45ppm.

Regarding the trace elements, the high contents of Ba (199 to 1578ppm), V (258 to 352ppm),
Sr (130 to 198ppm), Zr (78 to 103ppm), Cu (172.3ppm), Ni (127.9ppm) and W (48.4 to 90.8ppm) of
sample PIES-5F (Table 5.2) stand out. The multi-element spidergrams of Figure 5.4E show an
enrichment pattern of large ion lithophile (LIL) elements, mainly Ba and K, over high field strength
(HSF) elements. Sample PIES-2F2 is more enriched in LILE-elements than the other samples. Positive

anomalies occur for Ce, P and Sm and negative anomalies for Sr, Ta and Nb.
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Table 5.1- Summary of the mineralogy of the metamafic and felsic dykes and related skarns (compiled from
Mesquita 2016). An: anorthite; Phl: phlogopite; Fo: forsterite; Hc: hercynite; Or: orthoclase; Me: meionite.

Skarn/Dyke Zone Abundant Minor Rare
Amphibolite Pargasite (*Xmg0.77-0.80) Phlogopite (Phlsz-ss) Titanite
Plagioclase (Anz2, Angi.gs) Pyrrhotite Apatite
Zircon
Clinopyroxene
Skarn diopside +  Diopside Phlogopite (Phlsy) Apatite
associated  hornblende  Mg-hornblende (core) Actinolite (diopside Titanite
with o Edenite (core) substitution) Plagioclase
amphibolite Actinolite (border)
Carbonate
carbonate + Carbonate Tremolite (olivine Phlogopite (Phloz)

olivine Olivine (Fo77-9) substitution) Clinohumite
Hornblende Pargasite (*Xwmg0.90-0.92) Phlogopite (Phlg;-g2)
granofels Pyrrhotite
Spinel (HC30. 31)
Skarn carbonate + Carbonate Tremolite (olivine Spinel (Hczo - 30)

associated olivine Olivine (Fogs - 87) substitution)

with Mg-hornblende

hornblende Phlogopite (Phleo 1)

granofels Mg-chlorite

Alkali- Alkali-feldspar (Orgs-g6) Plagioclase (Anis-19) Titanite

feldspar Quartz Clinopyroxene Biotite

granite Opague minerals
Allanite
Apatite
Zircon

Skarn scapolite +  Scapolite (Mey7 - 65) Phlogopite (Phlgs) Zircon

associated  diopside Diopside Zoisite/Clinozoisite

with alkali- L

feldspar Actinolite

granite diopside Diopside Actinolite Phlogopite (Phlgg)
Quiartz
Zoisite/Clinozoisite
Carbonate
Titanite

carbonate + Carbonate Olivine (FOgs - 99) Phlogopite
tremolite  Trempolite

*Xmg = Mg/(Mg+Fe?")
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5.5.2 - Felsic dyke

The chemical composition of the alkali-feldspar granite (PIES-1-C) is presented in Table 5.2.
This rock is acid with 72.07 wt% of SiO,. The content of K-O is high, with 7.31%, which is reflected
in the large quantity of alkali-feldspar. According to the Al.Os/(CaO+Na,O+K;0) ratio the alkali-
feldspar granite is metaluminous (Shand 1943) and correlates to the I-type granites of Chapell &
White (1974) (Figure 5.4F).

The REE diagram (Figure 5.4D) shows an enrichment pattern of light over heavy-REE with a
steep slope from La to Sm and a sub-horizontal slope from Gd to Lu. It presents a pronounced
negative Eu anomaly (Eu/Eu* = 0.33). The sample is characterized by a high content of REE (3] ETR=
615.88ppm) and by a fractionation pattern (Lan/Ybn) of 25.17 (Table 5.2).

Zr (304ppm) and W (250ppm) stand out because of their high contents (Table 5.2). The multi-
element spidergrams (Figure 5.4E) exhibit enrichment in incompatible elements, such as K, Rb and
Th. In general, the LIL elements display enrichment, except Sr and Ba that show a negative anomaly.
The negative anomalies of Ba, Nb, P and Ti, suggest fractionation of plagioclase, apatite and titanite.

5.5.3 - Marble

Major, trace and rare earth element concentrations are presented in Table 5.2. The samples
have low SiO, contents, between 0.21 and 1.91wt%. The contents of MgO vary between 7.77 and
19.68%, CaO between 33.44 and 46.93%, and CO, from 44.98 to 47.14%. FeOt and Al.Os contents
are low ranging, respectively, from 0.09 to 1.61%, and from 0.02 to 0.14%.

According to the diagram of Bucher & Frey (2002) (Figure 5.5), the marbles can be classified
as dolomitic. Sample PIES-2F3, in contrast, must have higher quantity of calcite in its mineral
assemblage since it has the highest CaO content (46.93%) and the lowest MgO content (7.77%). All
samples have very low SiO, amounts which is an evidence of the marble purity. The presence of

olivine and diopside justify the relatively higher SiO; content of sample PIES-1S.

The REE amounts are low between 3.57 and 24.35ppm; Ce (1.3 to 11.4ppm) and La (1 e
7.7ppm) display the highest contents (Table 5.2). Concerning the trace elements, Sr stands out with
quantities between 86.4 and 178ppm (Table 5.2).
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Figure 5.4— Geochemical diagrams for the metamafic and felsic dykes: (A) total alkalis versus silica (TAS) (Le
Bas et al. 1986); (B) AFM diagram after Irvine & Baragar (1971); (C) classification of volcanic rocks after
Jensen (1976); (D) Variation of the Aluminium Saturation Index (A/CNK = Al,O3/(CaO+Na,0O+K>0) (Shand
1943) versus SiO, and 1/S-type granitoid boundary from Chappell & White (1974); (E) Chondrite (Nakamura
1974) normalized REE patterns; (F) Chondrite (Thompson 1982) normalized multi-element spidergram.
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Figure 5.5- Classification of the marbles in the SiO2-CaO-MgO diagram after Bucher & Frey (2002) with the
boundaries for dolomitic to calcic-dolomitic marble (1a, 1b and 1c) and calcic-silicate rocks (2a and 2b).

5.5.4 - Skarns
Skarns associated with the metamafic dykes

Skarns associated with amphibolite from two outcrops PIES-2 and PIES-5 (Figure 5.1) were
selected for chemical analysis, each one being composed of two mineralogical zones (Table 5.2). The
zones from amphibolite towards marble are: PIES-2F2 and PIES-5F (amphibolites); PIES-2F1A and
PIES-5A1 (diopside + hornblende zones); PIES-2F1A and PIES-5A2 (carbonate + olivine zones); and
PIES-2F3 and PIES-5B (marbles). Figures 6A and 6B, 7A and 7B present the chemical profiles
showing the overall geochemical variation in the skarns. Figures 8A and 8B show the REE diagrams.

The skarn zones represented by the PIES-2 and PIES-5 sequences of the samples are very
similar in terms of mineralogy and chemistry. Significant variations occur in the contents of SiOa,
Al;O3, Na;O and CO,, and smaller variations in CaO and MgO from the dyke towards the marble
(Figures 6A and 6B). The decrease of SiO, toward the marble is related to the increasing of less Si-
rich minerals through the zone. The abrupt reduction of Al (which is commonly an element of low
mobility) from the dyke to the diopside + hornblende zone is an evidence that this zone is an exoskarn,
in other words, it was generated by metasomatism of the marble due to the infiltration of elements
derived from the metamafic dyke. Similar behavior is also verified for Ti, another element considered
of low mobility. The contents of CaO and MgO show only slight variation because amphibolite and

marble have similar amounts of these oxides. The iron that migrated from the amphibolite towards the
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skarnitic zone closer to the marble entered in hornblende, diopside and olivine in increasingly smaller

contents as closer to the marble.

Although without much regularity, the amounts of most trace elements tend to decrease from
the dyke towards the marble, suggesting that they must have been derived from the dykes (Figures 7A
and 7B). Concerning the REE-patterns (Figures 8A and 8B) the skarn samples present a fractionation
trend with enrichment of light-REE that is more similar to the marble than to the dykes. This can be
another indication that the zones are exoskarns. In addition, in the case of zone PIES-5, positive Eu

anomalies (EU/Eu* > 1) are observed in skarns as well as in marbles, which do not occur in the dyke.

In the skarn associated with the hornblende granofels (Figures 6C and 7C), the variation
pattern is similar to the pattern of the same mineralogical zone related to the amphibolites. The
contents of MgO show little variation due to the similarity of the amounts in hornblende granofels and
marble. The olivine chrysolite has some iron (Mesquita 2016) that must be responsible for the higher
FeOt content of the skarn. As expected because of the progressively higher amounts of carbonates,
CO: increases toward the marble. A small quantity of Al,Os is found in amphibole, Mg-chlorite and
phlogopite. The abrupt drop in the SiO; and Al,Os amounts from the dyke to the skarn can be an
evidence that the marble, which is depleted in these oxides, is the protolith of the skarn.

The majority of the trace elements (Table 5.2 and Figure 5.7C) decrease from the hornblende
granofels to the skarn and from the skarn to the marble, in particular Ba, Cs, Hf, Nb, Th, U, W and Zr.
An increase is observed for Sr, Ni and Zn.

Table 5.2 shows that the REE-contents of both skarn and marble are low. The REE-diagram
(Figure 5.7C) reveals that the skarn fractionation pattern is considerably similar to the marble, with a
strong enrichment in light-REE (Figure 5.8C). However, it is also noticeable that the skarn has a slight
negative Eu-anomaly (Eu/Eu* = 0.84) similar to the dyke that can indicate the tendency for chemical

homogenization due to the metamorphic process of granulite facies that affected these rocks.

Skarn associated with the alkali-feldspar granite

The largest of the studied skarns was selected for chemical analysis of the different
mineralogical zones collected along traverses across the granite - marble contact. The results are
presented in Table 5.2. The zones from the alkali-feldspar granite towards the marble are: PIES-1C
(alkali-feldspar granite); PIES-1Q (scapolite + diopside zone); PIES-112 (diopside zone); and PIES-1S
(marble). Figures 6D and 7D present the geochemical profiles of the skarn zones in contact with the

granitic dyke and Figure 5.8D shows the REE diagrams.
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During infiltrative skarn formation, numerous chemical changes are evident. The observed
variations in the contents of oxides such as K;0, Al,Os3;, CaO, MgO, Na;0, TiO,, CO; and FeOt along
the profiles (Figure 5.6D) are likely due to the metassomatic process. In the scapolite + diopside zone,
there is an abrupt decrease in K,O due to disappearance of alkali-feldspar. Na,O entered in scapolite
and the increase of this oxide in this zone, accompanied by an incipient increase in the Al.O3 content,
reflects the appearance of this mineral in the skarnitic zone adjacent to the granite. From the scapolite
+ diopside zone to the diopside zone, there is an abrupt decrease in Al,Os as well as in TiO,. Since
these elements are commonly of low mobility in metasomatic processes, this discrepancy is a strong
argument that the scapolite + diopside zone is an endoskarn, in other words, it was formed by
metasomatism of the granite, and the diopside zone is an exoskarn, so it was generated by
metasomatism of the marble. The increase of MgO, FeOt and CaO reflects the appearance of diopside
and calcic scapolites. In the diopside zone adjacent to the marble, in which scapolite does not occur,
there is a reduction in the Al.O; and Na;O contents. The increase of FeOt, MgO and CaO must be

caused by the prevalence of diopside besides smaller amounts of actinolite.

Most trace elements (Tab. 2 and Figure 5.7D) present only small variation from the alkali-
feldspar granite towards the scapolite + diopside zone. This might be an additional evidence that this
zone is an endoskarn since in the diopside zone, interpreted as being an exoskarn, there is an abrupt
decrease in the amount of the trace elements. This interpretation is also corroborated by the REE-
contents (Tab. 2 and Figure 5.8D). Although the total REE-content in the endoskarn PIES-1Q (3 REE
=150ppm) is lower than in the granite (3 REE=615ppm), it is still much higher than in the exoskarn
PIES-112 (3REE =35ppm), which is more similar to the marble (3 REE =24ppm). The REE
fractionation patterns of Figure 5.8D show negative Eu anomalies in both skarns as well as in marble

and in granite.
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Figure 5.6— Geochemical profile of oxides (log wt%) of skarn zones in contact with metamafic and granitic
dykes. A: associated with amphibolite (PIES-2); B: associated with amphibolite (PIES-5); C: associated with
hornblende granofels (ITA-68A); D: associated with alkali-feldspar granite (PIES-1C).
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Figure 5.7— Geochemical profile of trace elements (log ppm) of skarn zones in contact with metamafic and
granitic dykes. A: associated with amphibolite (PIES-2); B: associated with amphibolite (PIES-5); C: associated
with hornblende granofels (ITA-68A); D: associated with alkali-feldspar granite (PIES-1C).
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Figure 5.8— Chondrite (Nakamura 1974)-normalized REE patterns. A: zone related to amphibolite (PIES-2); B:
zone related to amphibolite (PIES-5); C: zone related to hornblende granofels (ITA-68); D: zone related to
alkali-feldspar granite (PIES-1).

5.6 - MASS BALANCE

Mass balance calculations were based on the method of Grant (1986) adapted from Gresens
(1967). According to Grant (1986), the method is based on the construction of a diagram where the
components of the protolith and the altered rock plot on the x and y-axes respectively. A reference line
(an isocon) corresponding to a zero concentration variation is determined graphically by a straight line
through the origin that best fits to the data for elements that remained immobile during the alteration
process. In addition, isocons relative to constant volume or mass can be plotted on the diagram based
on the equations as proposed by Grant (1986). Components that plot above the isocon were gained

while those that plot below were metasomatic lost.

The difficulty of selecting immobile elements for the construction of the isocon is related to
the different geochemical behavior of the elements in different geological environments. Grant (2005)

suggests to select an element from the Ci*/Ci° ratio, where Ci is the concentration of element (i) in the
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altered (A) rock and Ci is the concentration of the same element (i) in the original (O) rock. The

elements with ratio values closer to 1 are treated as immobile.

Pairs of samples were selected from the two main skarns of the study area for mass balance
calculation. The premise of the method was followed by choosing a protolith that represents the
original rock and a sample of the skarn zone that represents the altered rock. The endoskarn was
compared with the dyke rock and the exoskarns were compared with the marble.

The pairs used for the calculations are presented on Table 5.3. The skarnitic zone PIES-5 was
selected for the calculations of the skarns associated with the metamafic dykes and zone PIES-1 for
the skarns related to the felsic dykes. The values of the gain and losses are presented in Table 5.4 and
the graphics in Figure 5.9. The isocons were selected for immobile element and constant mass and

volume.

Table 5.3- Pairs of samples used for mass balance calculation.

Skarn protolith (C°) skarn zone (CA)
Related to the metamafic A marble diopside + hornblende (exoskarn)
dykes B marble carbonate + olivine (exoskarn)
Related to the alkali-feldspar C alkali-feldspar granite scapolite + diopside (endoskarn)
granite D marble diopside (exoskarn)

5.6.1 - Skarn associated with the metamafic dykes

Comparing the marble with the diopside + hornblende zone, MgO presents C/#/Ci°® = 0.94
(Table 5.4), so it was used to generate the isocon (Figure 5.9A). Between the marble and the carbonate
+ olivine zone, the ratio closer to 1 is of the CaO, which was considered as being the immobile oxide.
The proximity of the isocons for constant volume, constant mass and constant oxide shown in Figure
5.9B and the similar densities of both rocks suggest that there were no significant volume changes in
the carbonate + olivine zone. Concerning the diopside + hornblende zone (Figure 5.9A) the constant

volume isocon is placed below the other two so there was loss of volume.

The skarns associated with the metamafic dykes are characterized by a significant gain of
SiO,, about 60%, mainly in the diopside + hornblende zone closer to the dyke (Table 5.4 and Figure
5.9A). In the carbonate + olivine zone, the gain was smaller, around 15% (Figure 5.9B). Although Al
is commonly of low mobility, it presented gains of 8 to 9% in the zone closer to the dyke (Tab. 4 and

Figure 5.9A), and gains of about 0.5% in the carbonate + olivine zone (Tab. 4 and Figure 5.9B).
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Other elements that displayed gains are Fe, Mn, K, P, Ba, Co, Rb, W, La, and Ce, (Figure
5.9A and 5.9B). Except for Rb, W, La and Ce, the gains were higher in the zone closer to the dyke
(diopside + hornblende) (Tab. 4).

Small guantities of Ca were lost in both zones (Figure 5.9A and 5.9B). CO. shows greater
losses in the diopside + hornblende zone probably because it is released from dolomite and calcite
during the reactions of silicate formation. In the dyke, the infiltration of CO, provided the formation of

scapolite from plagioclase.

Table 5.4- Results of mass balance calculations of oxides (wt%), trace and rare-earth elements (ppm) after the
method of Grant (1986), for skarn associated with metamafic dyke.

PIES-5
Marble (PIES-5B) versus diopside + Marble (PIES-5B) versus carbonate + olivine
hornblende (PIES-5A1) zone (PIES-5A1)
Gains or losses Gains or losses
Blement c® c* CAC° st st st c° A CGMCO cst cst st
mass wlume MgO mass wlume CaO
SiO, 0.75 4404 5857 5757 6231 6103 075 1237 1644 1544 1568 16.06

Al,O3 008 077 954 854 931 910 008 013 157 057 059 0.63
FeOt 033 269 806 706 772 754 033 176 528 428 436 448
MnO 003 013 429 329 364 35 003 011 355 255 260 268
MgO 1524 1439 094 -006 002 000 1524 1353 089 -011 -010 -0.08
CaOo 3839 2883 07 -025 -019 -020 3839 3700 096 -004 -002 0.00
KO 002 009 446 346 38 372 002 005 242 142 145 151
P,0s 001 005 49% 39 436 425 001

CO; 4514 88 020 -080 -079 -079 4514 3506 078 -022 -021 -0.19

Ba 5200 9500 183 08 097 093 5200 8200 158 058 060 0.64
Co 230 870 378 278 309 301 230 730 317 2171 222 229
Rb 020 370 1850 1750 1900 1859 020 500 2500 2400 2436 2494
Sr 160.00 7140 045 -055 -052 -053 160.00 18200 114 014 015 0.18
W 1130 2730 242 142 161 156 1130 3860 342 242 247 254
Pb 630 18 029 -071 -069 -070 630 130 021 079 -079 -0.79
Zn 500 100 020 -080 -078 -079 500 1600 320 220 225 232
La 320 390 122 022 032 029 320 750 234 134 138 143
Ce 330 610 18 08 100 09 330 1100 333 233 238 246

C: component; cst: constant.

5.6.2 - Skarns associated with the felsic dykes

In the comparison of the original granite with the endoskarn, Pb presented Ci*/Ci® = 0.88 as

the ratio closest to 1, so it was selected for the definition of the immobile element isocon (Table 5.5
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and Figure 5.9C). Pb, however, showed loss in relation to the other isocons. The volume isocon is
placed below the mass isocon, suggesting loss of volume.

In the endoskarn there were gains of MgO, CO; and CaO (65%, 15% and 10%) due to the
contribution of the marble (Table 5.5 and Figure 5.9C). Al,Oz and NaO displayed gains that represent
accumulations caused by the other element losses that migrated to generate the exoskarn. These
accumulated oxides enabled the formation of scapolite. The majority of the trace elements (Table 5.5
and Figure 5.9C) were lost. Ga, Sr, Th, U and Zn presented gains.

The losses of MnO, K;0, TiO2, P,Os and SiO; accompanied the change in mineralogy to
scapolite + diopside. K,O that was not used to form scapolite may have generated the phlogopite
found in the phlogopite-rich bands at the contacts between the skarnitic zones (Figure 5.3). SiO; was
mobilized to farther portions away from granite to generate the silicates that formed the zones closer to

the marble.

The comparison of the marble with the exoskarn (diopside zone) shows that Zn, Ce and K,0O
displayed C/*/Ci° ratios equal or very close to 1, therefore either one of these elements can represent
an immobile element isocon. K;O was selected for the isocon because it presents the higher content.
The constant mass and the K;O isocons overlap while the volume isocon is placed below the others
indicating volume loss. The formation of this zone required the contribution of SiO, and Al,O3 derived
from the granite (Table 5.5 and Figure 5.9D). Significant gains of FeOt and MnO, that were probably
originated from the granite, also occur. CO,, CaO and MgO were leached to generate the scapolite +
diopside zone. Among the trace and rare earth elements, Co, W, Y, Zn, Ce, Nd display gains, and Ba,

Sr, La show losses.
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Table 5.5- Results of mass balance calculations of oxides (wt%), trace and rare-earth elements (ppm) after the
method of Grant (1986), for skarn associated with the felsic dyke.

PIES-1
Alkali-feldspar granite (PIES-1C) versus Marble (PIES-1S) versus diopside zone (PIES-
scapolite + diopside zone (PIES-1Q) 112)
Gains or losses Gains or losses
Bement c® c* CGAC° cst cst c® c* CMC® st est cst
mass wlume cstPb mass wlume KO
SiO, 72.25 52.87 0.73 -0.27 024 -017 191 5152 2702 26.02 29.02 2596
TiO, 034 0.08 024 -076 -075 -0.73 0.03
Al,O3 1340 20.36 152 0.52 0.59 072 002 036 1804 1704 19.04 17.00
FeOt 178 0.68 038 -062 -060 -056 009 658 7325 7225 8040 7210
MnO 0.37 0.03 0.08 -092 -091 -091 001 019 1904 1804 2016 18.00
MgO 0.05 323 6452 6352 6640 7197 1965 1383 070 -030 -0.22 -0.30
Cao 134 1404 10.45 9.45 992 1082 3338 2315 069 -031 -023 -031
Na,O 290 5.3 1.94 094 103 120 0.14
K,O 7.33 0.70 0.10 -090 -090 -0.89 002 002 1.00 0.00 0.11 0.00
P,Os 0.09 004 045 -055 -053 -049 002
CO, 015 234 1557 1457 1527 1661 4490 418 009 -091 -090 -091
Ba 818.00 68.00 008 -092 -091 -091 700 300 043 -057 -052 -057
Co 30.10 21.60 0.72 -0.28 -025 -019 110 16.00 1455 1355 1516 1352
Ga 1690 37.30 221 121 131 1.50
Nb 49.70 34.30 069 -031 -028 -0.22
Rb 371.00 16.80 005 -095 -095 -0.95
Sr 163.00 269.00 1.65 065 072 087 8640 2040 024 -076 -074 -0.76
Th 46.80 75.30 161 061 068 082
u 300 1910 637 537 565 620
W 25000 171.00 068 -032 -029 -023 800 7240 9.05 8.05 9.05725 8.032
Y 49.20 16.70 034 -066 -065 -062 190 750 395 295 339 294
Zr 304.00 96.20 032 -068 -067 -0.64
Pb 1900 1680 088 -0.12 -0.08 0.00
Zn 14.00 24.00 171 071 079 094 900 900 100 000 011 0.00
La 148.00 39.70 027 -073 -072 -070 770 470 061 -039 -032 -039
Ce 281.00 68.90 0.25 -0.75 074 -0.72 1140 1190 1.04 0.04 0.16 0.04
Pr 30.10 6.60 022 -078 -077 -0.75
Nd 104.00 20.50 020 -080 -079 -078 310 890 287 187 219 187
Sm 1650 3.44 021 -079 -078 -0.76
Gd 1220 315 0.26 -0.74 -073 -0.71

C: component; cst: constant.
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Figure 5.9- Isocon diagrams of skarns associated with the metamafic and felsic dykes according to the method
of Grant (1986). A: marble (PIES-5B) versus diopside + hornblende zone (PIES-5A1); B: marble (PIES-5B)
versus carbonate + olivine zone (PIES-5A2); C: alkali-feldspar granite (PIES-1-C) versus scapolite + diopside
zone (PIES-1-Q); D: marble (PIES-1-S) versus diopside zone (PIES-1-12), with overlapping of constant K,O and
mass isocons.

5.7 - DISCUSSION AND CONCLUSIONS

The rocks involved in the formation of the studied skarns are marbles in contact with
metamafic dykes composed of amphibolite and hornblende granofels and with felsic dykes composed

of granite.

The amphibolites and hornblende granofels are ultrabasic (SiO2 < 45wt%), the first one can be
chemically correlated to the high-Mg tholeiitic series. They have low contents of rare earth elements
(REE), and a low fractionation pattern with enrichment of light over heavy-REE. The felsic dyke is
composed of an acid, metaluminous, I-type alkali-feldspar granite with high REE-content, and high
fractionation pattern with enrichment of light over heavy REE. The marbles can be classified as

dolomitic with low contents of SiO,, trace and rare earth elements.
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The composition variations (Figures 6 to 8) and the mass balance calculations (Tables 5.4 and
5.5 and Figure 5.9) through the zones that compose the skarns and their wall rocks provide the
identification of elements of high and low mobility, besides presenting evidences that support the

determination of the skarn protoliths.

In the skarns associated with the metamafic dykes, minerals increasingly depleted in Si and Fe
were formed from the dyke towards the marble as discussed by Mesquita (2016). SiO;, was intensely
mobilized from the dyke towards the exoskarn. Olivine is the silicate that was formed farther away
from the dyke. FeO, MnO, K,0 and P,Os were also mobilized and added to the skarns. The diopside +
hornblende zone presents higher gains due to its proximity to the dyke, indicating that the mobility of
these elements is reduced by the distance. Oxides such as CaO and MgO remained almost constant
since their contents are quite similar in the marble and the metamafic rocks. CO,, in contrast, was
considerably mobile because it was released from dolomite and calcite during the reactions of silicate

formation.

The behavior of many elements such as Zn, Sr and REE showing gains and losses not coherent
with the location of the skarn-zone in relation to the dyke or marble, is likely to indicate that a certain
degree of chemical migration may have happened during the posterior granulite facies metamorphic
process to which these rocks were submitted.

In the skarn associated with the felsic dyke, SiO; displays loss from the granite to the scapolite
+ diopside zone (endoskarn), and gain in the diopside zone (exoskarn). Al,Oz and Na;O, that certainly
were not added from the marble to the skarn, were residually concentrated due to silica loss in the
endoskarn. MgO and CaO were mobilized from marble to the endoskarn (scapolite + diopside zone) to
constitute diopside and CaO to also compose scapolite. This oxide probably also composed the CO3?-
anion in the more calcic scapolites. The diopside zone (exoskarn) received contributions of SiO; from
the granite to form diopside, amphibole and phlogopite, and Al,O3 to form amphibole and phlogopite.
FeOt and MnO showed similar behavior, with increase from the scapolite + diopside zone to the
diopside zone. These elements must have migrated from the granite to the diopside zone and then were

accumulated due to the large loss of CO, and smaller losses of CaO and MgO.

The classification as exoskarns of the mineralogical zones at the contact with the metamafic
dykes is supported by the behavior of low mobility elements such as Al and Ti that present much
lower contents in the skarn than in the metamafic dykes. An additional evidence is the REE
fractionation patterns of the exoskarns that show accentuated similarity with the patterns of the

marbles when compared with the metamafic dykes.
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The similar amounts of trace elements in the alkali-feldspar granite and in the scapolite +
diopside zone and the lower contents in the diopside zone validate the interpretation that the first zone
is an endoskarn and the second, an exoskarn, as also reported by Mesquita (2016) on hand on
mineralogical and field-based observations. The abrupt change in Al-, Ti- and Na-contents (Figure 5.6
to 5.8) from the scapolite + diopside zone (endoskarn) towards the diopside zone (exoskarn) also
reinforces this understanding.

Similar negative Eu anomalies occur in the exoskarn as well as in the granite (Figure 5.8D). It
is possible that either the protolith (the marble) had originally such a REE-pattern or there was a

contribution of REE derived from the granite to the skarn.

Considering the REE-patterns of the marbles and skarns associated with the metamafic dykes,
however, it is verified that the marbles related to these skarns in fact commonly present positive and
not negative Eu-anomalies (Figure 5.8A and 5.8B). Therefore, in the case of the skarn associated with

the granite it is most likely that there was a contribution of REE from the granite.

Resuming it is possible to state that the skarns generated at the contact between the felsic dyke
and the marble were formed due to major mobility of SiO, because more Si-rich minerals, such as
diopside and amphibole, were formed in the zones closer to the marble. In addition, the skarns are
wider than that associated with the metamafic dykes possibly due to a higher chemical potential
gradient between the Si- and Al-rich felsic dyke and the Ca- and Mg-rich marble. The higher mobility
of chemical constituents associated with the formation of the skarns related to the felsic dyke is the
possible presence of H,O derived from the crystallization of the granitic magma, that may have
contributed for the element exchange during the metasomatic process. In the skarns associated with
the metamafic dykes the chemical potential gradient between the dyke and the marble was likely to be
lower but it was still sufficient to mobilize many elements. Furthermore, the metamorphic process
under conditions of the granulite facies that affected these rocks may have promoted a certain degree

homogenization of the elements.
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CAPITULO 6
CONCLUSOES

Os escarnitos estudados podem ser divididos em dois tipos principais: escarnitos associados a
diques metamaficos e escarnitos associados a diques félsicos. Os diques metaméaficos estdo
intensamente deformados, dobrados, rompidos e metamorfizados e sdo compostos por anfibolitos e
hornblenda granofels. Os diques félsicos, em geral, ndo possuem evidéncias de deformacgdo e
metamorfismo e sdo constituidos de alcali-feldspato granito, monzogranito e sienogranito. Este ultimo

apresenta deformacéo, mas preserva relictos de textura e minerais igneos.

As rochas metamaficas sdo ultrabasicas, possuem baixo teor de elementos terras raras (ETR) e
baixo padrdo de fracionamento, com enriguecimento de ETR leves. Os anfibolitos sdo
correlacionaveis as rochas da série toleiitica de alto-Mg. O alcali-feldspato granito tem carater acido, é
metaluminoso do tipo | e possui alto conteddo de ETR com alto padrdo de fracionamento e
enriquecimento de ETR leves. Ja os mamores sdo dolomiticos e possuem baixo teor de silica e de
ETR.

Em associagcdo com os diques metaméaficos foram identificadas duas zonas (Fig. 4.4), do
marmore ao dique: carbonato + olivina e diopsidio + hornblenda. J& nos escarnitos associados aos
diques félsicos foram identificadas trés zonas bem definidas (Fig. 4.6), do marmore ao granito:
carbonato + tremolita; diopsidio; e escapolita + diopsidio.

As zonas dos escarnitos associados aos diques maficos foram provavelmente formadas a partir
do méarmore devido a infiltracdo de elementos provenientes da intrusdo, portanto, sdo exoescarnitos.
Evidéncia disso é a substancial reducdo de elementos de baixa mobilidade como Al e Ti do dique para
0 escarnito, além dos padrfes de fracionamento de ETR semelhantes entre o escarnito e 0 marmore.
Contudo, ha evidéncias de que o evento metamorfico tenha afetado os diques méaficos, os escarnitos e

0 marmore e promovido uma troca adicional de elementos entre os litotipos.

Dentre as zonas dos escarnitos associados ao dique granitico, duas provavelmente tem o
marmore como protélito (carbonato + tremolitae diopsidio), logo sdo exoescarnitos. A zona
escapolita + diopsidio foi formada a partir do alcali-feldspato granito, portanto, é um endoescarnito.
Essa interpretacdo baseou-se em observagtes de campo que mostraram uma transicdo gradual entre o
granito e o0 endoescarnito e um contato abrupto entre o endoescarnito e o exoescarnito. Além disso, a
ocorréncia de zircdo na zona escapolita + diopsidio indica que essa zona € de fato um endoescarnito,
uma vez que esse mineral ndo foi encontrado nos marmores estudados. Outra evidéncia é a redugdo

significante de Al e Ti e de grande parte dos elementos tragcos do endoescarnito para o exoescarnito.
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Com relacdo ao padréo de ETR, anomalias negativas de Eu semelhantes foram observadas tanto no
exoescarnito quanto no granito e podem indicar que houve contribuicdo de ETR do granito para o

escarnito.

Estudos de quimica mineral mostraram variagdes composicionais em diopsidio, anfibolio e
flogopita em ambos os tipos de escarnitos, que sugerem contribuicdo de Mg do marmore. Olivina,
anfibolio e flogopita mais ricos em Fe ocorrem nos escarnitos associados aos diques metamaficos, ou
mesmo em zonas mais proximas do dique no caso do anfibdlio, o que indica contribuicdo desse

elemento do dique.

Variagdes composicionais em escapolita, que se torna mais célcica quanto mais préxima do
marmore, sugere a contribuicdo de Ca deste e de Na do granito. A ocorréncia de zonamento
composicional, com aumento de Ca para a borda, sugere que a disponibilidade desse elemento era

maior do que a disponibilidade de Na.

Os estudos de variagdo de composic¢do quimica ao longo das zonas e os célculos de balango de
massa mostraram que SiO; foi intensamente mobilizado dos diques para 0s exoescarnitos. A formacao
de minerais cada vez mais pobres em Si em direcdo ao mamore, porém, sugere reducdo de mobilidade.
O mesmo ocorre com o Al.Os, que foi pouco mobilizado e gerou flogopita cada vez mais pobre em Al

em diregdo a0 marmore no caso dos escarnitos associados aos diques félsicos.

Nas zonas escarniticas associadas aos diques metamaficos, FeO, MnO, K;0 e P,0Os foram
mobilizados para o escarnito. CaO e MgO permaneceram quase imoveis uma vez que seus teores sao
bastante similares no marmore e nas rochas maficas. CO,, por outro lado, foi mobilizado por ter sido

liberado nas reacGes de formacdo dos silicatos a partir de dolomita e calcita.

Nos escarnitos associados aos diques félsicos, houve acumulo de Al:O; e Na,O no
endoescarnito. No exoescarnito, FeOt e MnO, que devem ter migrado do granito, se acumularam no
exoescarnito devido a saida, principalemente, de CO,. MgO e CaO foram mobilizados do marmore
para 0 endoescarnito para constituir diopsidio e, no caso do CaO, escapolitas célcicas. CO;
provavelmente também compos o anion COs% nas escapolitas mais calcicas. O exoescarnito recebeu

contribuigdo de Al>Os do granito para formar anfibdlio e flogopita.

Nos escarnitos associados aos diques félsicos a migracéo de Si e de fluidos aquosos alcangou
maiores distancias como observado no escarnito mais extenso da &rea, no qual anfibolios, como
actinolita e tremolita, ocorrem mais proximos do marmore (Fig. 4.6). Tais anfibolios requerem a
presenca de H>O e maior teor de Si para se formar do que olivina. Além da presenca dos fluidos,
provavelmente provenientes da cristalizacdo do magma granitico e que contribuiram para a troca de
elementos entre os litotipos, o elevado gradiente de potencial quimico entre o granito, rico em Si e Al,

e 0 marmore, rico em Ca e Mg, também contribuiu para o acentuado intercdmbio de elementos durante
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0 processo metassomatico. Nos escarnitos associados aos diques metamaficos, por outro lado, o
gradiente de potencial quimico entre o dique e 0 marmore foi mais baixo, mas ainda suficiente para
mobilizar muitos elementos. Adicionalmente, o processo metamarfico de facies granulito ao qual essas

rochas foram submetidas provavelmente possibilitou certo grau de homogeneizagéo dos elementos.

Medeiros Janior (2016) obteve temperaturas de 690 a 790°C, na regido de estudo, para o
metamorfismo que afetou os marmores e as rochas célciossilicaticas do Complexo Paraiba do Sul. A
presenca de pargasita e espinélio e as fei¢cbes de deformacdo observadas nos diques metamaficos e em
seus escarnitos corrobaram tais condi¢fes metamorficas. Portanto, os escarnitos associados aos diques
metamaéficos foram metamorfizados durante o estagio sin-colisional do ordgeno Aracuai, datado entre
580 e 560 Ma por Pedrosa-Soares et al. (2001, 2007). Processos retrometamorficos promoveram a
formacgéo de tremolita a partir de olivina e diopsidio, Mg-hornblenda e actinolita de diopsidio, Mg-
clorita de pleonasto e 0 zoneamento composicional de anfibélios, com nucleos compostos por Mg-

hornblanda a edenita e borda de actinolita.

A datacdo do &lcali-feldspato granito resultou em uma idade de ca. 530 Ma, interpretada como
de cristalizacdo magmatica e, portanto, uma idade aproximada de geracdo dos escarnitos. De acordo
com esse resultado e devido a falta de evidéncias de deformacdo nessas rochas, os escarnitos
associados ao alcali-feldspato granito e ao monzogranito sdo mais jovens do que 0s escarnitos
associados aos diques metaméficos e devem ter sido formados no estagio pos-colisional do orégeno

Aracuai.
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Anexo |

DADOS DE QUIMICA MINERAL OBTIDOS POR MICROSCOPIO ELETRONICO DE VARREDURA E
CATIONS CALCULADOS

Escarnito associado aos diques maficos

Piroxénio PIES-2F1 PIES-5A1

Campo-

Andlise- 1-1-8( 1-1-9 | 1-2-1| 1-2-2 | 1-2-4| 3-1-2| 3-1-7 | 4-1-2 | 451 | 452 | 453 | 2-1-1 | 2-1-4 | 3-1-3 | 3-1-8 | 4-2-1 | 4-3-1 | 4-3-3 | 5-1-2
Ponto

Banda diopsidio + hornblenda carbonato + olivina carbonato + olivina diopsidio + hornblenda
SiO, 5318 5235 53.36 5354 5363 5339 5346 5428 5474 5430 5413 5451 5460 5439 5425 5388 5347 54.02 5323
Al,O3 047 056 059 - 2.66 - - 055 046 040 055 061 045 058 067 097 091 055 1.08
FeOt* 648 739 687 732 58 68 712 298 187 242 346 209 200 18 172 314 314 310 412
MgO 13.92 1399 1385 1383 1496 1432 1418 1717 1703 1659 1633 1719 1643 1663 17.21 1586 1611 16.09 15.64
MnO 045 040 029 - 0.31 - - 0.24 - - - - - - - 0.20 - - 0.24
CaO 2522 2496 2460 2531 2205 2541 2523 2478 2589 2593 2553 2544 2651 2620 2585 2565 2598 2584 2540
Na,O 028 034 04 - 0.49 - - - - 0.35 - 0.16 - 037 030 030 039 040 028
Total 100.00 99.99 100.00 100.00 99.99 100.00 99.99 100.00 99.99 99.99 100.00 100.00 99.99 100.01 100.00 100.00 100.00 100.00 99.99
TSi 197 194 198 199 197 198 199 198 199 198 198 198 199 197 197 197 195 197 19
TAI 002 002 002 000 003 000 000 002 001 002 002 002 001 003 003 003 004 002 005
M1Al 000 000 000 000 009 000 000 000 001 000 000 001 001 000 000 001 000 000 000
M1Fe?* 020 023 021 023 009 021 021 007 006 007 011 006 006 006 005 010 010 010 013
M1Mg 077 077 077 077 08 079 079 093 092 090 08 093 08 09 093 08 08 08 085
M2Fe?* 000 000 000 000 009 001 001 003 000 000 000 000 000 000 000 000 000 000 0.00
M2Mn 001 001 001 000 001 000 000 001 000 000 000 000 000 000 000 001 000 000 001
M2Ca 100 09 098 101 087 101 101 097 101 101 100 099 104 102 100 100 101 101 1.00
M2Na 002 002 003 000 004 000 000 000 000 003 000 001 000 003 002 002 003 003 002
Cétions 400 400 400 400 400 400 400 400 400 400 400 400 400 400 400 400 400 400 400
*Xwmg 078 076 078 077 081 079 078 09 094 092 08 094 094 094 09 08 090 09 087
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Escarnitos associados aos diques félsicos

Campo-
Piroxénio Analise- Banda SiO, Al,0; FeOt* MgO MnO CaO Na,0O Total TSi TAl MIAl Mm1Fe?* MIMg M2Fe?* M2Mn M2Ca M2Na Céations *Xug
Ponto
1-1-1 2 54.09 057 4.02 1550 0.26 2524 033 100.01 1.98 0.02 001 012 085 000 001 099 002 400 087
o 1-1-2 g.’_ 5419 0.97 3.79 1555 0.16 24.84 051 100.01 1.98 0.02 0.02 012 085 000 001 097 004 400 088
< 1-1-3 S 53.72 131 381 1572 013 2475 055 99.99 1.96 0.04 002 012 086 000 000 097 004 400 088
& 1-2-2 ;'5 5412 113 402 1514 020 2477 061 99.99 1.98 0.02 003 012 083 000 001 097 004 400 086
E 1-2-6 § 55.30 0.00 4.06 15.38 0.00 2525 0.00 100.00 2.04 0.00 0.00 013 084 000 000 100 000 400 087
1-2-9 § 54.64 303 3.15 1462 043 2276 137 100.00 1.99 001 0.12 0.09 079 000 001 089 010 400 0.88
1-2-10 © 5401 114 287 1573 033 2514 077 99.99 1.97 003 001 009 08 000 001 098 005 400 090
1-1-1 54.07 1.09 239 16.33 018 2537 057 100.00 1.96 0.04 001 0.07 088 000 001 099 004 400 092
1-1-2 ° 54.03 0.94 395 1558 0.09 2496 045 100.00 1.98 0.02 002 012 085 000 000 098 003 400 087
1-1-3 g 5472 119 260 15.18 0.08 2561 0.62 100.00 2.00 0.00 0.05 0.08 083 000 000 100 004 400 091
1-1-4 g 5435 166 2.07 16.14 0.17 2508 053 100.00 1.97 003 0.05 0.06 087 000 001 098 004 400 093
1-2-2 T 54.84 104 3.17 1543 017 2483 052 100.00 2.00 0.00 0.05 010 084 000 001 097 004 400 089
1-2-3 s 5431 147 184 1624 016 2562 035 99.99 1.97 003 004 006 088 000 001 100 003 400 094
: 1-2-4 = 5437 290 1.68 15.62 0.09 2444 0.90 100.00 1.97 003 009 0.05 084 000 000 095 006 400 094
8 1-2-5 % 5418 178 245 1551 019 2550 0.40 100.01 1.98 0.03 0.05 0.08 084 000 001 100 003 400 091
w 1-2-6 53.68 176 205 1640 - 2571 0.40 100.00 1.95 0.05 0.02 0.06 089 000 000 100 003 400 093
1-2-7 5431 158 207 16.22 027 2493 062 100.00 1.97 003 0.04 0.06 088 000 001 097 004 400 093
2-1-1 4798 159 2396 398 1.13 2045 091 100.00 191 0.08 0.00 076 024 003 004 087 007 400 022
2-1-2 ) 46.63 140 2681 288 116 1997 1.14 99.99 187 0.07 0.00 083 017 007 004 086 009 400 015
3-1-1 E 4839 1.18 2443 409 116 1991 0.84 100.00 1.93 0.06 0.00 076 024 0.06 004 085 007 400 022
3-1-3 e 4783 132 2421 441 114 2025 0.84 100.00 1.90 0.06 0.00 074 026 007 004 086 007 400 024
3-1-7 4741 118 2461 379 134 2057 1.09 99.99 1.89 0.06 0.00 078 023 005 005 088 008 400 021
4-1-2 53.30 0.61 7.39 1369 027 2424 049 99.99 1.98 002 001 023 076 000 001 096 004 400 0.76
4-1-3 53.62 0.00 8.02 1361 000 24.75 0.0 100.00 2.00 0.00 000 024 076 001 000 099 000 400 075
4-1-4 5323 0.39 826 1338 0.15 2428 0.32 100.01 1.98 0.02 000 026 074 000 001 097 002 400 074
4-1-5 53.13 0.60 810 1320 029 2421 047 100.00 1.98 002 001 025 073 000 001 097 003 400 074
4-1-6 53.03 0.68 838 13.02 038 2393 058 100.00 1.98 0.02 001 026 072 000 001 09 004 400 073
1-1-2 5354 055 7.25 1374 0.26 24.18 0.49 100.01 1.99 001 001 023 076 000 001 096 004 400 077
1-1-3 5456 056 6.73 14.42 033 2290 049 99.99 2.02 000 002 018 080 003 001 091 004 400 078
1-1-4 5551 0.71 598 15.13 0.26 21.87 054 100.00 2.05 0.00 003 014 083 005 001 08 004 400 081
1-1-5 53.66 0.47 - 13.82 0.32 24.15 0.49 100.01 1.99 0.01 0.01 0.22 0.76 0.00 0.01 096 0.04 4.00 0.77
1-1-8 52.83 0.66 7.63 13.72 036 24.32 0.49 100.01 1.96 003 000 024 076 000 001 097 004 400 075
2-1-1 53.10 050 7.63 1379 033 24.15 049 99.99 1.97 002 000 024 076 000 001 09 004 400 0.76
< 2-1-2 o 53.09 049 7.63 1366 027 2438 047 99.99 1.97 002 000 024 076 000 001 097 003 400 0.76
S 2-1-6 2 52.99 051 7.78 1351 0.18 2466 0.37 100.00 1.97 002 000 024 075 000 001 098 003 400 075
] 2-1-7 g 52.66 0.60 9.36 1259 035 23.98 0.46 100.00 1.97 003 000 029 070 000 001 096 003 400 070
a 2-1-8 © 5320 0.68 7.67 1327 0.32 2434 053 100.01 1.98 0.02 001 024 074 000 001 097 004 400 075
2-2-1 53.15 057 7.68 1345 029 2435 051 100.00 1.98 003 0.00 024 075 000 001 097 004 400 075
2-2-2 53.14 055 8.04 1320 033 2421 053 100.00 1.98 0.02 000 025 073 000 001 097 004 400 074
2-2-6 53.18 048 746 1385 031 2434 0.38 100.00 1.98 0.02 000 023 077 000 001 097 003 400 076
2-2-7 53.19 046 7.59 1377 021 2428 050 100.00 1.97 0.02 000 024 076 000 001 097 004 400 076
3-2-3 52.99 056 7.52 1385 030 2422 056 100.00 1.97 0.02 000 023 077 000 001 09 004 400 0.76
3-2-7 5284 0.67 839 13.04 0.28 24.27 0.52 100.01 1.97 0.03 0.00 0.26 0.72 0.00 0.01 0.97 0.04 4.00 0.73
3-2-8 53.19 0.68 7.84 1331 030 2409 059 100.00 1.98 0.02 001 024 074 000 001 096 004 400 074
3-2-9 53.13 062 7.73 1365 0.15 2435 0.37 100.00 1.98 0.03 000 024 076 000 001 097 003 400 0.76
3-2-10 5335 0.66 7.25 1375 0.22 2424 053 100.00 1.98 0.02 001 023 076 000 001 096 004 400 077
3-3-3 52.33 0.79 10.36 11.64 033 24.07 0.48 100.00 1.97 003 001 033 065 000 001 097 004 400 0.66
3-3-4 53.13 0.65 7.50 1374 033 2429 037 100.01 1.97 003 000 023 076 000 001 097 003 400 0.76
5-2-8 53.39 0.64 7.98 1283 0.39 2432 045 100.00 1.99 001 002 025 071 000 001 097 003 400 073
o 5-2-9 % ®t 53.09 0.66 7.62 13.14 040 2459 052 100.02 1.98 003 000 024 073 000 001 098 004 400 074
S 1-1-2 [®35 & 35528 059 7.95 1325 0.36 2450 047 100.01 197 0.03 0.00 025 074 000 001 098 003 400 074
@ 1-1-3 g §_§ g 5339 056 810 1294 - 2454 047 100.00 1.99 0.01 0.02 0.25 0.72 0.00 0.00 0.98 0.03 4.00 0.74
o 2-1-2 |3 8 T 5340 073 809 1483 023 2217 055 100.00 1.98 0.03 0.01 018 082 008 001 088 004 400 076
2-1-3 52.65 0.66 7.90 1336 0.45 2453 0.46 100.01 1.96 0.03 000 025 074 000 001 098 0.03 400 074
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Contribuices as Ciéncias da Terra. Série M, vol. 75, 123p.

Escarnitos associados aos diques félsicos

Escapolita PIES-1QC ESC....
Campo- 4l 15 | 16 | 17 | 23| 24 | 27| 28 | 117 | 1-18| 110 | 128 | 129
Ponto

Contato entre bandas escapolita +
diopsidio e diopsidio

Banda escapolita + diopsidio

SiO; 53.21 53.99 5355 5359 53.14 5480 53.94 56.15 5297 5177 5219 51.73 52.15
Al,O; 2394 2341 23.65 2344 23.89 17.85 2355 2246 24.15 2520 2456 2496 24.85

FeOt* - - - - - 1.13 - 001 004 010 038 - -

MgO 032 029 043 041 028 304 050 026 039 030 039 031 035
MnO - - - - - - - - 0.04 0.03 - 0.17 -

CaO 13.15 1278 13.06 12.84 13.30 1453 12.62 8.63 1459 1579 1544 1524 1547
Na,O 6.16 6.67 643 661 634 626 639 927 598 539 551 573 543
K;0 105 089 08 100 093 060 092 0.71 - - - - -

Total 99.99 100.00 100.00 99.98 99.99 100.00 99.99 100.00 100.00 100.00 100.00 100.00 100.00
Cl 207 197 200 201 204 172 207 251 166 142 146 159 149
SO; 0.09 - 0.03 0.08 0.07 0.07 - - 0.18 - 0.07 027 0.26
Si 751 760 754 756 750 779 759 788 743 727 734 727 131
Al 398 388 392 389 397 299 390 371 399 417 407 413 410
Ti 0.00 0.00 0.00 000 0.00 000 000 0.0 000 000 0.00 0.00 0.00
Fe** 0.00 0.00 000 0.0 0.0 013 0.00 0.0 001 001 005 000 0.00
Mn 0.00 0.00 000 000 0.00 000 000 O0.00 001 000 000 0.02 0.00
Mg 0.07 006 009 009 006 064 011 005 008 006 008 0.07 0.07
Ca 199 193 197 194 201 221 19 130 219 238 233 230 232
Na 169 182 176 181 174 173 174 252 163 147 150 156 148
K 019 016 015 018 017 011 017 013 000 000 0.00 0.00 0.00
Cétions 1541 1545 1544 1546 1544 1561 1541 1559 1533 1537 1536 1535 15.29
Me* 54 51 53 52 54 56 52 34 57 62 61 60 61
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Escarnitos associados aos diques maficos

olivina C:‘:;’t)g' Banda SiO, TiO, Al,O; FeOt* MgO MnO CaO Na,0 Total Si Al Ti Fe®* Mn Mg Ca Na Cations Fa Fo
411 37.61 043 1867 4288 041 - - 10000 0.97 0.01 0.00 0.40 0.01 1.64 0.00 0.00 3.03 20 80

412 37.72 . 1979 4205 044 - - 10000 0.97 0.00 0.00 0.43 0.01 1.62 0.00 0.00 3.03 21 79

41-10 37.92 056 1914 4190 047 - - 99.99 097 0.02 000 0.41 0.01 1.61 0.00 0.00 3.02 20 80

. 422 37.33 046 1839 4153 057 173 - 10001 0.96 0.01 0.00 0.40 0.01 1.60 0.05 0.00 3.03 20 80
& 426 2.62 . 541 3537 - 5660 - 100.00 0.09 0.00 0.00 015 0.00 171 197 000 392 8 92
g 427 4879 059 1436 3490 - 136 - 100.00 119 0.02 0.00 0.29 0.00 1.27 0.04 0.00 280 19 81
429 & 2601 . 1673 3699 - 2027 - 100.00 0.73 0.00 0.00 039 0.00 154 061 000 327 20 80

431 3 3199 . 1564 3937 - 1301 - 100.01 0.86 0.00 0.00 035 0.00 157 037 000 315 18 82

432 5 3816 051 2115 3084 - 035 - 10001 099 0.02 0.00 0.46 0.00 154 0.01 0.00 301 23 77

333 § 37.54 057 2114 3985 - 055 035 10000 0.97 0.02 0.00 0.46 0.00 154 0.02 0.02 3.03 23 77

g 11 8 3850 048 1490 4568 - - 045 100.01 0.97 0.01 0.00 0.31 0.00 1.72 0.00 0.02 3.04 15 85
a9 313 39.11 032 1374 4649 - - 034 10000 0.98 0.01 0.00 0.29 0.00 1.73 0.00 0.02 3.02 14 86
415 38.43 054 1634 4414 - 013 041 99.99 097 0.02 0.00 0.35 0.00 1.67 0.00 0.02 3.03 17 83

< 322 36.61 063 2133 3089 - 154 - 10000 0.96 0.02 0.00 0.47 0.00 155 0.04 0.00 3.03 23 77
i 111 38.57 058 1585 4457 - - 042 99.99 098 0.02 0.00 0.34 0.00 1.68 0.00 0.02 3.03 17 83
E 121 38.63 050 1538 4499 - - 041 100.00 0.97 0.02 0.00 0.32 0.00 169 0.00 0.02 3.03 16 84
122 38.47 070 1507 4529 - - 047 10000 0.97 0.02 0.00 0.32 0.00 170 0.00 0.02 3.03 16 84
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. Escarnito associado a dique mafico Escarnito associado a dique félsico

Flogopita

PIES-5A1 ITA-68A PIES-5F1 PIES-1QC ESC....
g;::go- 115 5-1-1 213 | 24 | 25 | 26 1-9 1-1-11
canca comorsovawrs| (PSR | e | 1 | 080 | o8 | e
SiO, 4391 41.56 41.49 40.97 41.02 40.09 42.79 43.39
TiO, - - - 1.69 1.40 1.40 - -
Al,O3 13.12 16.26 15.97 16.97 17.26  16.68 14.39 14.56
FeOt* 4.48 9.12 5.68 6.95 7.43 6.78 7.64 4.50
MgO 26.24 21.22 25.90 20.01 2040 20.29 22.70 24.76
MnO - - - 0.00 0.02 0.03 - -
CaO - - - 0.07 0.04 0.07 0.16 0.13
Na,O - - - 0.58 0.60 0.59 0.25 0.15
K,O 12.24 11.83 10.95 8.11 8.33 8.16 12.08 1251
F - - - 0.53 0.70 0.84 - -
Cl - - - 0.05 0.02 0.04 - -
Total 99.99 99.99 99.99 95.71 96.96 94.64 100.01 100.00
Si 5.97 5.76 5.65 5.78 5.74 5.74 5.91 591
AllV 2.03 2.24 2.35 2.22 2.26 2.26 2.09 2.09
AlVI 0.08 0.42 0.21 0.60 0.58 0.56 0.25 0.25
Ti 0.00 0.00 0.00 0.18 0.15 0.15 0.00 0.00
Fe?* 0.51 1.06 0.65 0.82 0.87 0.81 0.88 0.51
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 5.32 4.39 5.26 4.21 4.26 4.33 4.67 5.03
Ca 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.02
Na 0.00 0.00 0.00 0.16 0.16 0.16 0.07 0.04
K 213 2.09 1.90 1.46 1.49 1.49 213 2.18
Cétions 16.03 15.95 16.02 1544 1551 1552 16.02 16.02
CF 0.00 0.00 0.00 0.47 0.62 0.76 0.00 191
CcCl 0.00 0.00 0.00 0.02 0.01 0.02 0.00 0.03
Annita 0.09 0.19 0.11 0.16 0.17 0.16 0.16 0.09
Flogopita 0.91 0.81 0.89 0.84 0.83 0.84 0.84 0.91
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Clorita ITA-68A

Campo-

Analise-  4-1-1 | 4-12 | 41-3 | 4-1-6 | 2-1-2 | 2-1-8 | 2-1-9
Ponto

Banda carbonato + olivina

SiO, 35.40 35.02 35.87 37.42 35.28 3552 36.20
TiO, - - - - - - -
Al,O; 22.23 23.07 21.54 21.58 2250 2252 2195
FeOt* 5.96 6.51 5.79 5.50 6.70 6.47 6.65
MgO 35.84 34.96 36.19 35.51 3553 3538 3511
MnO - - - - - 0.06 -
CaO 0.07 - - - - - -
Na,O 0.50 0.44 0.60 - - - -
K,O - - - - - 0.05 0.10
Total 100 100 99.99  100.01 100.01 100 100.01
Si 4.19 4.15 4.24 4.39 4.18 4.20 4.28
AllV 3.10 3.22 3.00 2.98 3.14 3.14 3.06
SomaT 7.28 7.37 7.24 7.37 7.31 7.34 7.34
AlVI 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00
.Fe2+ 0.59 0.65 0.57 0.54 0.66 0.64 0.66
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Mg 6.32 6.17 6.38 6.21 6.27 6.24 6.19
Ca 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.12 0.10 0.14 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.01 0.02
Cations 14.32 14.29 14.33 14.12 1425 1423 14.20

Fe/(Fe+Mg) 0.09 0.09 0.08 0.08 0.10 0.09 0.10
Mg/(Fe+Mg 0.91 0.91 0.92 0.92 0.90 0.91 0.90
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Escarnitos associados aos diques félsicos

Feldspato PIES-2F1 PIES-5F1

Campo-

Anélise- 1-1-3 1-1-4 1-15 1-12 1-7 1-8 19 2-1 2-2 2-3
Ponto

Banda diopsidio + hornblenda rocha méfica

SiO, 63.57 63.43 63.56 46.18 46.86 44.37 46.37 45.47 46.39 4551
TiO, - - - 0.00 0.04 122 0.01 0.00 0.09 0.00
Al;O4 2248 2247 22.58 36.10 36.21 14.23 36.26 36.05 36.01 36.53
FeOt* - - - 0.03 0.07 7.72 0.09 0.04 0.08 0.01
MgO - - - 0.00 0.04 15.13 0.00 0.00 0.00 0.00
MnO - - - 0.01 0.01 0.09 0.07 0.03 0.00 0.03
CaO 5.57 5.83 5.75 19.53 18.94 12.84 19.20 19.61 19.56 19.96
Na,O 8.38 8.27 8.11 0.73 0.99 1.96 0.76 0.65 0.81 0.51
KO - - - 0.01 0.06 1.20 0.02 0.01 0.01 0.01
Total 100.00 100.00 100.00 102.72 103.22 99.15 102.78 101.85 102.99 102.61
Si 11.24 11.22 11.23 8.31 8.37 8.81 8.32 8.25 8.32 8.20
Al 4.68 4.68 4.70 7.65 7.61 333 7.66 7.70 7.61 7.75
Ti 0.00 0.00 0.00 0.00 0.01 0.18 0.00 0.00 0.01 0.00
Fe2* 0.00 0.00 0.00 0.01 0.01 1.28 0.01 0.01 0.01 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.01 4.48 0.00 0.00 0.00 0.00
Ca 1.06 111 1.09 3.76 3.62 2.73 3.69 3.81 3.76 3.86
Na 2.87 2.84 2.78 0.25 0.34 0.76 0.27 0.23 0.28 0.18
K 0.00 0.00 0.00 0.00 0.01 0.30 0.00 0.00 0.00 0.00
Cétions 19.85 19.85 19.80 19.98 19.99 21.88 19.97 20.00 19.99 20.00
Ab 73.10 72.00 71.80 6.30 8.60 20.00 6.70 5.60 6.90 4.50
An 26.90 28.00 28.20 93.60 91.00 72.10 93.20 94.30 93.00 95.50
Or 0.00 0.00 0.00 0.00 0.40 8.00 0.10 0.10 0.00 0.10

115



Mesquita, R. B., 2016, Petrogénese, geoquimica, balango de massa e idade de escarnitos...

116



Anexo |1

DADOS DE GEOQUIMICA DE ROCHA TOTAL

Oxidos (% em peso)

Amostra Zonaou litotipp  Al,O3 CaO Cr;03 Fe;03 KO MgO MnO Na,O P,0s SiO, TiO2 PPC Total C S

alcali-feldspato

PIES-1-C ranits 1337 134 <0001 197 731 037 005 289 009 7207 034 025 100.16 004 <0.02
PIES-1-E a'ca!'rf:r:‘:tsopato 1409 193 <0001 080 604 033 002 322 003 738L 011 060 10103 0.3 <0.02
PIES-1.c2 POMGdOTICAEM 1007 565 <0001 054 1213 137 002 179 002 6306 007 081 10026 0.16 <0.02
alcali-feldspato
PIES-1-Q ezclggg:gi: 2008 1385 <0001 075 069 319 003 555 004 5215 008 089 97.28 063 <0.02
PIES-12 diopsidio 036 2314 <0001 731 002 1383 019 014 <001 5150 003 431 10084 1.14 <0.02
PIES-1-S mérmore 002 3344 0001 010 002 1968 001 <001 002 191 <001 4448 9967 12.27 <0.02
PIES-2-F2 anfibolito 1878 1276 <0001 1056 199 962 011 137 027 4101 127 153 9944 015 015
PIES-2-F1A g:)‘iﬁ;'g:?d; 111 2704 0003 512 003 1375 018 023 003 4628 009 693 10078 183 <0.02
PIES-2-F1B Carfl?\?iz:’* 020 37.35 <000l 296 004 1255 015 <001 003 1936 003 27.90 10056 7.78 <0.02
PIES-2-F3 marmore 003 4693 <0001 016 <001 777 001 <001 002 021 <001 4436 9946 12.86 <0.02
PIES-5-F anfibolito 1771 1359 0051 1023 082 975 008 189 021 4155 112 180 9885 026 161
PIES-5-Al g(')orgz'li:?d; 077 2901 <000l 30l 009 1448 013 011 005 4432 005 873 10076 243 <0.02
PIES-5-A2 Car:ﬁ\;‘i:;oJr 013 3815 <0001 202 005 1395 011 <001 <001 1275 <0.01 3349 100.65 9.86 0.02
PIES-5-B marmore 008 3829 <0001 037 002 1520 003 <001 001 075 <001 4519 9992 12.28 <0.02
ITA-68-Al hgr’;':;‘;zga 1385 1435 0070 428 087 1787 002 160 029 4214 124 308 9969 075 <0.02
ITA-68-A2 Carfl?\;‘ii;“ 095 3040 0002 413 005 1999 005 005 002 1371 005 3130 10068 826 <0.02
ITA-68-A3 marmore 014 3471 <0001 179 <00l 17.80 005 <001 002 067 <00l 4552 10069 12.34 <0.02

PIES-6-A monzogranito  14.87 108 <0.001 066 482 008 001 451 002 7418 008 052 10091 009 0.06
PIES-11-G anfibolito 1659 1049 0023 1071 076 954 018 224 019 4842 078 046 10045 002 0.08
PIES-10-N  monzogranito ~ 1440 114 <0.001 125 528 015 003 363 004 7403 013 054 100.67 0.06 <0.02

OPU-7572 granito 1372 110 <0001 060 788 017 002 270 005 7233 014 125 10007 0.13 <0.02
OPU-7573 escamito 7.88 2143 <0001 152 017 1250 006 173 0.02 5277 004 199 100.11 041 <0.02
OPU-7574 escarnito 763 1916 <0001 159 1.03 1428 005 173 <001 5229 009 259 10047 0.52 <0.02
OPU-7575 escarnito 828 17.74 <0001 160 163 1494 004 167 <001 5105 011 399 101.08 0.74 <0.02
OPU-7576 escamito 1725 1636 <0.001 099 09 690 003 342 003 4988 002 370 9956 0.72 <0.02
OPU-7577 escamito 286 2296 <0001 138 127 1828 005 024 002 49.97 008 3.88 10099 0.74 <0.02
OPU-7578 marmore 003 3512 <0001 020 <001 1831 003 <001 002 094 <0.01 4554 100.17 12.87 <0.02
L.D. 001 001 0001 001 001 001 001 001 001 001 001 -511 0.02 0.02

PPC = perda por calcinagdo; L.D. = limite de deteccéo.
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Anexo 111

DADOS DE GEOCRONOLOGIA U-Pb EM ZIRCAO VIA LA-ICP-MS

Razbes Isotopicas Idades (Ma)
Ponto Zircéo Rho
Th/U 207Pb/206pb + 206Pb/238U + 207Pb/235U + 207Pb/206|3b + 206Pb/238U + 207Pb/235U +
18 Z1 0.28441 0.06175 0.00074 0.07696 0.00047 0.65524 0.00544 665.46 2530 47795 284 511.70 3.34 0.73559
19 Z1 0.38804 0.05863 0.00090 0.08454 0.00062 0.68341 0.00855 553.38 33.30 523.16 3.70 52884 5.16 0.58620
20 Z2 0.62778 0.05877 0.00143 0.08062 0.00084 0.65328 0.01427 558.59 52.34 499.82 500 51050 8.76 0.47699
21 Z3 059414 0.06016 0.00097 0.07541 0.00059 0.62559 0.00847 609.46 33.26 468.69 352 493.34 5.18 0.57783
22 Z4  0.40589 0.05989 0.00078 0.07257 0.00044 0.59925 0.00566 599.67 26.65 45160 2.62 476.76 3.48 0.64196
25 Z5 0.11856 0.07521 0.00087 0.07721 0.00047 0.80065 0.00626 1074.13 22.34 479.43 2.80 597.19 3.42 0.77858
26 Z6 030617 0.07730 0.00083 0.07377 0.00043 0.78629 0.00516 1129.04 20.09 458.83 259 589.06 2.79 0.88822
27 Z7 033050 0.06181 0.00070 0.07641 0.00046 0.65119 0.00494 667.54 2401 47466 278 509.21 3.04 0.79358
31 Z8 058383 0.06168 0.00074 0.07986 0.00050 0.67914 0.00575 662.97 25.48 49528 3.01 526.25 3.48 0.73950
33 Z9 050746 0.07268 0.00090 0.08544 0.00055 0.85620 0.00758 1005.04 24.88 52851 3.26 628.05 4.15 0.72713
34 Z10 0.61541 0.05925 0.00108 0.07852 0.00066 0.64146 0.01002 576.29 39.22 48728 394 50321 6.20 0.53810
35 Z11 0.38338 0.05647 0.00073 0.07328 0.00045 0.57056 0.00541 470.73 26.44 45591 2.69 458.38 3.35 0.64759
37 Z12 0.07289 0.06131 0.00070 0.08262 0.00047 0.69842 0.00519 650.13 2420 511.74 281 53785 3.10 0.76553
38 Z12 0.30706 0.08120 0.00092 0.07282 0.00048 0.81533 0.00652 1226.40 21.19 453.13 2.88 605.44 3.49 0.82428
39 Z13 0.09992 0.05373 0.00070 0.07391 0.00048 0.54749 0.00538 359.62 2571 459.65 2.88 443.35 3.30 0.66093
40 Z14 0.30573 0.05909 0.00069 0.07780 0.00049 0.63390 0.00515 570.57 2491 48297 293 49852 3.19 0.77524
44 Z15 0.76583 0.02754 0.00176 0.04893 0.00094 0.18582 0.01794 -142957 63.80 307.94 5.62 173.05 10.99 0.19899
45 Z16 055206 0.07693 0.00092 0.08296 0.00054 0.87999 0.00754 111939 2285 513.78 3.18 640.98 3.92 0.75967
46 Z16 0.38906 0.09173 0.00108 0.07101 0.00044 0.89805 0.00740 1461.79 21.20 44221 2.64 650.68 3.71 0.75202
47 Z17 0.39685 0.08058 0.00109 0.07454 0.00053 0.82820 0.00906 1211.33 23.93 463.44 3.12 61261 4.49 0.64998
49 Z18 0.54595 0.08248 0.00101 0.08080 0.00052 0.91888 0.00822 1256.82 23.08 500.92 3.09 661.77 4.17 0.71938
50 Z19 0.21174 0.07504 0.00085 0.07758 0.00043 0.80273 0.00583 1069.70 21.99 481.66 258 598.37 3.19 0.76317
51 Z20 0.66835 0.05920 0.00111 0.09026 0.00075 0.73675 0.01183 57446  40.15 557.07 4.44 56051 6.92 0.51749
52 Z21 0.21121 0.09883 0.00109 0.07485 0.00050 1.01992 0.00786 1602.17 19.44 465.29 297 713.87 3.70 0.86684
58 Z22 0.32616 0.07290 0.00092 0.10984 0.00077 1.10416 0.01053 1011.30 25.63 671.84 4.45 75536 5.10 0.73505
59 Z23 0.85029 0.11322 0.00192 0.07117 0.00076 1.11108 0.01875 1851.73 27.88 44323 4.47 758.69 7.55 0.63276
60 Z24 0.15114 0.07202 0.00084 0.07752 0.00047 0.76980 0.00623 986.45 23.27 48133 2.80 579.65 3.50 0.74912
61 Z25 0.31467 0.06784 0.00081 0.07848 0.00052 0.73402 0.00638 863.59 2358 487.02 3.11 55891 3.63 0.76235
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63
64
65
66
70
71
72
73
74
75
76
77
79
80
81
82
83
84
88
89
90
91
92
93
95
96
97
98
100
101
102

226
z27
Z28
Z29
Z30
Z31
Z32
Z32
Z33
Z34
Z35
Z35
Z36
z37
z37
Z38
Z39
Z40
Z40
Z41
Z42
z42
z43
z43
Z44
Z45
Z46
z47
Z48
Z49
Z50
Z51

0.85996
0.46168
0.78999
0.40046
0.18320
0.35207
0.35773
0.33802
0.46409
0.20377
0.73489
0.60213
0.27703
0.45840
0.38058
0.69515
0.62658
0.88831
0.58119
0.31806
0.90388
0.86127
0.45198
0.28230
0.48939
0.54563
0.25274
0.59945
0.81040
0.41969
0.38178
0.37306

0.06592
0.07195
0.06069
0.07147
0.10452
0.06473
0.09233
0.10143
0.05787
0.09615
0.06109
0.06695
0.06598
0.05924
0.06079
0.07556
0.08258
0.06097
0.05870
0.06652
0.08039
0.07040
0.05669
0.05879
0.05874
0.07899
0.06487
0.07142
0.05644
0.10411
0.06952
0.05935

0.00084
0.00083
0.00122
0.00083
0.00125
0.00073
0.00109
0.00111
0.00075
0.00115
0.00075
0.00079
0.00073
0.00079
0.00073
0.00128
0.00130
0.00097
0.00088
0.00078
0.00109
0.00084
0.00077
0.00068
0.00115
0.00133
0.00077
0.00097
0.00080
0.00154
0.00107
0.00083

0.07748
0.08583
0.07639
0.07691
0.07734
0.09249
0.08252
0.04822
0.08621
0.06933
0.08579
0.08383
0.08202
0.09088
0.08405
0.08698
0.10691
0.08503
0.08856
0.09373
0.08361
0.08162
0.08454
0.08168
0.08869
0.09919
0.07687
0.08331
0.08080
0.08786
0.11562
0.09118

0.00048
0.00052
0.00074
0.00047
0.00054
0.00059
0.00055
0.00032
0.00055
0.00046
0.00054
0.00056
0.00053
0.00061
0.00057
0.00069
0.00083
0.00062
0.00063
0.00057
0.00057
0.00051
0.00060
0.00051
0.00082
0.00080
0.00048
0.00060
0.00056
0.00065
0.00085
0.00068

0.70428
0.85147
0.63926
0.75795
1.11457
0.82549
1.05047
0.67441
0.68789
0.91918
0.72262
0.77382
0.74613
0.74231
0.70453
0.90618
1.21729
0.71481
0.71677
0.85962
0.92675
0.79232
0.66071
0.66210
0.71831
1.08029
0.68754
0.82031
0.62881
1.26120
1.10827
0.74614

0.00652
0.00664
0.01243
0.00607
0.01009
0.00648
0.00898
0.00517
0.00665
0.00833
0.00642
0.00665
0.00584
0.00765
0.00629
0.01258
0.01548
0.00925
0.00864
0.00714
0.00949
0.00681
0.00718
0.00535
0.01245
0.01499
0.00591
0.00894
0.00719
0.01469
0.01387
0.00849

803.94
984.53
628.27
971.00
1705.87
765.66
1474.10
1650.47
524.92
1550.71
642.40
836.23
805.69
575.93
631.92
1083.44
1259.31
638.18
555.99
822.62
1206.57
940.16
479.31
559.33
557.47
1171.88
770.18
969.38
469.76
1698.65
914.21
579.96

26.29
23.33
36.16
23.22
20.80
22.71
21.74
19.16
27.51
21.46
26.11
23.72
23.15
28.90
25.44
33.50
30.38
33.82
32.40
24.14
26.37
24.25
28.29
24.87
42.24
32.88
25.08
26.03
29.53
27.04
31.48
30.12

481.08
530.83
474.56
477.66
480.23
570.24
511.15
303.60
533.07
432.14
530.59
518.93
508.16
560.74
520.26
537.65
654.78
526.08
547.02
577.57
517.63
505.79
523.14
506.14
547.78
609.66
477.39
515.82
500.91
542.87
705.30
562.51

2.89
3.06
4.38
2.79
3.21
3.48
3.25
1.96
3.23
2.76
3.23
3.30
3.17
3.60
3.36
411
4.85
3.67
3.71
3.34
341
3.02
3.54
3.03
4.84
4.72
2.84
3.55
3.31
3.86
491
4.01

541.35
625.46
501.85
572.83
760.37
611.11
729.11
523.39
531.53
661.93
552.21
581.95
565.98
563.75
541.49
655.02
808.54
547.60
548.76
629.92
665.92
592.49
515.05
515.89
549.67
743.78
531.32
608.22
495.35
828.45
757.34
565.98

3.86
3.64
6.89
3.46
4.46
3.49
4.27
2.96
3.93
4.12
3.79
3.73
3.38
4.46
3.72
6.70
7.09
5.48
511
3.84
5.00
3.83
4.26
3.27
7.36
7.32
3.55
4.80
4.33
6.60
6.68
4.94

0.66917
0.77690
0.49817
0.76306
0.77126
0.81265
0.77967
0.86563
0.65995
0.73209
0.70848
0.77736
0.82559
0.65131
0.75959
0.57143
0.61050
0.56347
0.59016
0.73215
0.66575
0.72698
0.65313
0.77272
0.53343
0.58125
0.72646
0.66087
0.60612
0.63516
0.58743
0.65543
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