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RESUMO

As capas carbondticas neoproterozbicas tém sido alvo de inumeros estudos
quimiestratigraficos e paleoambientais ao redor de quase todas as regides cratdnicas do
mundo. Foram depositadas ap6ds eventos de glaciacdo globais e consistem em dolomitos e
calcérios primarios recobrindo diamictitos glaciais com feicGes tipicas como estromatolitos,
estruturas tubiformes, acamamento de megamarcas onduladas e leques de cristais de calcita,
interpretados como pseudomorfos de aragonita. No Brasil, a ocorréncia principal e objeto de
estudo sdo encontrados nos municipios de Mirassol d”Oeste e Tangara da Serra, sudoeste do
Estado de Mato Grosso, sul do Craton Amazénico, recobrindo diamictitos glaciais com idade
em torno de 635 Ma. A capa carbonética faz parte da base do Grupo Araras sendo composta
pelos dolomitos da Formacgdo Mirassol d”Oeste e pelos calcarios e folhelhos betuminosos da
base da Formacdo Guia. O objetivo deste trabalho visa consolidar, uma idade do inicio do
Ediacariano para a capa carbonatica da regido de Tangara da Serra, por meio da
geocronologia Pb-Pb, e trazer novos dados isotdpicos de Sr que contribuam para o
entendimento das condi¢des paleoambientais de deposicdo destas rochas, bem como para a
elaboracdo da curva de evolucdo do Sr no Neoproterozéico. Foram coletadas 36 amostras
posicionadas no topo da Formacdo Mirassol d"Oeste (13 amostras) e na Formacdo Guia (23
amostras), para analises petrogréaficas, de difracdo e fluorescéncia de raios X, assim como
para andlises isotopicas de Sr e datacdo pelo método Pb-Pb por lixiviagdo em rocha total,
utilizando a espectrometria de massa TIMS e ICP-MS. As analises petrograficas permitiram
reconhecer feicbes diagenéticas como, estilolitos, grdos de dolomita recristalizados,
preenchimento de dolomita espatica, presenca de Oxidos de ferro e quartzo autigénico nos
dolomitos da Formacdo Mirassol d"Oeste. Na Formacdo Guia, foram observados leques de
cristais de calcita parcialmente substituida por dolomita espatica, fraturas preenchidas por
oxidos de ferro, estilolitos, microfraturas preenchidas por calcita e dolomita secundaria,
quartzo e feldspato nos calcarios da Formacdo Guia. A analise de difracdo de raios X
complementou a determinacdo da assembléia mineral6gica dos carbonatos, em especial, a
identificacdo da presenca de dolomita secundaria, quartzo e feldspato nos calcarios da base da
Formacdo Guia. A analise quimica por fluorescéncia de raios X permitiu determinar os teores
de Fe, Mn, Ca, Sr, os quais foram utilizados para auxiliar na interpretacdo das assinaturas
isotopicas de Sr. A composicao isotopica de Sr de cinco amostras de dolomitos da Formacéo
Mirassol d"Oeste e seis de calcérios da base da Formacao Guia, foi determinada pelo método
de lixiviacdo sequencial com &cido acético. Para os dolomitos, as razdes ®'Sr/*°Sr oscilaram

entre 0,708 e 0,709. Para os calcérios, foram obtidas razdes isotdpicas 'Sr/2°Sr no intervalo
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de 0,707093 até 0,707289, uma vez eliminadas as etapas de lixiviagdo com provavel
contribuicdo terrigena para o Sr com razdes 2'Sr/*°Sr de até 0,7114. As mais baixas razoes
87Sr/2°Sr foram encontradas nas amostras com mais baixas razées Mn/Sr (0,31-0,45) e Fe/Sr
(6,03-9,8). A diferenca de procedimento analitico utilizado para a obtencdo das razdes
87Sr/%°Sr pode explicar as diferencas de assinaturas isotépicas de Sr dos calcérios da regi&o de
Tangara da Serra (lixiviacdo sequencial) com aquelas, mais radiogénicas, dos calcarios da
regido de Mirassol d”Oeste (dissolucdo total), previamente publicados. As razdes ®’Sr/*®Sr de
0,70709-0,70729 dos calcérios da regido de Tangara da Serra, posicionam-se acima da curva
de evolucdo do Sr ocednico no Neoproter6zoico, na transicdo do Criogeniano — Ediacarano
antes do aumento brusco no inicio do Ediacarano. Foram analisadas 6 amostras de dolomitos
e 17 amostras de calcérios, para a determinacdo da composicdo isotdpica de Pb, as amostras
foram lixiviadas com HCIl. As assinaturas isotdpicas de Pb apresentam uma grande
homogeneidade nos dolomitos (19,05<**°Pb/?*Pb < 19,50; 15,69 <*°’Pb/***Pb < 16,89) e ndo
foram utilizadas para a elaboragdo da isocrona Pb-Pb. Das 17 amostras de calcarios, 15
forneceram uma idade de 622 + 33 Ma (20), apesar das variacdes isotopicas limitadas de
composicdo isotépica (18,77 < 2°°Pb/*™Pb < 31,18; 15,71 <**'Pb/*®Pb < 16,46). Esse
resultado reforca uma idade do inicio do Ediacarano para a formagdo da capa carbonatica do
Grupo Araras e comprova a sua associagcao com os eventos ocorridos apés a ultima glaciacao

criogeniana no sul do Craton Amazonico.

Palavras chaves: Geocronologia Pb-Pb, Geoquimica ®’Sr/*®Sr, Neoproterozoico, Capas
Carbonaéticas.



viii

ABSTRACT

The Neoproterozoic cap carbonates have been the subject of countless paleoenvironmental
and chemicalstratigraphy studies in almost all Cratons around the world. Those were
deposited after global glacial events deposits, are composed of dolostones and limestones,
overlying glacial diamictites with specific features as stromatolits, tubes like structures,
megaripples and crystal fans of calcite. In Brazil this ocucurrence, principal objetive of this
work is exposed in Mirassol d"Oeste and Tangara da Serra towns at Southeast of Mato Grosso
State, Southeastern of Amazon Craton, recovering glacial diamictites with age of = 630 Ma,
The cap carbonate is part of base of Araras Group compoused by dolostone of Mirassol
d"Oeste and limestones of base of the Guia Formation. The main goal of this work is
consolidate an Early Ediacaran age for the cap carbonate of the Tangara da Serra area by Pb-
Pb geochronology and bring new Sr isotopic data to understand the paleoemviromental
conditions as well as the increasing Sr marine evolution curve of during Neoproterozoic.
Were collected 36 samples from top of Mirassol d"Oeste (13 samples) and base of Guia
Formation (23 samples), for petrography, X-ray difractometry, X- fluorescence as well as Sr
isotopic analyses and Pb-Pb dating, using mass spectrometer TIMS and ICP-MS. The
petrography allow recognize diagenetic features as stylolits, dolomite grains recristalized,
spatic dolomite, iron oxides and autigenic quartz in dolostones of Mirassol d Oeste
Formation. In Guia Formation, were observed partial substitution from crystal fans of calcite
to spatic dolomite, stilolits as well as microfractures filled by calcite and secondary dolomite.
The X-difractometry complemented the determination of mineralogical assemblage about
carbonates, identificating the presence of secondary dolomite as well as quartz and feldspar in
limestones of Guia Formation. The X-ray fluorescence allows determinate the teors of Fe,
Mn, Ca and Sr, which were used to help the interpretation of Sr isotopic signatures. The Sr
isotopic signature in 5 samples in dolostones of Mirassol d"Oeste Formation and 6 limestones
samples of base of Guia Formation, were determinated by sequential leaching with acetic
acid. For dolostones the ’Sr/®®Sr ratios ranging 0.708 to 0.709. For limestones the 3'Sr/®®Sr
ratios ranging 0.707093 to 0.707289, after eliminate the leaching by probably terrigenous
contribution for ®’Sr/%°Sr ratios until 0.7114. The lowest 'Sr/*Sr ratios were found in
samples with lowest Mn/Sr ratios (0.31-0.45) and Fe/Sr (6.03-9.8). The differences in
analytical procedure used to obtain the ®'Sr/®Sr ratios, allow to explain the differences about
the isotopic Sr signatures in limestones from Tangara da Serra area (sequential leaching) with
which, more radiogenic from limestones from Mirassol d"Oeste area (total dissolution),

previously published. The ®Sr/®Sr ratios ranging 0,70709 — 0,70729 in limestones from



Tangara da Serra area, are positioned above from Sr marine curve in late Neoproterozoic, in
transition from Cryogenian to Ediacaran, before the abrupt rise in early Ediacaran. Six
dolostones samples and 17 limestones samples were analyzed, for determination of isotopic
Pb composition, the samples were leached with HCI. The isotopic Pb signatures are
homogeneous in dolostones (19.05<2°°Pb/**Pb < 19.50; 15.69 <**’Pb/***Ph < 16.89) and were
not used for elaborate the Pb-Pb isochron. From 17 limestones samples just 15 provided and
age of 622 + 33 Ma (20), despite de limited isotopic variations of the isotopic composition
(18.77 < ®°pp/**Pb < 31.18; 15.71 <**'Pb/**Pb < 16.46). This result reinforces the Ediacaran
early age to cap carbonate of Araras Group and check their association with the events after

the last Criogenian glaciation at South of Amazon Craton.

Key words: Pb-Pb dating, #Sr/®*Sr geochemistry, Neoproterozoic, Cap Carbonate.
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CAPITULO 1

1.1  INTRODUCAO

O final do Pré-Cambriano foi caracterizado por uma série de eventos andmalos Gnicos
ndo encontrados em outras eras geoldgicas. Destacam-se registros de expressivas variacdes
paleoambientais e paelocliméticas, o surgimento das primeiras formas de vida complexas
desenvolvidas sob uma atmosfera pobre em oxigénio, além de constantes variacdes do nivel
do mar diretamente relacionadas a fragmentagdo do Rodinia e formagdo do Gondwana (Knoll,
2000; Hoffman e Schrag, 2002). Talvez o cenario mais intrigante ocorrido no final do
Neoproterozoico, particularmente no Criogeniano (720 — 635 Ma), foram os eventos de
glaciagdes globais ligadas as seguintes duas hipoteses:

(1) A hipdtese de Snowball Earth, que propde um congelamento total do planeta,
junto com a extincdo de toda forma de vida (Kirschvink 1992; Hoffman et al., 1998a;
Hoffman e Schrag 2002) e, (2) a hipotese de Slushball Earth, sugerindo um congelamento
parcial da terra, deixando a area do equador livre de gelo, mantendo condi¢cfes de tipo
greenhouse (Hyde et al., 2000). Esta Gltima hipdtese € a mais aceita hoje em dia devido ao
fato de que as concentragdes do CO, ndo eram as suficientes para permitir degelo rapido,
tendo em vista que todos os continentes encontravam-se aglomerados em latitudes baixas. O
degelo foi favorecido muito mais pelas condigdes ambientais mais aquecidas na area
equatorial do que pela grande quantidade de CO,, como postulado pela hipétese do Snowball
Earth que forneceria as condices de efeito estufa para causar o derretimento das enormes
geleiras (Sansjofre et al., 2010).

As glaciacdes globais ocorreram pelo menos duas vezes durante o Criogeniano
(Glaciacéo Sturtiana =~ 725 Ma ¢ Glaciacdo Marinoana ~ 635 Ma) e uma vez no Ediacarano
(Glaciacdo Gaskier =~ 580 Ma) (Hoffman, 1998). Apos essas glaciacdes, foram depositadas as
chamadas capas carbonaticas, encontradas em diversas partes do globo, que em geral, sdo
compostas por dolomitos e calcarios com estruturas tipo tubo, estromatolitos, megamarcas
onduladas e leques de cristais, assim como outras fei¢cbes andmalas (Kaufman e Knoll, 1995;
Hoffman et al., 1998; Hoffman e Schrag, 2002; Allen e Hoffman, 2005). O registro deste
depdsito no Brasil é considerado como sendo da Ultima glaciacdo Criogeniana e pode ser
observado na borda sul do Craton Amazoénico, nos municipios de Mirassol d”Oeste e Tangara
da Serra, Estado de Mato Grosso nas formacdes Mirassol d"Oeste (dolomitos) e Guia

(calcarios), que constituem a base do Grupo Araras (Nogueira et al., 2003, 2007).



Esta capa carbonética foi alvo nos Gltimos anos, de diversos estudos estratigréficos,
quimioestratigraficos, paleomagnéticos e paleontoldgicos (Maciel, 1959; Alvarenga e
Trompette, 1992; Nogueira et al., 2003, 2007; Nogueira e Ricomini, 2006; Babinski et al.,
2006; Trindade e Macouin, 2007; Alvarenga et al., 2008; Soares e Nogueira, 2008; Font et
al., 2010; Sanjofre et al., 2010). A ocorréncia de Tangara da Serra, area de estudo desta
dissertacdo, tem sido detalhada estratigraficamente por Soares e Nogueira, (2008), entretanto,
estudos isotopicos e principalmente geocronolédgicos ainda sdo escassos. Desta forma este
projeto de mestrado tratou da obtencdo de dados isotopicos de Sr para o entendimento das
condicdes paleoambientais, bem como, juntamente com a geocronologia de Pb-Pb, inferir a
idade destes depositos, contribuindo no entendimento da seqiiéncia de eventos ocorridos apds
a Ultima glaciacdo criogeniana.

Este trabalho foi estruturado em cinco capitulos. O primeiro capitulo consta de uma
parte introdutdria, junto com os objetivos e a localizacdo geografica da area de estudo. O
segundo capitulo é dedicado a uma breve apresentacdo das caracteristicas gerais das capas
carbonaticas seguida pela descri¢do do contexto geoldgico da regido de Tangara da Serra com
a litoestratigrafia e uma sintese dos dados isotopicos e geocronoldgicos anteriores. Uma breve
apresentacdo da geoquimica isotopica de Sr e da geocronologia Pb-Pb em rochas carbonaticas
também esta incluida nesse capitulo. No terceiro capitulo, sdo descritos 0os materiais e
procedimentos experimentais utilizados para obtencdo dos dados analiticos. O capitulo 4
apresenta os resultados e as interpretacbes em forma de artigo submetido. Finalmente, as

conclusdes, sdo apresentadas no ultimo capitulo.

1.2 OBIJETIVOS

Este trabalho teve trés objetivos especificos: O primeiro objetivo visava determinar a
idade de deposicdo da capa carbonatica por meio de datacdo Pb-Pb em rocha total por
lixiviacdo. O segundo objetivo deste trabalho foi uma caracterizacdo quimioestratigrafica do
Sr da capa carbonatica da regido de Tangara da Serra, visando obter as varia¢fes da razao
¥Sr/%sr e identificar a assinatura isotopica primaria do ambiente de deposicdo dos
carbonatos. O terceiro objetivo foi contribuir para a determinacdo da composicéo isotépica do
Sr da agua do mar no momento da deposi¢cdo das lamas carbonaticas no contexto marinho do

Neoproterozoico.



1.3 LOCALIZACAO

A area de trabalho encontra-se na regido de Tangara da Serra, Estado de Mato Grosso,

Centro-Oeste do Brasil. Os melhores afloramentos das unidades estudadas encontram-se na

mina Calcéario Tangara da Fazenda Alvorada nas margens do rio Sepotuba, afluente do rio

Paraguai, municipio de Tangara da Serra, em uma area topograficamente plana entre as serras

de Tapirapud e Dos Parecis. Para chegar ao municipio de Tangard da Serra segue-se desde

Cuiabé (capital do Estado de Mato Grosso), percorrendo 240 km pela rodovia federal BR-163

e pelas rodovias estaduais MT-104 e MT-124 (Figura 1.1).
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CAPITULO 2

2 GENERALIDADES SOBRE AS CAPAS CARBONATICAS E DESCRICAO DO
CONTEXTO GEOLOGICO

2.1 CAPAS CARBONATICAS

Mudancas na paisagem ao final do Neoproterozoico foram evidenciadas pelos processos
po6s-glaciais, provocados pela tectbnica de placas permitindo o degelo, produto do
superaquecimento da atmosfera devido a abundante quantidade de di6xido de carbono, como
resultado das atividades vulcanicas intracratonicas (Hoffman, 1998).

As capas carbonaticas sdo constituidas por dolomitos rosados e por calcarios cinzas.
Ambos sdo cristalinos finamente laminados; com estruturas do tipo tubo, laminagdes
estromatoliticas, megamarcas onduladas (megaripples), crostas de calcita com fabricas
peloidais e ooliticas e leques de cristais (Kaufman et al., 1995; Hoffman et al., 1998a;
Nogueira e Riccomini, 2006), formados como resultado da alta alcalinidade nos oceanos,
provocada pelo intemperismo pds-glacial (Kaufman et al., 1995). As capas carbonéticas
contém caracteristicas texturais raras e ainda sem explicacdes totalmente satisfatorias. Exibem
espessuras meétricas e acham-se depositadas diretamente sobre sedimentos glaciogénicos sem
qualquer evidéncia de hiato deposicional (Hoffman, 1998; Hoffman e Schrag, 2002; Kennedy,
1996; Kennedy et al., 2001). Os valores de &“C para plataformas carbonaticas do
Neoproterozoico Superior depositadas anteriormente a glaciagdo sdo superiores a +8 %o ¢ +9
%o, enquanto que aquelas depositadas ap6s das glaciacBes, registram excursdes de & **C
negativas, em torno de -2 %o a -6 %o (Hoffman, 1998).

A origem dessas feicGes é assunto de controvérsia. Contudo, acredita-se que a formacéo
destes depositos esta relacionada a uma paisagem previamente congelada (icehouse), onde um
processo de transgressdo esta direitamente relacionado com uma rapida subida do nivel do
mar, devido ao degelo, modificando o clima durante o final do Neoproterozoico em condicGes
de efeito estufa (greenhouse) (Grotzinger e James, 2000).

As capas carbonaticas neoproterozdicas foram documentadas em quase todas as regides
cratbnicas do globo (Corsetti et al., 2006; Halverson et al., 2004; James et al., 2001; Rieu,
2006). Na parte central da América do Sul na borda sul do Craton Amazbnico, a capa
carbonatica neoproterozdica foi identificada por Nogueira et al., (2003) chamada de “capa

carbonatica Puga”, por estar intrinsecamente relacionada ao término da Gltima glaciacéo



Criogeniana (Marinoana) (Nogueira et al., 2003). Existem outras capas carbonaticas descritas

recentemente no Brasil como a do Grupo Bambui (Alvarenga et al., 2007; Lima, 2011).

2.2 CONTEXTO GEOLOGICO

2.2.1 Litoestratigrafia

A éarea de estudo encontra-se no limite entre duas importantes areas geoldgicas na regido
central de América do Sul o Craton Amazonico e a Faixa Paraguai. O Craton Amazdnico é a
maior regido cratonica da plataforma Sul-americana, sendo composto por rochas cristalinas
formadas durante o Arqueano e o Proterozdico (Cordani e Sato, 1999) e fez parte do
supercontinente Gondwana junto com o0s blocos continentais Oeste Africano, Sdo Francisco-
Congo e Rio de La Plata (Alkmin et al., 2001). A Faixa Paraguai foi interpretada como uma
sutura de colisdo de tipo himalaiana (Hasui et al. 1992) e representa um extenso orogeno
Neoproterozoico formado pela tectdnica Brasiliana/Pan-Africana (500 - 480 Ma) (Almeida,
1984; Trompette, 2000), durante a convergéncia e colisdo de trés blocos continentais: a oeste
0 Amazonas, a leste Séo Francisco-Congo e ao sul Parana ou Rio de la Plata, (Almeida, 1984;
Trompette, 2000; Alkmin et a, 2001; Trindade e Macouin, 2007). No final do
Neoproterozoico, 0s eventos deposicionais na borda sul do Craton Amazonico, foram
marcados por eventos pos-glaciais fornecendo as condi¢bes ambientais e climaticas para a
precipitacdo de carbonatos, sendo normalmente denominadas de capa carbonatica do Grupo
Araras. (Nogueira et al., 2007).

O Grupo Araras é constituido por uma sucessdao de dolomitos e calcarios com uma
espessura total em torno de 600 m na regido de Mirassol d"Oeste (Nogueira e Riccomini,
2006; Nogueira et al., 2007). O Grupo Araras aflora na borda sul do Craton Amazdnico e
sobrepde os diamictitos glaciais da Formacdo Puga composta por paraconglomerados com
matriz argilo-arenosa e clastos distribuidos caoticamente, depositadas a partir de grandes
geleiras que sobrepdem direitamente o Craton Amazénico (Maciel, 1959; Alvarenga e
Trompette, 1992), considerado o embasamento da sucessdo sedimentar onde esta inserido o
Grupo Araras. O Grupo Araras estd sobreposto e discordantemente pelos depdsitos
siliciclasticos do Grupo Alto Paraguai que incluem as formagbes Raizama, Sepotuba e
Diamantino. (Nogueira e Riccomini, 2006; Bandeira Jr. et al., 2007) (Figura 2.1). Este
trabalho abrange a Formacdo Mirassol d”Oeste e a base da Formacdo Guia que representam a

Capa Carbonéatica do Grupo Araras. O Grupo Araras esta dividido em quatro formagdes



segundo a proposta de Nogueira e Riccomini, (2006), denominadas da base para o topo de
Formagdo Mirassol d"Oeste, Formacdo Guia, Formacgdo Serra do Quilombo e Formacéo
Nobres, e desenvolvidas em ambientes de plataforma moderadamente profunda, plataforma
profunda saturada de CaCOj; plataforma profunda andxica e planicie de maré/sabkha
respectivamente (Nogueira e Riccomini 2006).

A Formagdo Mirassol d’Oeste apresenta uma espessura de 15 m na regido de Tangara da
Serra, constituida por dolomitos finos e dolomitos peloidais de coloracdo rosa. Contém
estruturas do tipo tubo, megamarcas onduladas e estromatélitos estratiformes na regido de
Mirassol d”Oeste, enquanto que na regido de Tangara da Serra, 0s estromatélitos estratiformes
ndo foram encontrados. O contato entre as formacdes Mirassol d"Oeste e Puga é brusco,
lateralmente irregular e ondulado, com deformacgdes plasticas atribuidas a sismicidades
induzidas por “rebound” pés-glacial, que representam o registro de uma rapida mudanca de
condicdes glaciais para efeito estufa (Hoffman, 1998). Com base nessas caracteristicas, esta
formacdo foi interpretada como capa dolomitica na regido de Mirassol d"Oeste (Nogueira et
al., 2003).

A Formacdo Guia, apresenta uma espessura de 200 m na regido de Tangarad da Serra,
representada por calcarios finos cinzas, pretos e betuminosos, folhelhos betuminosos, pelitos
vermelhos e cementstones com leques de cristais de calcita (pseudomorfos de aragonita) e
laminagéo plana. E interrompida localmente por brechas com cimento dolomitico e/ou matriz

intercalada e estruturas de deformacao (Nogueira e Riccomini, 2006).

A Formacao Serra do Quilombo estd composta por brechas intercaladas com dolomitos
finos e dolomitos arenosos com estratificacdo cruzada hummocky, possuindo 100 m de

espessura (Nogueira e Ricomini 2006).

A Formacao Nobres, que possui uma espessura de 70 m € composta por dolomitos finos,

estromatdlitos, dolomitos arenosos e brechas (Nogueira e Riccomini, 2006).

As Formac6es Serra do Quilombo e Nobres ndo foram emcontradas na regido de Tangara

da Serra.
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da Serra (quadro destacado).

2.2.2 Dados Geocronoldgicos e Isotopicos Anteriores

Um conjunto volumoso de dados isotopicos de carbono e oxigénio foi publicado para as capas
carbonaticas do Grupo Araras, assim como um ndmero significativo de dados ®’Sr/®Sr. A
maioria desses dados foi compilada por Alvarenga et al., (2009).

Na regido de Mirassol d Oeste, dados isotépicos de §'*C obtidos para as rochas da base do
Grupo Araras (Formagoes Mirassol d”Oeste e Guia) apresentam valores fortemente negativos,
em torno de -9 %o, aumentando até valores positivos no topo do Grupo Araras. As capas
dolomiticas e os calcarios apresentam valores de §**C em torno de —5 %o enquanto que para a
sucessdo carbonética sobreposta, os valores de §'°C estdo entre —2.5 %o e -1 %o. Alvarenga et
al., (2008) obtiveram valores entre -10.5 %o € — 4.1%0 ¢ entre -5.4 %o ¢ -2.7 %o para as

formacbes Mirassol d"Oeste e Guia, respectivamente. Resultados similares foram também



obtidos para a base da Formacgdo Guia na porcdo norte da Faixa Paraguai, no setor de Nobres,
com valores de §**C no intervalo de -4.53 a -3.55 %o (Paula-Santos et al., 2010). Na regio de
Mirassol d"Oeste, resultados isotépicos de §'80 apresentam valores de —10 %o a —2 %o ¢ de—
6.0 %0 a —1.3 %o para as formagdes Mirassol d'Oeste e Guia, respectivamente ( Nogueira et
al., 2007; Alvarenga et al., 2008). Os dados negativos de 5'®0 e §*3C sdo caracteristicas de
capas carbonéticas da Ultima glaciacdo do Criogeniano (Hoffman, 1998), datada em torno de
635 Ma.

No setor de Tangara da Serra, os valores de 613C variam de -4 %o a -7 %o para a capa
carbonética (Soares e Nogueira, 2008), enquanto que resultados &0 entre —8.05 %o ¢ —
1.45%0 foram encontrados (dados ndo publicados). A similaridade das excursdes dos dados
isotopicos consolidam as correlacGes estabelecidas entre as capas carbonaticas das regifes de

Mirassol d"Oeste e Tangara da Serra (Figure 2.2)

Na regido de Mirassol d"Oeste, as razdes isotopicas de Sr das formacbes Mirassol d”Oeste
e Guia, foram documentadas na faixa de 0.7074-0.7078 para as razbes ®’Sr/*®Sr (Nogueira et
al., (2007). Para a capa dolomitica, valores de ®'Sr/%°Sr no intervalo de 0.70848 a 0.71435
foram também determinados por Alvarenga et al., (2008), assim como valores no intervalo de
0.70763 a 0.70780 para os calcarios sobrepostos. Os valores de 2'Sr/%®Sr abaixo de 0.7080
foram interpretadas como assinaturas isotopicas primarias, sendo representativas da
composicdo da agua do mar a partir da qual os carbonatos precipitaram, enquanto que 0s
valores acima foram consideradas como tendo sido modificadas por processos diagenéticos
(Alvarenga et al., 2009). Na regido de Nobres, no setor norte da Faixa Paraguai, 0s calcarios
da Formacdo Guia apresentam valores similares (0.7076 < #’Sr/*®Sr < 0.7080) aos obtidos
para a mesma Formacao na regido de Mirassol d"Oeste, sendo também interpretados como
assinatura isotopica primaria do Sr (Paula-Santos et al., 2010).

H& poucos dados geocronologicos para auxiliar na determinacdo do periodo de
formacdo das capas carbonaticas do Grupo Araras.

Existem idades minimas para depdsitos de rochas sedimentares neoproterozoicas
aflorantes no sudoeste do Craton Amazonico e Faixa Paraguai, fornecendo valores de 483 + 8
Ma, pelo método Rb/Sr; (Almeida e Mantovani, 1975) e de 504 + 12 Ma pelo método K/Ar;
(Amaral et al., 1966), obtidas para o Granito Sdo Vicente, intrusivo nas rochas
metassedimentares do Grupo Cuiaba, que servem de embasamento para o diamictito Puga, na
Faixa Paraguai. Uma idade minima de 54117 Ma, foi recentemente apresentada para o

deposito da Formagdo Diamantino, pertencente ao Grupo Alto Paraguai que recobre o Grupo



Ararads na Faixa Paraguai, a partir da datagdo U-Pb de zircGes detriticos (Bandeira et al.,
2012). Atée o momento, a Unica datacdo direta da capa carbonatica do Grupo Araras foi
realizada nas rochas carbonaticas da Formag¢dao Mirassol d’Oeste, no afloramento da Mina
Terconi, na regido de Mirassol do d"Oeste, fornecendo uma idade de 627 + 32 Ma,

considerada como sendo da deposicédo dos carbonatos (Babinski et al., 2006).
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Figura 2.2 Sec@es da capa carbonatica tipo em Tangaré da Serra e Mirassol d"Oeste, com a correlacdo dos dados
facioldgicos e de isdtopos de 5°C e 5'°0. Modificado de Nogueira et al., (2003) e Soares e Nogueira, (2008).

2.3  GEOQUIMICA Sr e GEOCRONOLOGIA Pb-Pb EM ROCHAS CARBONATICAS

Os métodos aplicados neste trabalho foram motivados pelo fato de que os is6topos de Pb
representam uma ferramenta importante e Unica que pode fornecer idades radiométricas em
rochas carbonaticas pré-cambrianas na auséncia de tufos vulcanicos (Babinski et al, 1999). Os
is6topos de Sr refletem a composicdo da dgua do mar no momento da deposicdo das lamas
carbonaticas, e suas mudancas no tempo indicam variagcdes da intensidade do intemperismo

continental e da atividade vulcanica naquela época (Banner, 2004).

2.3.1 Geoquimica Isotopica do Sr

O ®¥sr é um isotopo radiogénico do Sr produto do decaimento do ®Rb e sua

abundancia nas rochas e minerais pode ser identificada através da razdo ®'Sr/*°Sr. Durante os
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processos de intemperismo quimico na superficie dos continentes, o Sr contido nas rochas €
liberado, transportado e finalmente depositado nos oceanos (Faure, 1986).

As variacOes das composigao isotdpica do Sr da agua do mar dependem das taxas de
fluidos mantélicos, produto de vulcanismo submarino contendo Sr pouco radiogénico e da
contribuicdo dos rios contendo Sr mais radiogénicos de rochas previamente intemperizadas
(Banner, 2004). As raz0es isotdpicas do Sr tendem a se homogeneizar na 4gua do mar em
apenas alguns milhares de anos enquanto que o tempo de residéncia de Sr nas aguas marinhas
estd na ordem de 3 a 5 Ma (Halverson et al., 2007), fazendo com que sua composi¢cdo
isotopica seja a mesma em carbonatos depositados ao mesmo tempo em todos os mares do
mundo (Banner, 2004). Esse comportamento permite que as razao isotopica do Sr possa ser
utilizadas como indicadores de eventos intempéricos expressivos, devido ao contraste entre as
assinaturas isotopicas dos continentes e do vulcanismo submarino (Halverson et al., 2007).
Atualmente, a razéo ®'Sr/®Sr contida na 4gua do mar é de 0,70910 + 0,00004 (Burke et al.,
1982), enquanto que a razdo ®'Sr/*°Sr média do Sr de origem continental e vulcanicas
submarinas estdo em torno de 0,7120 e 0,7035, respectivamente.

O vinculo da razdo ®'Sr/®Sr com teor de Rb, faz com que a taxa de
intemperismo/erosdo assuma uma grande importancia na influencia de fatores externos que
possam interferir nessa razdo como a atividade hidrotermal nas cadeias meso-oceénicas (Jones
et al., 1994) e a diagénese (Baker et al., 1982). Assim, todos os fatores naturais que, direta ou
indiretamente, controlam o ciclo sedimentar podem influenciar de maneira significativa a
razdao °'Sr/*®Sr, como mudancas climéticas extremas, processos orogenéticos e grandes
variacdes no nivel do mar (Banner, 2004).

Durante a cristalizacdo do carbonato, o Sr é incorporado no reticulo cristalino por sua
afinidade com o calcio, a composicao isotdpica do Sr fica registrada nos carbonatos em um
sistema fechado (Banner, 2004), porém o0s minerais depositados sdo metaestaveis,
transformando-se em carbonatos estaveis fora do contato com a agua do mar durante a
diagénese (Fairchild e Kennedy, 2007). No entanto a interacdo dos minerais formados com
fluidos ndo marinhos tendem a alterar as composicbes isotOpicas originais, sem
necessariamente alterar a textura das rochas (Banner, 2004).

Curvas de variacBes da razdo ®’Sr/*®Sr de rochas carbonaticas marinhas, durante a
evolucdo do tempo geoldgico, tém sido construidas por diversos autores compiladas por
Melezhik et al, (2001) (Figura 2.3). A construcdo dessas curvas e sua comparacdo com as
razdes obtidas, os valores das razdes 'Sr/*°Sr das rochas carbonaticas marinhas representam o

valor da razéo ¥Sr/*®Sr da 4gua do mar, no momento da precipitacdo das lamas carbonaticas.
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Figura 2.3 Compilacdo das diversas propostas de curvas de Evolucdo das razdes ®'Sr/*°Sr de carbonatos

marinhos durante o Neoproterozoico e inicio do Cambriano. (Melezhik et al., 2001; Halverson et al., 2010).

Ao longo do Neoproterozéico, o valor da razdo ®'Sr/*®Sr dos oceanos passou de 0,7055
a 0,7080 ou mais (Banner 2004, Halverson et al., 2007; Shields 2007, Kuznetsov et al., 2011).
Ao longo do Criogeniano, essa razdo cresceu gradativamente de 0,7055 até em torno de
0,7072. Durante a Glaciacdo Sturtiana, os valores estavam entre 0,7067 e 0,7069 (Halverson
et al., 2007, Halverson e Shields-Zhou, 2011), o que a diferencia da Glaciacdo Marinoana, no
final do Criogeniano com valores, em torno de 0,7072 (Halverson et al., 2007; 2010;
Halverson e Shields-Zhou, 2011;Calixto et al., 2012). No intervalo entre 600 Ma e 540 Ma, 0
aumento da razdo esta relacionado com as altas taxas de erosdo e influxo de aguas
continentais para 0s oceanos, como consequéncia das orogenias responsaveis pela colagem do
supercontinente Gondwana (Derry et al., 1992; Kaufman et al., 1993; Jacobsen e Kaufman,
1999; Halverson et al., 2007, 2010).

A transicdo do Criogeniano para o Ediacarano é considerado um periodo critico na
evolugdo da curva da razdo ®Sr/®*Sr do Sr marinho, ja que ocorre um aumento de 0.7072 para
0.70785 num intervalo de tempo muito curto (3 —4 Ma) (Halverson et al., 2007, 2010). Essa
variacdo abrupta € retratada pelas grandes variacfes de composicdes isotopicas encontradas

em carbonatos em escala global (0,7072-0,708) para esse periodo.
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2.3.2 Geocronologia Pb-Pb em Carbonatos

Os is6topos de Pb comegaram a ser estudados para datar a idade da Terra por meio dos
meteoritos (Patterson, 1956), em rochas igneas e metamorficas (Rosholt et al., 1973) e para
estudos petrogenéticos (Zartman, 1974).

O Pb na Terra ocorre como uma mistura homogeneizada de Pb primordial e
radiogénico (Patterson, 1956). O Pb primordial foi incorporado durante a formagéo da Terra,
enquanto que o Pb radiogénico foi produzido ao longo do tempo pelo decaimento de 2**U,
25 e #2Th. As razdes isotopicas do Pb primordial sdo: 2°Pb/***Pb = 9.307; *’Pb/*®*Pb =
10.294 e 2°®pp/?™ph = 29.476 (Patterson, 1956, Tatsumoto et al., 1973).

O Pb é um elemento comum nas rochas e pode ocorrer como elemento traco e possui
quatro isotopos naturais, “°*Pb, *’Pb, ®Pb e ***Pb. O 2°®ph é gerado pelo decaimento
radioativo do 2**Th; assim como o ?’Pb pelo decaimento de **°U e o0 *®°Pb pelo decaimento
radioativo de 2*®U. O *Pb nio é radiogénico e é considerado como o isétopo estavel de
referéncia. Os minerais e/ou as rochas retém certa quantidade de Pb como Pb inicial cuja
composicao isotopica depende do quimismo do ambiente prévio a cristalizacdo, como o
manto ou a crosta terrestre. Cada ambiente tem razbes U/Pb e Th/Pb proprias, que
condicionam a composicdo isotépica do Pb e podem fornecer importantes informacoes
petrogenéticas. Essas composicdes isotopicas de Pb sdo também utilizadas para a determinar
idades de rochas auxiliando a compreensdo da evolucdo geoldgica de terrenos. Para que uma
datacdo seja possivel, é necessario que o mineral ou a rocha tenha funcionado num sistema
fechado em relacdo ao U e/ou Th e Pb, apds a sua formacao.

A utilizag&o simultanea dos cornémetros “**U- 2°Pb e ***U-?*"Pb, para um conjunto de
rochas cogenéticas, permite a elaboracdo de retas iscronicas em diagramas 2°’Pb/***Pb vs
208pp20%%ph que dispensam a determinacdo das concentracdes de U. A determinagdo com
maior precisdo da idade dependera da amplitude das variacdes de composicéo isotopica de Pb
nas amostras. Essas condi¢des sdo mais bem alinhadas em rochas precambrianas para as quais
as variagdes da razdo 2°°Pb/***Pb sdo geralmente maiores (Faure, 1986).

A aplicacdo do método Pb-Pb em rochas carbonaticas pré-cambrianas para a
determinacdo de idades absolutas é possibilitada devido as altas razdes isotdpicas de U/Pb da
agua do mar, do ambiente de deposicdo destas rochas, aléem do fracionamento quimico entre
U e Pb, e das consequientes variac@es nas raz6es isotdpicas, (Kaurova et al, 2010).

A metodologia de Pb-Pb para rochas carbonéticas pré-cambrianas comegou com o

estudo de Moorbath et al. (1987), que dataram rochas estromatoliticas ndo metamorfisadas de
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Greenstone Belt do Craton de Zimbabue, fornecendo idades arqueanas e demonstrando que a
metodologia pode constituir uma boa ferramenta para determinar a idade de deposi¢do de
rochas carbonaticas pré-cambrianas. Em seguida, outros autores também utilizaram esta
metodologia como geocrondmetro da sedimentacdo para formagdo de rochas carbonéticas
(Jahn, 1988; Taylor e Kalsbeek, 1990; Babinski, 1993; Jahn e Cuvellier, 1994; Babinski et al.,
1999, 2006, 2007; Folling et al., 2000; Ovchinnikova et al., 2001; Bolhar et al., 2002;
Kutnetzov et al., 2008; Kaurova et al., 2010).

O urénio tem um tempo de residéncia de =1 Ma nas aguas do mar e sua concentracdo ¢
homogénea nos oceanos do mundo (Chen et al., 1986) sua introdugdo nos oceanos pode ser
pelas aguas continentais ou pela atividade hidrotermal marinha (Jahn e Cuvellier, 1994). A
agua do mar contem = 3 ng/g de U, e = 2 pg/g de Pb (Taylor e McLennan, 1985), isso
corresponde a uma razio U/Pb de = 1.500, ou a um valor de p (= 28U/*%Pb) de até 100.000.
Os mecanismos de incorporacdo de U e Pb em carbonatos a partir da dgua do mar ndo sao
claramente entendidos poréem as concentracdes medias nesses elementos fica em torno de 3
ng/g para o U e de 1 pg/g para o Pb, podendo produzir razdes U/Pb muito elevadas o que faz
dos carbonatos materiais adequados para serem datados. (Jahn e Cuvellier, 1994; Kaurova et
al., 2010). A incorporacao de U envolve processos como, a reducdo do ion soluvel uranilo
(UO2*?) para o fon insoltvel tetravalente (U*), a adsorcdo de U pela matéria organica, e a co-
precipitacdo de matéria organica e calcita para formar os sedimentos (Jahn, 1988).

Apos a formacdo dos carbonatos, é pouco provavel que o sistema U-Pb permaneca
fechado durante os processos diageneticos ou a interacdo com fluidos. Perda de U e
enriquecimento de Pb, geralmente de composicdo isotdpica distinta, sdo comuns na calcita
durante a diagénese de tal forma que o sistema U-Pb do carbonato se comporte praticamente
como um novo cronbmetro (Kaurova et al, 2010). Conseqlientemente, a idade obtida pelo
método do Pb-Pb em carbonatos corresponde mais provavelmente a idade da diagénese do
que da precipitacdo dos carbonatos. Porém estudos em sedimentos marinhos recentes
mostraram que 0s processos diagenéticos alcancem sua maior intensidade pouco tempo depois
da sedimentacdo, i.e, até os primeiros 5 Ma, para depois diminuir muito rapidamente (Richter
e DePaolo, 1987). Considerando um intervalo de tempo similar para os equivalentes
précambrianos e considerando o erro de algumas dezenas de Ma com que as idades
isocrénicas Pb-Pb sdo geralmente determinadas, & possivel assumir que essas idades

correspondem também a idade da sedimentacdo (Kaurova et al, 2010).
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CAPITULO 3

3 MATERIAIS E PROCEDIMENTOS EXPERIMENTAIS

Neste capitulo sdo apresentados comentérios sobre as etapas de campo e detalhes
sobre a coleta de amostras, seguido por uma descricdo sucinta dos procedimentos
experimentais utilizados.

Para 0 estudo petrografico foi utilizado um Microscopio Petrogréfico Axiolab
Polarizador e Acessdrios da Zeiss, acoplado a uma camera digital Sony CYBERSHOT
acoplada, modelo DSC — S75, com 3.3 Mega Pixels e zoom de 6.0X em modo de cena do
laboratdrio do Grupo de Analise de Bacias Sedimentares - GSED da UFPA.

As analises mineralogicas por difragdo de Raios-X foram realizadas com o
difractbmetro X”Pert Pro PANalytical, equipado com tubo de cobre e monocromador de
grafite no Laboratorio de Caracterizacdo Mineral (LCM) “Walter Klaus Schuckman” do
Grupo de Mineralogia e Geoquimica Aplicada — GMGA da UFPA. Para as analises quimicas
por fluorescéncia de Raios-X, foi utilizado um espectrémetro WDS seqtiencial, modelo Axios
Minerals da marca PANalytical, com tubo de raios X ceramico, anodo de rédio (Rh) e
méaximo nivel de potencia 2,4 Kw do mesmo laboratorio anteriormente mencionado. As
analises isotopicas de Sr e Pb foram realizadas no Laboratorio de Geologia Isotopica -Para-Iso

da UFPA, com espectrometria de massa por termoionizacdo TIMS e de fonte plasma ICP-MS.

3.1 TRABALHO DE CAMPO E COLETA DE AMOSTRAS

Uma campanha de campo foi realizada na regido de Tangara da Serra, para o
reconhecimento das principais litofacies (litotipos e estruturas sedimentares) e das unidades
aflorantes, assim como para uma coleta sistematica de amostras de carbonatos. A amostragem
foi feita nos afloramentos da mina Calcario Tangard, determinada pela acessibilidade aos
afloramentos e pelas condigdes de menor grau de deformacéo e intemperismo.

Na regido de Tangard da Serra, foram coletadas 36 amostras em trés diferentes
bancadas, chamadas de CT1, CT2 e CT3 respectivamente, A amostragem € representativa do
topo da Formagdo Mirassol d’Oeste (CT-1) e da base da Formagédo Guia (CT-2 e CT-3),

localizada estratigraficamente em um perfil levantado por Soares e Nogueira (2008) (Figura
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1.3). Cabe esclarecer que as bancadas foram amostradas em diferentes pontos topogréficos,
sendo que a secdo inferior estudada que faz parte da Formagéo Guia e a Formacgdo Mirassol
d"Oeste, estdo topograficamente na mesma posi¢do (166 metros acima do nivel do mar), o que
sugere a presenca de estruturas de deformacdo que ocasionam uma descontinuidade no
empilhamento estratigrafico da capa carbonatica, embora é possivel posicionar ambas
bancadas em uma coluna estratigrafica composta (Figura 3.1). A secdo calcaria da Formacéo
Guia encontra-se a 176 metros acima do nivel do mar.

No topo da Formagdo Mirassol d"Oeste, foram selecionadas 13 amostras, numeradas
da base para o topo como CT1-01 até CT1-13. Para a base da secdo estudada da Formacéo
Guia foram escolhidas 23 amostras divididas em duas segdes: na secdo inferior, foram
coletadas 12 amostras, numeradas da base para o topo de CT2-01 até CT2-12. Na sessdo
superior, foram coletadas 11 amostras, nomeadas de CT3-01 até CT3-11. O espagamento
vertical entre as amostras foi em média de 20 cm. Um conjunto adicional de amostras da
Formacdo Guia foi utilizada para as anélises isotopicas de Pb nomeadas de TS 55, 65, 72, 74,
89 e 102, e localizadas acima do conjunto de amostras CT3.

3.2 PROCEDIMENTOS EXPERIMENTAIS

3.2.1 Petrografia

Para a descricdo petrografica foram selecionadas 29 amostras (10 para os calcarios e
19 para os dolomitos). Para sua classificacdo foi utilizada a proposta de Wright, (1992) que é
a versdo modificada das terminologias propostas por Dunham, (1962) e Embry e Klovan,
(1971). Esta classificacdo fundamenta-se na premissa de que as texturas dos calcarios
resultam da acdo conjunta de trés fatores: regime deposicional, atividade biologica e
diagénese. De modo semelhante a proposta de Dunham, (1962), a textura deposicional é
definida pelo contelddo de matriz e/ou grdos que formam o arcabouco da rocha, com o
incremento de termos que descrevem as texturas diagenéticas, ou seja, 0s aspectos fisicos que
refletem o0s processos sin-sedimentares e pds—deposicionais. Para a determinacdo das
dimensdes dos cristais foi utilizada a escala de tamanho dos constituintes de Folk, (1962). A
classificacdo adotada para os aspectos texturais de dolomitas seguiu aquela proposta por
Sibley e Gregg (1987), a qual se baseia na natureza e forma dos limites dos cristais, no
tamanho da populacdo dos cristais e no grau de preservacdo das estruturas. Para a descricao

da porosidade foi adotada a metodologia de Choquette e Pray, (1970). A partir da
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quantificacdo dos constituintes (com média de contagem de 400 pontos por lamina), foi
possivel estabelecer uma estimativa percentual da variacdo mineraldgica e de porosidade ao
longo do perfil estratigrafico. As laminas foram tingidas com Alizarina Vermelha-S a uma
concentracdo de 0,29/100 ml de 1,5% de é&cido hidrocloridrico para a determinacdo da
presenca de calcita e dolomita (Adams et al., 1987).

3.2.2 Difragéo de raios-X (DRX)

Foram escolhidas 19 amostras de calcérios e dolomitos para a identificagdo da
assembléia mineraldgica presente nas amostras. O método do pd para a identificacdo por
difracdo de raios-X foi adotado para a determinacdo precisa da assembléia mineral6gica
destes carbonatos. Foram utilizados de 5 a 10 g de amostras, previamente desagregadas em
graal de agata e pulverizadas. Os difratogramas sdo apresentados como a Figura 4.11 do

anexo no capitulo quatro.

3.2.3 Fluorescéncia de raios-X (FRX)

A determinacdo da composicdo quimica das mesmas 19 amostras previamente
analisadas por Difracdo de Raios X foi realizada no espectrometro de fluorescéncia de raios
X. As amostras foram analisadas com dois modos distintos de preparagéo:

Para a determinacdo das concentracfes dos elementos maiores (Al,O3, CaO, Fe;0s,
K0, MgO, SiO,), a amostra foi preparada em um disco composto de uma mistura de 1g de
amostra com 6g de fundente (tetraborato de Litio Li,B40-), e fundido a uma temperatura de
1000 °C. Para a andlise dos teores de elementos tracos (Rb, Sr e Mn), a amostra foi preparada
como uma pastilha prensada constituida de uma mistura de 3 g de amostra com 0,9 g de

aglomerante (cera de parafina). A carga de pressao da pastilha foi de 20 toneladas.

3.2.4 Geoquimica isotopica de Sr por lixiviacdo

Para a determinacdo da composicao isotopica de Sr dos carbonatos, optou-se por utilizar o
procedimento por lixiviacdo sequencial desenvolvido por (Bailey et al., 2000). O método visa
a eliminacdo do Sr de proveniéncia distinta daquele precipitado junto com o carbonato, ou

seja, o Sr trazido por agentes externos ou provenientes do decaimento radioativo do Rb.
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Figura 3.1 Posicionamento estratigrafico das amostras coletadas na regido de Tangara da Serra. A metragem
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e Dissolugéo por lixiviagédo
As amostras de dolomitos e de calcéarios, foram dissolvidas com acido acético a 20%

em varias etapas de lixiviagao:

Foram lavados 200 mg de amostra por 24h com agua ultra pura em um tubo de centrifuga.
A solucgdo foi centrifugada por 5 minutos e o sobrenadante foi descartado. Apds secagem
deste primeiro residuo, comeca-se o processo de lixiviagdo do mesmo, adicionando-se 2 ml de
agua ultra pura e de 30 a 100 pl de &cido acético 20% por aproximadamente 20 minutos até
que a reacdo cesse. Separa-se 0 sobrenadante por micropipetagem depois de dupla
centrifugacdo, de modo que nenhum residuo seja coletado. Repete-se esse ciclo varias vezes
(7 aliquotas) até que todo o carbonato seja dissolvido, deixando apenas um residuo de
material ndo carbonatico. Cada aliquota coletada passa por uma secagem, antes da etapa

seguinte.

e Separacao quimica e purificagdo do Sr

Para a separacdo quimica do Sr, foi adotado o procedimento descrito em Bordalo et al.,
(2007). As aliquotas correspondentes a cada etapa de lixiviacao sdo solubilizadas com 1 ml de
4cido nitrico (HNO3 3.5 N). Na coluna de separaco, ap6s lavagem com agua ultrapura, sdo
adicionados 750 pl de resina trocadora de ions Spec Eichrom Sr 50-100um, a qual €
condicionada pela adicdo de 500 pl de HNO3. Em seguida, séo adicionados 500 ul da solucéo
com amostra, previamente condicionada com HNO3; ™~ 3,5 N, cuja eluico e retencéo do Sr sdo
feitas pelo acréscimo de 500 pl de HNOg, por quatro vezes. A extracdo do Sr € entdo feita
com duas medidas de 500 ul de agua ultra pura. A resina Spec Eichrom foi preferida a resina
DOWEX AG50W-50X8 para evitar quaisquer possiveis interferéncias isobaricas de ions de
elementos Terras raras pesadas duplamente carregadas sobre as massas do Sr (Yang et al.,
2012).

e Analise isotdpica do Sr pelo espectrémetro de massa MC-ICPMS

Os concentrados de Sr sdo condicionados com uma gota de HNO3; 13N, para logo depois
serem analisados no espectrdmetro de massa com fonte plasma MC-ICP-MS Neptune
multicoletor de marca Finnigan. As razdes isotopicas de Sr foram corrigidas internamente dos
efeitos da discriminacdo de massa com a lei exponencial de fracionamento, utilizando o valor
de referéncia da razdo ®°Sr/*Sr de 0.1194 As interferéncias isobaricas de Kr sobre as massas
84 e 86 do Sr foram corrigidas com monitoramento do sinal de #Kr e ®Kr e assumindo as

abundancias isotopicas naturais do cripténio. Durante o periodo de andlises das amostras,
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foram realizadas andlises isotdpicas do padrdo NBS-987, que forneceram um valor médio da
raz&o ®Sr/*®Sr de 0.710265 + 0.000025 (1o, n = 10).

3.2.5 Andlise geocronolégica Pb-Pb

As datacOes radiométricas foram realizadas pelo método Pb-Pb em rocha total por
dissolucdo &cida em HCI 2N. O procedimento experimental para a separacdo quimica e
purificacdo de Pb das amostras seguiu aquele descrito por Krymsky et al., (2007), com
algumas modificacBes. Uma vez determinadas as composicOes isotdpicas por espectrometria
de massa ICP-MS no caso dos calcéarios e TIMS no caso dos dolomitos, os dados foram

tratados em diagrama isocrdénico Pb-Pb, utilizando o programa ISOPLOT, (Ludwig, 2004).

e Dissolugéo por lixiviagéo:

As amostras de carbonato foram previamente trituradas e pulverizadas. Em seguida em
torno de 1gr de amostra foi pesado em um Becker de teflon Savillex® previamente
descontaminado e pesado. Uma primeira etapa de lixiviagéo é realizada introduzindo 2 ml de
HBr~ 0.5N (tetradestilado). Apds o término da reacdo (de 1 até 3 horas), o sobrenadante
(L1) é retirado e descartado. O residuo é lavado trés vezes com agua ultrapura e secado em
uma chapa quente a 100°C. Em seguida o residuo é transferido para um tubo de ensaio de
teflon previamente descontaminado no qual séo adicionados 5 ml de HCI™~ 2N (tridestilado)
apos um tempo de espera de 12 horas, a amostra é centrifugada por 5 minutos. O

sobrenadante (L2) é retirado e secado na chapa a 100°C.

e Separacdo cromatografica do Pb:

Antes da separacdo por cromatografia de troca idnica as colunas sdo lavadas duas vezes
com 3 ml de HCI™" 6N. Ap6s a lavagem, introduz-se 750 pl de resina Spec Eichrom Sr 50-
100. A resina é condicionada introduzindo 2 vezes na coluna 3 ml de HCI™" 6N e 2 ml de
HCI™ 2N. Em seguida adiciona-se 0,5 ml de amostra que foi previamente condicionada com
1 ml HCI™™ 2N. O procedimento prossegue adicionando 2 vezes 0,5 ml de HCI™ 2N
(bidestilado) e 2 ml de HCI™ 2N, Ap6s a eluicdo, o Pb é coletado adicionando 2 vezes 0,5 ml
de HCI™™ 6N e 2 vezes de 1 ml de HCI"" 6 N.
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e Andlise isotopica pelo espectrometro de massa TIMS

Para a determinacdo das composicOes isotopicas do Pb dos dolomitos, utilizando o
espectrometro de massa Finnigan MAT262 do laboratério Para-iso, as amostras de Pb foram
depositadas em filamentos de rénio, de arranjo simples, previamente degasificados, com
adicdo de silica-gel e HsPO4 0,125N e introduzidas no aparelho. As composicGes isotopicas
foram obtidas em modo estatico com detectores do tipo "Faraday". As razdes isotopicas de Pb
foram corrigidas para um fator de fracionamento isotopico de 0,12% * 0.03 por unidade de

massa atdmica, determinado a partir de analises repetidas de padrdo NBS-982 "equal atoms".

e Andlise isotdpica pelo espectrometro MC-ICPMS

Os concentrados de Pb das amostras de calcarios foram condicionadas com 2 ml de HNO3
13N, para serem analisadas no espectrometro de massa com fonte plasma MC-ICP-MS
Neptune de marca Finnigan, do Laboratério Para-1so. A discriminacdo de massa entre 0s
isétopos de Pb foi corrigida com a lei exponencial, utilizando a razdo isotépica *°TI/**TI da
solucéo de talio introduzida na amostra. O branco de quimica foi estimado abaixo de 300 pg.



21

CAPITULO 4

4 Sr ISOTOPE GEOCHEMISTRY AND Pb-Pb GEOCHRONOLOGY OF
THE NEOPROTEROZOIC CAP CARBONATES, TANGARA DA SERRA,
BRAZIL

John Alexander Sandoval Romero?, Jean Michel Lafon', Afonso Cesar Rodrigues Nogueira’,
Joelson Lima Soares®

1 Programa de P6s-Graduacdo em Geologia e Geogquimica (PPGG), Instituto de Geociéncias. Universidade
Federal do Para, Rua Augusto Corréa, 01, Guama, Caixa Postal 1611, CEP 66075-110, Belém-PA, Brazil

Abstract:

The Mirassol d”Oeste Formation (cap dolomites) and the base of Guia Formation (cap
limestones) represent the cap carbonate of the Neoproterozoic Araras Group, located at the
southern border of Amazonian craton, central Brazil. Petrographical and microfacies
descriptions together with geochemical and mineralogical data of the top of the Mirassol
d"Oeste and the base of the Guia formations in the Tangara da Serra area allowed to identify
the main diagenetic features (neomorphism, chemical compactation and fractures) and to
evaluate the terrigenous contribution. Dolomitization has been evidenced in a level of
limestones of the lower part of Guia Formation by petrography, X-ray diffractometry and
geochemistry. Despite the evidences of diagenesis, the sedimentary structures of the Tangara
da Serra cap carbonate are well preserved (laminar bedding and crystal fans). Pb-Pb dating of
the Guia limestones yielded an age of 622 + 33 Ma. This Early Ediacaran age is considered as
the deposition age and constitutes further evidence that the cap carbonates of the Araras group
are related to the Marinoan glaciation, which took place at the end of the Cryogenian. The
assessment of the primary 2’Sr/*°Sr signature of the limestones of Guia Formation has been
improved by sequential leaching diluted acetic acid, which allowed eliminating highly
radiogenic Sr contributions due to terrigenous grains. The ' Sr/*®Sr ratios of 0.70709-0.70729
are regarded as the primary Sr isotopic signature when the carbonates precipitated. The
terrigenous contribution can explain the discrepancy with the more radiogenic ®'Sr/%Sr ratios
previously obtained on the cap carbonate. At a global scale, the Sr isotopic signature around

0.7071-0.7073 of the cap carbonates of the Araras group is compatible with Sr marine
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evolution curves at the end of the Marinoan glaciation. However, such low Sr values suggest
that the abrupt increase of Sr isotopic composition, which occurred immediately after the
Marinoan glaciation, could have happened asynchronously and heterogeneously in the Early
Ediacaran oceans.

Keywords: Neoproterozoic, Cap Carbonate, Pb-Pb dating, &”Sr/®*Sr geochemistry.

4.1 INTRODUCTION

The most pronounced glaciations of the planet were recorded in the Neoproterozoic Era,
linked to the snowball/slushball Earth hypothesis based on partial frozen of the planet, leaving
the equatorial area free of ice, allowing the developing of the life (Kirschvink, 1992; Hoffman
et al., 1998; Hyde et al., 2000). The final stage of snowball/slushball Earth conditions was
suddenly replaced by greenhouse conditions with low paleo-atmospheric CO, level (Sansjofre
et al., 2010). Sturtian (~ 725 Ma), Marinoan (~ 635 Ma) and Gaskier (<580 Ma) are the
formal denominations for the three glacial events admitted for the Cryogenian and Ediacaran
periods (Dunn et al., 1971; Knoll, 2004; Hoffman and Schrag, 2002; Xiao et al., 2004;
Halverson et al., 2006). Post-glacial deposits, described in several cratons worldwide, are the
cap carbonates, a succession composed by pinkish dolostones and grey limestones containing
tube-like structures, stromatolites, megaripples, and crystal fans and other anomalous
sedimentary structures and strong negative carbon isotopic excursions (Kaufman and knoll,
1995; Hoffman 1998; James et al., 2001; Hoffman and Schrag, 2002; Nogueira et al., 2003;
Halverson et al., 2004; Allen and Hoffman, 2005; Corsetti et al., 2006; Rieu, 2006). In the
South America, these events are recorded in the Neoproterozoic platform carbonate deposits
of Bambui and Araras groups, in the Sdo Francisco and Amazonian Cratons, respectively
(Nogueira et al., 2003; Babinski et al., 2007; Alvarenga et al., 2009).

While isotope chemostratigraphy of post-glacial cap carbonate, mainly concentrated in
the carbon and oxygen isotopes, is well defined, direct dating of these deposits by radiometric
methods are lacking. Any chronological assessment of the Neoproterozoic sedimentary
succession must consider the number of glaciations found in the studied area, and the lack of
one of them would difficult the global correlation. Thus, when possible, the radiometric
methods has been performed in the Neoproterozoic glacial formations, using zircon U-Pb ages

of interbedded tuffs and other volcanic rocks and minimum ages obtained by detrital zircon
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dating (Hoffman et al., 1996, 2004; Condon et al., 2005.). Due to the limited set of
radiometric data, the terminology and age of Neoproterozoic glaciations remain yet debatable
at a global scale (Trindade and Macouin, 2007; Williams et al., 2008; Babinski et al., 2008),
however the Marinoan epoch has been considered as terminal Cryogenian in age, i.e. around
635 Ma (Hoffman et al., 2004; Condon et al., 2005; Halverson et al., 2010).

The geochronological methodology commonly applied in Precambrian limestones and
dolostones is the Pb-Pb dating associated with determination of ®'Sr/®*Sr isotopic ratios
(Babinski, 1993; Melezhik et al., 2001; Cingolani et al., 2004; Kuznetsov et al., 2008, 2011,
Kaurova et al., 2010). Pb-Pb dating has been successfully used even if the method is limited
when isotopic compositions are in a short interval, which led to large error. ®Sr/*Sr isotopic
ratios had being applied to obtain model ages for carbonate formation during Neoproterozoic
on the base of the Sr marine reference curve (Melezhik et al., 2001; Halverson et al., 2007,
2010). However, the age indication by ®’Sr/®®Sr isotopic ratios is sometimes controversial due
to the uncertainty of Sr isotopic values on the global marine curve, as well as, the
determination of unequivocally primary ®'Sr/%Sr isotopic composition of the carbonate,
because of diagenetic processes or non carbonates (i.e. terrigenous) contributions. This issue
is particularly critical for the Cryogenian - Ediacaran transition, when Sr isotopic composition
of the sea water abruptly and heterogeneously increased, resulting in a wide range of 'Sr/%°sr
(0.7072 - 0.7080) (Halverson et al., 2007).

Both Pb-Pb whole rock and U-Pb zircon geochronology are scarce for Precambrian cap
carbonates in Brazil. The few citations of Pb-Pb age in Brazilian cap carbonate were made by
Babinski et al., (2006) and (2007), respectively, for the Marinoan Mirassol d"Oeste cap
carbonate at the southwestern limit of the Amazonian craton (Pb-Pb age: 627 + 35 Ma) and
for the Sturtian Sete Lagoas cap carbonate in the Sdo Francisco craton (Pb-Pb age: 740 + 22
Ma).

The main purpose of this work is to better constrain the depositional age of the cap
carbonate of the Araras group, in the Tangard da Serra area (Figure 4.1), at the southern
border of Amazon craton, through new Pb-Pb radiometric dating. In addition the ®'Sr/%°Sr
ratios of the cap carbonate are used to discuss the issue of Sr marine curve at the Cryogenian-

Ediacaran transition.



24

4.2 GEOLOGICAL CONTEXT

The study area is located at the southern border of the Amazon Craton with the Paraguai
belt, two major geological units of in the central South America platform. This region was
formed by the collision of three continental blocks: the Amazon at West, Sdo Francisco-
Congo at East and Parani or Rio de la Plata at South, during the Brazilian/Pan-African
tectonic at the end of Neoproterozoic (Almeida, 1984; Trompette, 2000; Alkmin et al., 2001;
Trindade and Macouin, 2007).

The Precambrian cap carbonates are composed by dolostones and limestones
(Hoffman, 1998), containing tube like structures, stromatolites, megariples and crystal fans
and others anomalous features (Kaufman et al., 1995). The cap carbonates are overlying
glacial without depositional hiatus (Hoffman, 1998), and were identified in different cratons
worldwide deposits. The cap carbonates were formed during the melting of strongest
glaciations in late Neoproterozoic (Marinoan glaciations ~ 635 Ma). Those features were
identified at the southeastern border of the Amazon Craton, in central Brazil in Precambrian
carbonates. The cap carbonate is a sedimentary succession which constitutes the base of the
Neoproterozoic Araras Group. The base of Araras Group consists of a predominantly
carbonatic unit overlying glaciogenic diamictites of Puga Formation (Nogueira and
Riccomini, 2006; Nogueira et al., 2007). The cap carbonate succession is composed by deep
platform deposits of dolostone (Mirassol d'Oeste Formation) covered by limestone rich in
crystal fans and cements (Lower Guia Formation). The cap carbonate set was called “Puga
cap carbonate” and is related with the last Criogenian glaciation (Nogueira et al., 2003).

The crystalline rocks of Amazon craton are overlain by the metasediments of the Cuiaba
group, which are considered as the basement of sedimentary succession composed by the
Puga formation, Araras and Alto Paraguai groups. The Puga Formation consists of diamictites
and siltstones deposited during the last Cryogenian glaciation (Maciel, 1959; Alvarenga and
Trompette, 1992; Alvarenga et al., 2004). The latter formation is overlain by carbonates of the
Araras Group which is discordantly covered by siliciclastic deposits of the Raizama, Sepotuba
and Diamantino formations (Bandeira Jr. et al., 2007), all included into the Alto Paraguai
Group (Nogueira and Riccomini, 2006).

The Araras Group is divided into four formations according to Nogueira et al., (2003),
named from base to the top as Mirassol d"Oeste (pink dolostones), Guia (limestones and
shales), Serra do Quilombo (dolostones and breccias) and Nobres (dolostones, sandstones and

cherts) formations. These units represent the deposition of extensive shallow to deep
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carbonates platform (Nogueira et al., 2003). The Mirassol d”Oeste Formation (cap dolomites)
and the base of Guia Formation (cap limestones) represent the cap carbonate of Araras Group
(Figure 2.2).

In the Tangara da Serra area, the cap carbonate has been described in details by Soares
and Nogueira (2008). The Mirassol d’Oeste Formation is 15m thick and it is composed by
fine-grained pinkish peloidal dolostones with porosity of 10-30% interpreted as the “cap
dolomite”. Tube like structures, megaripples and stromatolites have been described in
Mirassol d"Oeste area, while stromatolites are missing in the Tangara da Serra area (Soares
and Nogueira, 2008). Wave-truncated laminations indicated oscillatory flow and some
chevron sedimentary deformations is product of liquefaction process. These sedimentary
facies suggest a shallow to moderately deep platform environment periodically influenced by

currents and waves.

The Guia Formation is 45m thick composed by crystalline and fine grains, black and
bituminous limestones and shales, with up to 30% of terrigenous. Cementstones with crystal
fans (pseudomorphs of aragonite) form tabular layers. Megaripples bedding with wavelength
up to 1.3 m were interpreted as bedforms migration induced by currents and waves (Allen and
Hoffman, 2005). The sedimentary facies suggest a CaCOs-saturated deep anoxic platform
dominated by currents and waves with sporadic continental terrigenous inflow (Nogueira and
Riccomini, 2006).

Chemostratigraphic studies have furnished a large numbers of 8**C and &0 isotopic
values and some ®’Sr/®°Sr values for the cap carbonates of the Araras Group, which have been
compiled by Alvarenga et al., (2009).

Isotopic signatures of 8*3C for the base of the Araras Group in Mirassol d"Oeste region
(Mirassol d"Oeste and Guia formations) shows strongly negatives values, from around —9 %o
at the base of the cap carbonate increasing to positive values at the top of the Araras group
(Nogueira et al., 2007). Cap dolomites and limestone display 8"*C values around —5 %o while
for the carbonate succession which overlies the cap carbonates the §**C values are between —
2.5 %o and -1 %o. Alvarenga et al., (2008) also obtained values between -10.5 %o and — 4.1%eo
and between -5.4 %o and -2.7 %o for the Mirassol d'Oeste and Guia formations, respectively.
Those results are coherent with isotopic data obtained for the base of the Guia Formation in
Northern Paraguai belt, ranging from -4.53 to -3.55 %0(8"°C ~ -6 %o) (Paula-Santos et al.,
2010). In Mirassol d’Oeste area, '%0 isotopic data were also reported for Mirassol d Oeste

and Guia Formations by Nogueira et al., (2007) and by Alvarenga et al., (2008), ranging,
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respectively, from —10 %o to —2 %o and from —6.0 %o to —1.3 %o. In Tangara da Serra area, the
8"3C vary from -4 %o to -7 %o for the cap carbonates (Soares and Nogueira, 2008), while §'%0
are between —8.05 %o and —1.45%0 (unpublished data). The similarity of the isotopic
excursions of the cap carbonates between the Mirassol d"Oeste and Tangara da Serra areas
reinforces their stratigraphic correlation (Figure 4.1)

In the Mirassol d"Oeste area, the Sr isotopic signatures of the Mirassol d”Oeste and Guia
formations were documented in the range of 0.7074 -0.7078 for the®”Sr/®°Sr ratios (Nogueira
et al., (2007). For the cap dolomite 8'Sr/%®Sr values ranging from 0.70848 to 0.71435 were
reported by Alvarenga et al., (2008) as well as isotopic ratios between 0.70763 and 0.70780
for the limestone above the cap dolomite. The isotopic values lower than 0.70780 have been
considered as original Sr compositions of the seawater, while the higher ones are interpreted
as being modified by diagenetic processes (Alvarenga et al., 2009). In the North Paraguai belt
87Sr/%°Sr ratios between 0.7076 and 0.7080 of the Guia Formation, are also considered as
corresponding to a primary Sr signature (Paula-Santos et al., 2010).

Accurate geochronological constraints for the deposition of the cap carbonate from the
Araras group are lacking. Minimum deposition ages were obtained for Neoproterozoic
sedimentary rock at Southwest of the Amazon Craton and Paraguai belt, providing Rb-Sr age
of 483 £ 8 Ma (Almeida and Mantovani, 1975) and K-Ar age of 504 + 12 Ma for the Sao
Vicente granite, which is crosscutting the metasedimentary rocks of the Cuiaba Group, which
is the basement of Puga Formation, outcropping in the Paraguay the belt (Amaral et al.,
1966). Another geochronological constraint is given by the minimum age of deposition of
541+7 Ma for the Diamantino Formation of the Alto Paraguai group, which overlain the
Araras Group, furnished by the youngest detrital in a zircon from deltaic sandtones (Bandeira
et al., 2012). By now, the only direct dating for the cap carbonate of the Araras group
Mirassol d"Oeste region provided a Pb-Pb whole rock age of 627 + 32 Ma, considered as the

deposition time of those carbonates (Babinski et al., 2006).
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Figure 4.1 Geological, location map and general stratigraphic of the studied area in southwestern Mato Grosso.

Stratigraphy sections of Tangara da Serra (A) and Mirassol d’Oeste (B) regions with §**C and 80 integrated.

The 8"°C and §'®0 values in Mirassol and Tangara regions are similar and possibility correlation (Soares and

Nogueira, 2008)
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4.3 MICROFACIES

Twenty two samples were described for rock classification and to identify the
diagenetic features, including both, the top of Mirassol d"Oeste and the base of Guia

formations, recognizing 2 microfacies for each one of them.

4.3.1 Microfacies from the upper part of the Mirassol d”Oeste Formation

Two microfacies have been identified within the Mirassol d”Oeste Formation: peloidal
dolograinstone and peloidal dolomudstone/packstone. The peloidal dolograinstone is featured
by thick laminations composed by micro and macropeloids of microcrystalline dolomite, with
brown color and pore-lining and pore-filling dolomite cement. The peloidal
dolomudstone/packstone is characterized by thin laminations with lumpy appearance with
locally spatic dolomite and euhedral crystals. Irregular interpeloidal pores were shown
forming vug shape. Both microfacies are interbedded in planar laminations, indicating
environments of shallow and deep moderately waters (Soares and Nogueira, 2008) (figure
4.2A).

Micropeloids have no more than ~1mm diameter and occurs into the both peloidal
dolograinstone and dolomudstone/packstone microfacies and interpeloidal spaces have low
porosity and cement. Macropeloids range from 2-5 mm in diameter and generally form
discontinuous lenses between the low-angle truncated lamination. The porosity is abundant
and composed exclusively of interpeloidal and vug pores locally filled by subhedral dolomite.

The preservation of depositional structures and peloids of dolomicrite suggests that the
formation of Mirassol d’Oeste dolomite is primary. Peloids are interpreted as the record of
intense biological activity (Soares and Nogueira, 2008). The preservation and irregular
distribution of macropeloids in laminations indicate deposition in situ with little or no
transport and probably associated with a rapid cementation (James et al., 2001; Halverson et
al., 2004; Soares and Nogueira 2008). The Mg source was very probably the seawater and the

precipitation mechanism of dolomite would be the action of sulfate-reducing bacteria

4.3.2 Microfacies from the base of the Guia Formation

The limestone of Guia Formation is composed by two microfacies: cementstone and
mudstone. Cementstone is characterized by calcite crystal fans exclusively. Mudstone
microfacies were described by microcrystalline calcite with lumpy appearance, locally

interbedded with thin laminations of well selected fine sand terrigenous grains (figure 4.2B).



29

Both microfacies are linked forming different bodies but associated as well. Crystal fans
are abundant in all carbonate succession, have radial forms, sometimes are isolated or
connected by thin calcite crust in planar parallel laminations overlying the microcrystalline
calcite. The hexagonal form acicular crystals with straight ends suggest that its original
mineralogy was aragonite; precipitated in shallows and deep waters, the abundance suggest an
environment oversaturated in CaCO; (Corsetti et al., 2004; Lorentz et al., 2004). The
laminated microcrystalline calcite is interbedded with terrigenous laminae (mainly quartz and

some feldspars), filling the spaces between and inside the crystal fans.

4.3.3 Diagenetic features

Evidences of diagenetic processes were identified in the studied succession. The
Mirassol d’Oeste dolomites are less altered by diagenesis than the Guia limestones. These
diagenetic features include: pore-filling euhedral dolomites, neomorphism in primary
dolomite (figure 2.4A); chemical compaction and vugs pores (figure 2.4B), pseudomorphism
of aragonite from calcite crystals and their partial dolomitization (figure 2.4C). Stylolites
filled with iron oxides, bitumen and terrigenous grains occur in all the succession (figure
2.4D). They are due to calcite pressure dissolution in the deep burial (figure 4.4D). Iron oxide
filling fractures also. Evidence of anoxic environment, was found in the limestones section of

Guia Formation as pyrite and matter organic preserved (figure 4.4E).

Figure 4.2 Microfacies of the cap carbonate. (A) Microfacies from Mirassol d"Oeste Formation: peloidal
dolomudstone/packstone (yellow Arrow), peloidal dolograinstone (red arrow). (B) Microfacies from Guia

Formation: cemenstone (red arrow), mudstone (yellow arrow).
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4.4 EXPERIMENTAL PROCEDURES

Thirty six samples of dolostones and limestones were collected from three different
sections of the cap carbonate stratigraphically located, one at the top of Mirassol d"Oeste
Formation and two along the Guia Formation (figure 4.4). Nineteen samples were selected for
X-ray diffraction, X-ray fluorescence and isotopic analyses of Sr as well as twenty three for
Pb isotopic analyses.

X-ray diffraction and fluorescence analyses were performed at the Laboratory of the
Mineralogical and Applied Geochemistry Group — GMGA (UFPA). X-ray diffractometry
allowed identifie the mineralogical assembly and the X-rays fluorescence helped to
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determinate the Rb, Sr and major oxides concentrations (Table 4.1). X-ray diffractometry was
performed with an X ”Pert Pro PANanalytical device equipped with copper tube and graphite
monocromator. X-ray Fluorescence data were obtained with a WDS sequential spectrometer
model Axios Minerals PANalytical, trademark, with ceramic X-ray tube, rhodium anode.

Pb and Sr analyses were carried out at the Isotope Geology Laboratory (Paré-1so) of the
UFPA. For the chemostratigraphy of Sr, 200 mg of powdered sample were first washed with
ultrapure water and centrifuged for 5 minutes, twice. The residue was dissolved with 2 ml of
ultrapure water and 100 pl of CH3COOH 20% for 20 minutes, until reaction is over. The
supernatant has been centrifuged for 10 minutes twice and dried on hot plate (100°C). This
supernatant is called as “aliquot”. This dissolution procedure has been repeated several times
as a sequential leaching until dissolution of carbonate was completed, leaving only
undissolved non-carbonate residue (Bailey, 2000). Then each aliquot is conditioned with 1
ml of HNO; ~ 3.5 N. Extraction and purification of Sr was carried out by ion-exchange
chromatography using a Spec Eichrom Sr 50-100um resin, conditioned in HNO3; medium
followed by ultrapure water as eluant (Bordalo et al., 2007).

The Spec Eichrom Sr resin was preferred to the AG50W-50X8 resins to preclude any

possible interference of doubly charged HREE ions on the Sr masses (Yang et al., 2012).
The Sr concentrate was conditioned with a drop of HNO3; 13N for the isotopic analyses on a
Thermo-Finnigan Neptune ICP-MS mass spectrometer. Sr isotope ratios were internally
corrected for mass fractionation using a constant value of 0.1194 for 2°Sr/%8Sr by exponential
law. Kr interference on masses 84 and 86 were corrected by monitoring the intensity of %Kr
and %*Kr and using the natural isotopic abundances of Kr isotopes. During the period of Sr
isotopic determinations, repeated analyses of NBS 987 Sr standard yielded an #’Sr/*°Sr mean
value of 0.710265 + 0.000025 (1SD, n = 10).
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For the Pb-Pb geochronology, nearly 1gr of powdered sample was weighted and
preleached with 2 ml of HBr™"~ 0.5 N (= 3 hours). This first preleaching was discarded. Then,
the remainder of the sample was conditioned with 5 ml of HCI”™ 2N, during 12 hours and the
leachate is centrifuged 5 minutes twice and dried on hot plate (100 °C). The sample is
dissolved with 1 ml of HCI”™ 2N and 500 pl is loaded on the ion exchange resin. The Pb
extraction and purification were performed using a Spec Eichrom Sr 50-100 um resin, in
HCI™ 6N and HCI™" 2N media (Krymsky et al., 2007, modified). For the dolostone samples,
the final solution was dried with a drop of H3PO4 0.125N and the determinations of the Pb
isotopic composition were performed on a thermo-ionization mass spectrometer Finnigan
MAT262, in dynamic mode. The isotopic Pb ratios were corrected for an isotopic
fractionation factor of 0.12 + 0.03% per atomic mass unit, determined by repeated analyses of
NBS 982. Pb concentrates of limestone samples were conditioned with HNO3; 13N for
analyses on a Thermo-Finnigan Neptune ICP-MS mass spectrometer. The mass
discrimination of the Pb isotope ratios was corrected by exponential law, using the 2®°T1/2%T|
ratio. The total blank of Pb procedure was lower than 300 pg. Pb-Pb isochron age calculations
was done using the ISOPLOT program of Ludwig, (2004). The errors on **°Pb/***Pb and

207pp/204p ratios are quoted at a 95% confidence level.



Sample Rb Sr MnO ALO; CaO Fe0O;3 K, O MgO SiO, Mn/Sr  Fe/Sr Sr/Ca
P (ppm) (ppm) (ppm) (%) (%) (%) (%) (%) (%)

CT3-11 7 408 183 0.89 5247 040 048 034 419 0.35 6.86  0.00109

CT3-9 12 337 210 209 4771 0.74 144 044 952 0.48 15.36  0.00099

CT3-7 13 330 355 222 4779  1.04 118 051 972 0.83 22.04  0.00097

5 CT3-6 10 309 291 1.81 4935  1.08 091 033 804 0.73 24.45  0.00088

"é CT3-3 8 510 322 156 5042  1.10 08 032 782 0.49 15.09  0.00142

5 CT3-1 4 730 226 095 5182 044 055 031 456 0.24 422  0.00197

s

g CT2-10 17 19 1225 231 2627 217 120 1854 838  49.93 79882 0.00010

CT2-7 9 38 2667 147 2961 072 069 1993 396 5435 13252 0.00018

CT2-4 11 39 1157 135 2942  0.65 070 1979 492 2298 11657 0.00019

CT2-2 14 41 1277 191 2842 071 095 1948 566 2412 12112  0.00020

CT1-12 11 51 1747 123 2976 0.99 0.65 19.67 351 3425 13577 0.00024

CT1-11 9 45 1695 1.06 2961  1.05 0.63 19.87 345 2017  166.20 0.00021

2 CT1-10 10 46 1357 119 3035  1.04 073 1915 361 2285 15813 0.00021
o S |cT19 10 47 1350 117 2995  0.76 0.67 1697 341 2224 11310 0.00022
g *g CT1-8 12 52 1428 121 2969 091 0.67 19.61 377 2127 12240 0.00025
é E CT1-6 17 49 1537 1.24 2968 110 0.68 19.27 403 2429 15701 0.00023
= CT1-5 11 44 1425 1.06 3013  0.96 054 1955 315 2508 152,60 0.00020
CT1-3 9 42 1484 0.86 30.2 1.00 049 1997 239 2736  166.53 0.00019

CT1-1 15 38 1674 0.86 3043  0.94 041 1997 228 3412  173.02 0.00017

TABLE 4.1 Chemical analyses of carbonates.
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45 RESULTS

As the main focus of this study are the limetones from the Guia formation, the analytical
results from this unit will be firstly presented, followed by the results on the dolomites,
instead of following the lithostratigraphy from the bottom to the top.

45.1 X-Ray diffractometry

The X-ray diffratometry has been performed on nine samples of dolostones from the
Mirassol d"Oeste Formation and ten samples of the limestones from the Guia Formation
Corresponding spectrograms are available on request to the main author.

In the six samples of the upper part of the studied section of Guia Formation, calcite is
the dominant peak but a significant amount of quartz and micas (CT3-3, CT3-7 and CT3-9
samples) is also evidenced. Four samples of the base of Guia Formation, displayed a
dominant peak of dolomite. Peaks corresponding to calcite and quartz were also identified in
all the samples with high intensity indicating a larger amount of these minerals than in the
dolostones. As expected, samples from Mirassol d"Oeste Formation indicated a dominant
peak of dolomite. In some samples from the middle of the section (CT1-8 and CT1-9), peaks

corresponding to quartz and calcite were also identified.

4.5.2 Geochemistry

Chemical analyses by X-ray fluorescence display significant variations in major elements
for the samples from the Guia Formation, in the upper part of the section. SiO, values are
higher than 4.19 %, raising up to more than 9.50 % in some of the samples. The Al,O3
contents range between 0.89 % and 2.31 %, K,O contents ranges from 0.48 % to 1.44 % and
Fe,O3; from 0.40 % to 1.1 %. Rb displayed some variations along the section from 4 to 13
ppm. Variations do not follow any trend along the section, however the highest contents of
K;0, SiO,;, AlL,O3; and of Rb occur in the same samples (i.e. CT3-6, CT3-7 and CT3-9
samples), while the lower values are encountered in the samples CT3-1 CT3-3 and CT3-11,

which also displayed the highest Sr contents (408 to 730 ppm).

The MgO and CaO are respectively higher and lower in the samples from the base of the
section of Guia Formation (18.5 % < MgO < 19.9 %; 26.3 % < CaO < 29.6 %) than in the
samples from the upper part of the studied section (0.31 % < MgO < 0.51 %; 26.3 % < CaO <

29.6 %), in agreement with the petrographical and mineralogical evidences of dolomitization
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(figure 4.5). Others oxides like K;0, SiO;, Al,O3 do not differ significantly in concentration
with the samples from the top of the section while Rb contents are slightly higher (9 ppm <
Rb <17 ppm). Mn/Sr, Fe/Sr Sr/Ca ratios and Sr contents will be discussed in the next section.

For the dolostones of Mirassol d"Oeste Formation, the major elements, excluding Ca, Mg
and Mn, display values in the same range than the limestones from the Guia Formation (0.41
% < K,0 < 0.73 %; Fe,03 = 1%), or slightly lower (0.89 % < AlL,O3 <1.24 %; 2.28% < SiO,
<4.03 %). Rubidium is nearly constant all along the succession, also being in the same range

than in the limestones (= 9-17 ppm).
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Figure 4.6 Fe/Sr vs. Mn/Sr diagram for the limestone samples. The limit between fields for samples unaffected
and affected by diagenesis is indicated by Jacobsen and Kaufman, (1999).

4.5.3 Srisotope analyses

The selection of the best carbonate samples for Sr isotope analyses is a critical issue to
determine the primary isotope signature of the environment of formation. Several authors
have proposed geochemical criteria to estimate the degree of preservation as well as
modification processes and contribution of terrigenous material. In order to select the less
modified/affected samples, which preserved their isotopic composition since the deposition
time until nowdays, Mn/Sr and Fe/Sr ratios are currently used to detect secondary phases in
Precambrian carbonates.

Contents of Sr, Mn and Fe are helpful to reveal epigenetic changes and to evaluate the
intensity of the isotopic system reorganization caused by diagenetic and epigenetic fluids

(Kaurova et al., 2010). These parameters may vary according to the authors. Deninson et al.,
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(1994) suggested a Mn/Sr ratio lower than 0.5 for Precambrian carbonates and Kuznetzov et
al., (2010) proposed a Mn/Sr ratio lower than 0.2 for limestones. For dolomites, Gorokhov et
al., (1995) suggested a range from 0.6 to 3.0 for the Mn/Sr ratio. A Fe/Sr ratio lower than 5.0
is considered for limestones by Kutnetzov et al., (2008).

According to Halverson et al., (2007) the Mn/Sr and Sr/Ca ratios can be the result of
specific conditions of sedimentation and not of alteration processes. These authors proposed
the Sr content as the best parameter to evaluate the potential preservation of the 'Sr/%°Sr

signatures and proposed that samples with Sr lower than 750 ppm must be considered altered.

In the Tangara da Serra area, six limestone samples of the Guia formation were
analyzed and furnished Sr contents from 309 to 730 ppm, Mn/Sr ratios from 0.24 to 0.83 and
Fe/Sr ranging from 4.22 to 24.45 (table 4.1). In the Fe/Sr vs. Mn/Sr diagram (Jacobsen and
Kaufman, 1999), only one sample (CT3-1) plot inside the domain considered for preserved
limestones, with Mn/Sr and Fe/Sr ratios lower than 5 and 0.45, respectively (figure 4.6).
Sr/Ca ratios of samples CT3-1, CT3-3 and CT3-11 are higher than the minimum value of
0.0010 proposed by Deninson et al., (1994) for unaltered limestones. Despite their
unfavorable chemical composition, these limestones were used for 8'Sr/%sr
chemostratigraphy. Four samples of dolomites from the Mirassol d”Oeste Formation and one
sample of dolomitized limestones of the base of the Guia Formation portion were also
analyzed, showing high Fe/Sr (113.10 < Fe/Sr < 798.82) and Mn/Sr ratios (21.27 < Mn/Sr <
54.35), as expected for this kind of rocks (table 2.1).

All the analyzed samples of limestone furnished Sr ratios in seven aliquots during the
leaching procedure. The corresponding ’Sr/®®Sr ratios displayed large variations for one
aliquot to another one in the same sample (table 4.2). In most of the samples the last aliquots
(i.e. L6 and L7 in table 2) show®'Sr/%®Sr ratios significantly more radiogenic than the first
steps of leaching. Such behavior is in good agreement with the conclusion of Bailey et al.,
(2000), which suggest that radiogenic Sr from non-carbonatic impurities may be released
during the last steps of acid leaching, at low concentration of carbonate, increasing the ratios
87Sr/%°3r ratios. In the studied samples, 8Sr/%°Sr ratios of aliquots L6 and L7 vary from 0.7072
(sample CT3-11) to 0.7106 (sample CT3-6). The CT3-7 sample also display radiogenic
87Sr/%sr signature for the L4 aliquot (3'Sr/*°Sr = 0.7075) as well as the CT3-6 sample at the
L2 aliquot (3'Sr/%°Sr = 0.7077) (figure 4.7). These isotopic compositions are significantly

more radiogenic than the others leaching steps in all the samples, which range between
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0.707025 (CT3-11 L3) and 0.707405 (CT3-9 L3). The lower values and lower variations of
the ®Sr/®®Sr ratio were obtained for samples CT3-1 and CT3-11. Only the weighted mean of
the lowest values 'Sr/%°Sr for each sample, which range between 0.707088 + 0.000038 and
0.707289 £ 0.000038, will be considered for the discussion of the primary Sr signature of the
limestones (figure 4.7).

For the dolomite samples of Mirassol d"Oeste Formation and for the dolomitized
limestones from the lower part of the section of the Guia Formation, only 2 aliquots were
obtained as the Sr contents are low. The 8’Sr/*®Sr ratios are highly radiogenic, compared to the
limestones of the upper part of the section, with values ranging between 0.70836 and 0.70975
for the former and reaching 0.71714 for the latter (table 4.2).
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Aliquot
Sample
CT3-11
CT3-9
[
i) CT3-7
e
©
e CT3-6
-
e CT3-3
(4o
5 CT3-1
(O]
CT2-2
2 CT1-10
S S
E 2 CT1-9
S E | CcTL8
8 2
S CT1-6

L1
*'Sr/*°sr

20

L2

“Srfosr

2c

L3
“Srisr 20

L4

“Srfosr

2c

L5

“Srfosr

2c

L6

“Sr/fosr

2c

L7

“Srfosr

2c

0.707098
0.707260
0.707250
0.707274
0.707232
0.707101

0.717139

0.70891
0.70973
0.70894
0.70975

0.000026
0.000015
0.000036
0.000028
0.000013
0.000012

0.001597

0.000222
0.000141
0.000386
0.000337

0.707060
0.707315
0.707224
0.707666
0.707249
0.707096

0.716224

0.70947
0.70867
0.70836
0.70779

0.000045
0.000024
0.000013
0.000172
0.000064
0.000016

0.001105

0.000450
0.000425
0.000400
0.000813

0.707025 0.000041
0.707405 0.000052
0.707046 0.000177
0.707303 0.000025
0.707165 0.000021
0.707078 0.000018

TABLE 4.2 ¥Sr/%Sr isotopic results obtained by sequential leaching on carbonates.

0.707097
0.707396
0.707465
0.707285
0.707229
0.707088

0.000025
0.000108
0.000097
0.000032
0.000069
0.000018

0.707116
0.707277
0.707177
0.707361
0.707312
0.707085

0.000033
0.000024
0.000026
0.000047
0.000090
0.000028

0.707056
0.707529
0.707225
0.707745
0.707353
0.707153

0.000090
0.000057
0.000069
0.000205
0.000079
0.000042

0.707163
0.708182
0.707280
0.710570
0.707550
0.707671

0.000034
0.000173
0.000105
0.001018
0.000140
0.000200
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Figure 4.7 The ®'Sr/®Sr patterns for leached aliquot from 6 limestones samples. For calculation of the mean

value for each sample (green line), only the aliquots with lowest ®’Sr/%°Sr were considered (red bars).

4.5.4 Pb/Pb Geochronology

Seventeen samples from Guia Formation were analyzed including one sample from

the dolomitized limestone (CT2-2) and six additional limestone samples stratigraphically

located in the upper part of the section. Five samples of dolostones from the Mirassol d”Oeste

Formation were also analyzed. Isotopic compositions are presented in table 4.3.

The limestone samples yielded variable Pb isotopic compositions with 2°°Pb/?**Pb
ratios ranging between 18.77 and 31.18; 2°’Pb/?**Pb ratios ranging from 15.69 to 16.25 and
208pp/29p ratios ranging from 38.28 to 39.58. In the 2°’Pb/***Pb vs. *°Pb/?**Pb diagram, the
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seventeen analytical points fit along a linear array which define an age of 615 + 41 Ma with
MSWD of 34 (Ludwig, 2004, model 2). The high MSWD value is provoked by two analytical
points, which plot clearly outside the isochron. One of those two points (CT3-11) was
excluded because of its largest analytical error 2°Pb/***Pb (25 = 0.024) and *’Pb/***Pb (2 =
0.014). The other analytical point, corresponding to sample CT3-9, was excluded although no
mineralogical or geochemical criteria may be argued. The calculation of the isochron,
excluding these two points, furnished an age of 622 + 33 Ma, (Ludwig, 2004, model 1) with a
drastic reduction of the MSWD to 21 (figure 4.8). The relatively narrow range of isotopic
composition account for the large error + 33 Ma.

Dolomites samples furnished a very homogeneous isotopic composition as shown
by?*®Pb/?**Pb ratios ranging between 19.05 and 19.50, and 2°’Pb/*®*Pb ratios ranging between
15.69 and 15.90. The analytical points, when plotted in the 2°’Pb/?®*Pb vs. 2°°Pb/***Pb suggest
that the U-Pb system of the dolostones behave differently than for the limestones of the Guia
formation (figure 4.9). Due to the homogeneity of the isotopic composition, it has not been
possible to calculate an isochron using the dolostones samples alone. The inclusion of the
dolostone samples in the isochron calculation of the limestones furnished an age of 614 + 48
Ma (MSWD = 48, Ludwig, 2004 model 1). The higher MSWD value account for the

scattering of the dolostone samples.



Sample *®Pb/*Pb 26 *'Pb/Pb 26 *®Pb/™Pb 20

TS-102 18.771 0.0016 15.711 0.0011 38.283 0.002
TS-89 23.884 0.0359 16.017 0.0081  38.727 0.018
TS-74 31.179 0.0186 16.463 0.0100 39.413 0.024
TS-72 23.933 0.0040 16.023 0.0051  39.066 0.012
TS-65 27.368 0.0272 16.244 0.0088  39.297 0.022
TS-55 26.473 0.0183 16.164 0.0090  39.584 0.022
CT3-11 26.597 0.0480 16.144 0.0280 38.967 0.070
§ CT3-10 20.389 0.0040 15.816 0.0020 38.92 0.010
g CT3-9 23.182 0.0080 15.953 0.0040 39.22 0.008
L CT3-8 27.996 0.0180 16.254 0.0100  39.184 0.026
':DSU CT3-7 23.472 0.0040 16.007 0.0020 39.291 0.006
CT3-6 25.005 0.0080 16.089 0.0060 39.29 0.014
CT3-5 22.599 0.0080 15.953 0.0060  38.965 0.014
CT3-4 24.73 0.0140 16.064 0.0080 38.99 0.240
CT3-3 24.781 0.0160 16.06 0.0100 39.319 0.028
CT3-2 26.966 0.0040 16.204 0.0020 39.45 0.012
CT2-10 18.777 0.0009 15.713 0.0009 38.29 0.006
@ CT1-9 19.291 0.004 15.739 0.004 38.568 0.018
é § |CTl8 19.294 0.041 15.898 0.033 38.943 0.162
g g CT1-6 19.261 0.043 15.797 0.035 38.749 0.180
g E CT1-3 19.050 0.015 15.688 0.014 38.348 0.064
> CT1-1 19.503 0.011 15.822 0.008 38.717 0.044

TABLE 4.3 Pb-Pb isotopic results for dolomites and limestones of the cap carbonate in Tangara da Serra area.
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Figure 4.8 Pb-Pb isochron for Guia Formation limestones of cap carbonate in Tangara da Serra area. Red circles
represent the isotope composition from dolostones samples of Mirassol d"Oeste Formation (not used for the
regression). Yellow diamonds correspond to two limestones analytical points of limestones, not used for the

isochron calculation.
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4.6 DISCUSSION

Sr isotopes interpretation and discussion of Pb-Pb ages for carbonatic rocks depend on
the abundance of terrigenous material and alteration processes provoked by diagenetic or
epigenetic fluids, which involve water-rocks interaction. Therefore, the evaluation of these
factors is of critical importance for the identification of the primary Sr signature and age
determination (Kaurova et al., 2010). Petrography, X-ray diffractometry and X-ray
fluorescence brought mineralogical and geochemical evidences of these processes along the
studied section of the Tangara da Serra carbonates.

In the limestones, petrography allowed identifying diagenetic features as
neomorphism, chemical compactation and fracturing along the section, as well as the presence
of a significant amount of terrigenous material disseminated in the rocks, as previously
described by Soares and Nogueira (2008). Despite the diagenesis, the structures like
lamination and crystal fans are preserved as typical features from late Neoproterozoic cap
carbonates. In the lower part of the studied section of the Guia Formation; an intense
dolomitization is clearly identified by petrography, geochemistry and mineralogical study.

Petrography indicates that quartz occurs laminated in shape of fine sand grains into the
framework of Guia Formation and it is more abundant than in the Mirassol d”Oeste Formation
where the quartz is autigenic. Difference of peaks intensity by X-ray diffractometry also
suggested that quartz is more abundant in Guia Formation than Mirassol d"Oeste Formation.
X-ray diffractograms also revealed micas in some samples from the limestones of the Guia
Formation (CT3-3, CT3-6 and CT3-9). These mineralogical features are in good agreement
with the main chemical composition of the limestones and can be related to the continental
input of terrigenous grains (quartz, felsdpars and micas) by suspension to the platform
environment of the Guia Formation. Variations in this continental input may account for the
geochemical difference between the samples CT3-1 and CT3-11, which displayed the lower
SiO,, Al,O3, Fe,03, K,0 and Rb contents, and the others ones. In the CT3-3, CT3-6 and CT3-
9 samples, terrigenous grains are disseminated and only quartz has been identified while, in
the others ones, terrigenous grains formed thin layers and felsdpars and micas were also

recognized (figure 4.9).
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4.6.1 Sr isotope chemostratigraphy and assessment of terrigenous influence

The use of sequential leaching procedure allowed identifying important ®Sr/®°Sr
variations in each limestone sample. Such isotopic variations can be attributed to external
contributions from a continental input of terrigenous grains during the carbonate deposition
or, alternatively, can be due also to exotic Sr introduced during diagenetic processes by
interaction rocks/fluids. However, taking into account that these isotopic variations were
observed mainly in the last aliquots (L6-L7), and the petrographical, mineralogical and
chemical evidences of the presence of significant amount of non carbonate minerals in the
samples, the highest 3’Sr/*Sr signatures are interpreted as revealing the contribution of
terrigenous material. These radiogenic ®’Sr/*®Sr components modified the Sr isotopic
composition and not removing them will preclude any confident interpretation as primary
87Sr/%°Sr signature (Bailey, 2000).

After removing the effect of this siliciclastic contribution on the 8'Sr/®Sr ratio, the Sr
isotopic signature decreased to®'Sr/®Sr ratios ranging between 0.707088 to 0.707289, as the
lowest isotopic values were considered for each limestone sample. Even varying within a
narrow range, these tiny differences may be geologically significant. Once again, the
variations may be explained by two ways: A) as a result of diagenetic processes and B) By
input of terrigenous grains. In order to identify which will be the dominant way to explain the
isotopic variations, the 8'Sr/%Sr ratios of the limestone samples have been plotted together
with Sr, AlLOs SiO, and K,O contents (figure 4.9). In the ®Sr/*®Sr vs. Sr concentration
diagram (figure 4.8a) the ®’Sr/®°Sr increases with decrease of Sr contents. It is notable that the
only sample (sample CT3-1), which satisfy the Sr criteria proposed by Halverson et al.,
(2007) displayed the lower ®’Sr/*®Sr values, together with sample CT3-11. Moreover, this
sample is also the only one which displays Fe/Sr and Mn/Sr ratios (figure 4.6) considered as
characteristically of limestone unaffected by diagenetic processes according to Jacobsen and
Kaufman, (1999). This suggests that the more radiogenic Sr isotopic values of the other
samples may be the result of some alteration during diagenesis. However, the correlation
between ®'Sr/%°Sr signatures and the major oxides as Al,O3, SiO, and K,O (Figure 4.9 B, C
and D) indicate that the siliciclastic contribution may also control the %’Sr/*®Sr signature.
Despite the assumption of some tiny modifications of the Sr primary signatures in all the
samples but CT3-1, we consider that the interval of 0.70709 to 0.70729 may represent a good

estimate of the marine Sr composition at the time of formation of the limestones.
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The sample from the dolomitized section of Guia Formation displays a highly
radiogenic ®'Sr/%°Sr signature (0.70836 to 0.70975). These values are much more radiogenic
than the ®Sr/®°Sr values of aliquots L6 and L7 of limestone samples of the upper part of the
section. The contribution of terrigenous component cannot explain alone such an isotopic
signature considering that the dolomitized limestones do not display higher siliciclastic
contents than the limestones. Then the participation of epigenetic fluids during the
dolomitization processes must also be involved as a source of the radiogenic Sr.

Dolostones from the upper part of Mirassol d"Oeste formation also display very
radiogenic ®’Sr/*®Sr signatures (0.70836 to 0.70975). These values are slightly more
radiogenic than those of L6-L7 aliquots of the limestones but lower than the dolomitized
limestones. No evidence of terrigenous contribution can be point out by petrography, and
mineralogical studies. X-ray diffractometry identified only autogenetic quartz (Soares and
Nogueira, 2008).
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Figure 4.9. ¥Sr/%sr isotopic versus chemical contents diagrams for Sr (ppm), K,O (%), SiO, (%) and

AlL,O4(%).
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The SiO; contents of the dolostone samples are slightly lower than the limestones and
can be explained by the contents of quartz. KO and Al,O5 contents as well as the radiogenic
¥7Sr/*®sr signatures may be attributed to the contribution of continental water during the
precipitation of the dolostones, which is compatible with the context of formation of these
primary dolostones. As the Mirassol d”Oeste formation was deposited immediately after the
glacial deposits of the Puga formation, when temperatures were increasing rapidly, provoking
high rates of icemelting. An important input of fresh water from continent into the oceans was
occurring during the deposition of the dolostones (Nogueira et al., 2003). A significant effect
of this input of radiogenic Sr on the 8’Sr/%Sr ratio of the dolostone would be expected as Sr
concentrations are low in theses rocks (38 < [Sr] ppm< 52).

Previous works reported®”Sr/®®Sr signatures for the cap carbonate of the Araras group
with®’Sr/%°Sr values range from 0.7074 to 0.7080 for the limestones (Nogueira et al., 2007;
Alvarenga et al., 2008, 2009; Paula-Santos et al., 2010). Those authors proposed that
these®”Sr/®®Sr signatures correspond to the primary 8'Sr/%°Sr isotopic signature. The /Sr/%°Sr
values between 0.7071 and 0.7073 are significantly lower than the previous ones. We
proposed to attribute this discrepancy to the different analytical procedures used for the
dissolution of the limestone samples. In the previous works, samples were dissolved using
strong acid (HCI 1-2N) which is susceptible to remove efficiently some radiogenic Sr from
the siliciclastic component of the carbonate (Bailey et al., 2000) which can influence the Sr
isotope composition. This effect of non carbonate contribution has been observed in the
present work even using a weak procedure for sequential dissolution. As the terrigenous
component is important in the limestones from the Guia Formation in Tangara da Serra area
(Soares and Nogueira, 2008, this work) as well as in Mirrasol d"Oeste area (Nogueira et al.,
2007), it is probable that the values of 0.7074 - 0.7080 do not represent the primary marine Sr
composition where limestones formed. For the dolostones of the Mirrasol d”Oeste formation,
the ®’Sr/**Sr of 0.70836 to 0.70975 are within the interval previously obtained (0.70848-
0.71435) by Alvarenga et al., (2008, 2009).

4.6.2 Pb-Pb Age constraints

The Pb-Pb age of 622 + 33Ma (Figure 4.9) obtained for the limestones of the studied
section of the Guia Formation could be considered as a good estimate of the time of their
crystallization. The significance of Pb-Pb age for carbonatic rocks depends on the time when

the U-Pb systems remain closed. It is noteworthy that carbonates do not behave as a closed
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system for U and Pb between formation and diagenesis. The mechanisms of U and Pb
migration as a response of diagenesis have been discussed in details by Kaurova et al., (2010)
which involved redistribution of Pb between carbonate and diagenetic fluids. Therefore the
Pb-Pb age actually represent the time of diagenesis instead of the time of carbonate formation.
However taking into account that diagenesis takes place soon after the formation, no more
than 5 Ma after the deposition of the carbonates and they rapidly slowed down (Richter and
DePaolo, 1987, 1988), and that dating error is generally of some tens of my., the Pb-Pb ages
may be assumed to represent the age of deposition as well. Comparison with recent
depositional analogue, the deposition of Marinoan cap carbonates has been inferred to be
around 10*-10° years (Font et al., 2010), that is significantly lower than the current error on
Pb-Pb ages in carbonates. Therefore the age of 622 + 33 Ma obtained for the limestone
samples may be considered as the age of deposition of the cap carbonate as a whole in
Tangara da Serra area. This age constitutes a further evidence that the cap carbonates of the
Araras group are related to the Marinoan glaciation, in good agreement with the Pb-Pb age of
627+32 Ma, previously obtained for the cap carbonate in the Mirrasol d”Oeste area (Babinski
et al., 2006) and with the specific sedimentary features of Marinoan cap carbonates that have
been identified (Nogueira et al., 2003).The age obtained for the cap carbonate of the Araras
group is in good agreement with the very precise U-Pb zircon ages of 635.5 £ 1.2 Ma and
635.2 £ 0.6 Ma determined for the Marinoan glaciation, respectively in central Namibia and
south China (Hoffman et al., 2004; Condon et al., 2005).

4.6.3 Evolution of the 87Sr/86Sr composition of early Ediacaran seawater

The beginning of the Ediacaran has been well established at 635 Ma, corresponding to
the limit between the glacial deposits of the Marinoan glaciation and the base of the cap
carbonates (Halverson and Shields Zhou, 2011). The Pb-Pb dating of the limestones from the
Guia Formation indicates that the cap carbonate in Tangara da Serra deposited during early
Ediacaran. Then the Sr isotopic data of the limestones may be used to contribute for the

definition of the Sr marine evolution at that time.

The evolution of Sr marine curve in late Neoproterozoic is not yet clearly understood,
particularly at the transition Cryogenian-Ediacarian. In early Neoproterozoic
(Tonian/Cryogenian), the marine Sr isotopic compositions have been well established and the
8Sr/%sr ratios range between 0.7051 and 0.7063 (Halverson et al., 2007). During the

Marinoan glaciations, at the end of Cryogenian, the Sr isotopic composition was established
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around 0.7072-0.7073 identified as the Trezona anomaly (Halverson and Shields Zhou, 2011).
The Trezona anomaly allows to distinguish with reliability the Marinoan glaciation from the
Sturtian glaciation which display an isotopic anomaly of 8’Sr/%°Sr = 0.7066 (Islay Anomaly)
(Halverson and Shields Zhou, 2011; Caxito et al., 2012). During Ediacaran the Sr isotopic
composition increased abruptly from 0.7072 to 0.70785, in a few my. (i.e. 3-4 my.), then
being constant in late Ediacaran (Halverson et al., 2007). Therefore, the critical period for the
evolution of the late Neoproterozoic marine Sr curve is at the very beginning of Ediacaran, as
strong variations of 8'Sr/%°Sr occur in a short period of time. The significant difference of the
Sr evolution curve during this period proposed in the literature (Kutnetsov et al., 2008;
Jacobsen and Kaufman, 1999; Halverson et al. 2010) is probably a reflect of this
indetermination (figure 4.10). Two reasons have been tentatively invoked for such an abruptly
rise soon after the Marinoan glaciation and summarized by Halverson et al., (2007): A) ocean
stratification between deep and surface ocean with Sr composition strongly influenced in the
latter by large input of radiogenic Sr from continental fresh waters (Shields, 2005; Hurtgen et
al., 2006). B) High rates of silicate weathering resulting in a large flux of radiogenic Sr to the
surface ocean (Hoffman et al., 1998; Kasemann et al., 2005).

The #’Sr/®®Sr ratios (0.707088 to 0.707289) obtained for the limestones of the Guia
formation match with the Sr isotopic values of the Trezona anomaly and are in agreement
with the Sr marine curve of Jacobsen and Kaufman, (1999) around 620-630 Ma, which is the
age furnished by Pb-Pb geochronology. Actually, if the error on the Pb-Pb age of £ 33 Ma is
taken into account, the Sr isotopic composition would also fit on the Jacobsen and Kaufman,
(1999) curve around 605 Ma and 590 Ma. However, in Early Ediacaran (605 and 590 my), the
Sr composition has already suffered the significant increase and higher values would be
expected (Melezhik et al., 2001, Halverson et al, 2007, 2010; Kutnetzov et al., 2011). Then
the isotopic Sr composition of the limestones of the Guia Formation strongly suggest that the
deposition occurred around 630 Ma., despite the large error on the Pb-Pb age and represent
the Sr marine composition at that time with not significant change from the Marinoan sea
water. Considering this age for the deposition would reconcile the evolution curves of
Jacobsen and Kaufman, (1999) and Halverson et al., (2010) display similar values at the end
of the Marinoan glaciation and then diverge along the Ediacaran. The Sr isotopic values are
similar to that obtained on the 635 My old Hayhook Formation (0.70714-0.70716), from the
Mckenzies Mountains, Canada (Halverson et al., 2007), reinforced our proposal for the age
and primary Sr signature of the limestones in Tangara da Serra. The previous results from
Nogueira et al., (2007), Alvarenga et al., (2008) and Figueiredo et al, (2010), have been
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plotting on Sr marine curve from Jacobsen and Kaufman, (1999) (Figure 4.10, pink oval),

displaying radiogenic ®’Sr/*°Sr signature.

Deninson et al, 1998

0.7095 Burns et al, 1993
0.7090 s e Kaufman et al, 1993 \smeron et al. 1991
_I % Jacobsen and Kaufman, 1999
Fes ».e  Waltegt al, 2000
0.7080 ] ®e, %3 o, © Halverson et al., 2010 ~
— ] BT
%(D 0.7075 - perry et al. 1994
= b
) 0.7070 -
5
0.7065 -
0.7060
0.7055
I e U ] o U o] Pt P e T P U e U
Ma 500 550 600 650 700 750 800 850 900
622+33
C Ediacaran | Cryogenian | Tonian
NEOPROTEROZOIC

Figure 4.10 Compilation of Sr marine curves for Neoproterozoic times, from Melezhik et al., (2001) and
Halverson et al., (2010), with ®’Sr/%Sr isotopic ratios and Pb-Pb age (622 + 33 Ma) of the Tangaré da Serra cap
carbonate. Purple frame display the error of Pb-Pb age (+ 33 Ma) and the three possibilities of &’Sr/%*Sr plotting

(yellow frames) on Jacobsen and Kaufman’s (1999) curve. Pink oval represents the radiogenic ®Sr/®Sr ratios

from others authors for cap carbonate of the Araras Group Nogueira et al., 2007; Alvarenga et al., 2008, 2009;

Paula-Santos et al., 2010.
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4.7 CONCLUSIONS

The detailed petrographical and microfacies descriptions together with geochemical
and mineralogical data of the top of the Mirrasol d"Oeste formation and the base of the Guia
formation in the Tangara da Serra area allowed to identify the main diagenetic features and to
evaluate the contents of terrigenous contribution. Dolomitization has been evidenced in a
level of limestones of the lower part of Guia Formation by petrography, X-ray diffractometry
and geochemistry. Despite the diagenesis, the sedimentary structures of the Tangaréa da Serra
cap carbonate are well preserved (laminar bedded and crystal fans).

The Pb-Pb isochron dating of the Guia limestones in Tangara da Serra area yield a age
of 622 + 33 Ma, which is considered as the deposition age of the cap carbonate of the Araras
Group is agreement with the Pb-Pb age of 627 + 32 Ma, previously obtained for the cap
carbonate in the Mirassol d"Oeste area (Babinski et al., 2006). This age constitutes further
evidence that the cap carbonates of the Araras group are related to the Marinoan glaciation,
which took place at the end of the Cryogenian.

The assessment of the primary 8'Sr/%Sr signature of the limestones of Guia Formation
has been improved by sequential leaching using diluted acetic acid, as the technique allowed
to eliminate radiogenic Sr external contributions with 'Sr/%Sr ratios as high as 0.7106, due to
terrigenous grains. The 8’Sr/%®Sr ratios of 0.70709 to 0.70729 are regarded as the primary Sr
isotopic signature of sea water during precipitation of the carbonates in the deep platform
environment. The terrigenous contribution can explain the discrepancy with the previous
87Sr/%sr results obtained on the cap carbonate of the Araras Group, which displayed more
radiogenic values (Nogueira et al., 2007; Alvarenga et al., 2008; Paula-Santos et al., 2010).

Dolostones from the top of the Mirassol d"Oeste formation display radiogenic 'Sr/%°Sr
signature ranging 0.70804 to 0.7097 which is interpreted as reflecting the large inflow of
continental waters in the early Ediacarian Ocean.

At a global scale, the Sr isotopic signature around 0.7071-0.7072 of the cap carbonates
of the Araras group is compatible with both Sr marine evolution curves of Jacobsen and
Kaufman (1999) and Halverson et al. (2010) which display similar values at the end of the
Marinoan glaciation. Such low Sr values have been obtained elsewhere in Marinoan cap
carbonates (Hayhook Formation, Mckenzies Mountains, Canada; Halverson et al., 2007)
suggesting that the abrupt increase of Sr isotopic composition soon after the Marinoan
glaciation could have happened asynchronously and heterogeneously in the Early Ediacarian

oceans.
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Figure 4.11 The DRX diffractometry showing the mineral composition of study cap carbonate in Tangara da
Serra area with samples stratigraphy located. D = Dolostone. C= Calcite. Q= quartz. M= mica. The blue frame
showing the dominant pics by dolostones. The green frame showing the dominant picks of calcite.
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CAPITULO 5

5 CONCLUSOES

Os estudos petrograficos e a descricdo de microfacies junto com estudos geoquimicos
da regido de Tangara da Serra e mineraldgicos do topo da Formacdo Mirassol d Oeste e a
base da Formacdo Guia, permitiu identificar as principais fei¢cbes diagenéticas, assim como
determinar a contribuicdo terrigena, constituida por quartzos, micas e feldspatos. A
petrografia, junto com a difractometria de raios X e a geoquimica, permitiram evidenciar uma

dolomitizacdo no nivel inferior da secdo estudada da base da Formacédo Guia.

A datacdo Pb-Pb nos calcérios da Formagéo Guia, forneceu uma idade Ediacarana de
622 + 33 Ma, considerada como a idade de deposic¢do da capa carbonatica do Grupo Araras.
Esta idade corrobora com a idade Pb-Pb de 627 + 32 Ma, previamente obtida para a mesma
capa carbonatica na regido de Mirassol d"Oeste (Babinski et al., 2006) comfirma a sua relacao

com a Glaciagdo Marinoana (=635 Ma) no final do Criogeniano.

A técnica de lixiviacdo sequiencial usando acido acetic diluido, otimizou a resolucao
da assinatura primaria do ®’Sr/®°Sr dos calcarios da base da Formacdo Guia. Esta técnica
permitiu eliminar as contribuicdes externas de Sr radiogénico com valores de ®'Sr/*®Sr
elevados (0.7106), provenientes de graos terrigenos cotidos nos carbonatos. As razfes
87Sr/%°Sr entre 0.70709 e 0.70729, sio representativas das assinaturas isotopicas do Sr da 4gua
do mar durante a precipitacdo dos carbonatos em um ambiente de plataforma profunda. A
contribuicdo de material terrigeno pode explicar os valores mais radiogénicos de 'Sr/®®Sr

obtidos previamente na capa carbonatica do Grupo Araras.

Os dolomitos do topo da Formacdo Mirassol d”Oeste apresentam valores radiogénicos
de ®'Sr/*°Sr entre 0.70836 e 0.70975, interpretados como o reflexo de influxo de aguas

continentais no inicio do Ediacarano.

Em escala global, a assinatura isotopica primaria do Sr (0.70709-0.70729) da capa
carbonatica do Grupo Araras é compativel com as curvas de Evolucdo do Sr marino no
Neoproterozoico de Jacobsen e Kaufman, (1999) e Halverson et al., (2010), apresentando

valores similares no final da glaciagdo Marinoana. Baixos valores de Sr obtidos para capas
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carbonaticas Marinoanas (Hayhook Formation, Mckenzies Mountains, Canada; Halverson et
al., 2007), sugerem que o aumento abrupto da composi¢do isotopica do Sr ocorrido
imediatamente depois da glaciagdo Marinoana, pode ter acontecido de forma asincronica e
heterogénea nos oceanos do inicio do Ediacarano.
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