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RESUMO

A margem continental brasileira denota estruturas geomorfolégicas moldadas
durante varios episodios de atividade tectdnica iniciados no Neoproterozoico,
durante o Ciclo Brasiliano/Pan-Africano, e originada por processos de rifteamento e
subsequente separacdo entre América do Sul e Africa no Cretaceo Inferior. Com o
objetivo de estabelecer um modelo de historia termotectbnica para a margem
continental brasileira, foram realizadas as seguintes analises: (i) tracos de fissdo em
apatita e/ou zircao na margem sul, no Escudo Sul-Rio-Grandense e na Bacia do
Camaquad; (ii) tracos de fissdo em apatita no embasamento onshore e pogos offshore
da Bacia de Santos (margem sudeste); e, (iii) integracao e reinterpretacdo dos dados
tracos de fissdo em apatita disponiveis ao longo de toda a margem continental
brasileira. As idades tracos de fissdo em apatita ao longo da margem variam de
~385-10 Ma. As idades centrais tracos de fissdo em zircdo obtidas na Bacia do
Camaqua variam de ~386 a 210 Ma e sdo mais jovens do que a idade de deposicao,
apresentando sinais de reset parcial e/ou total apos a deposi¢céo. Alguns cristais de
zircdo com idades Meso-Neoproterozoicas definem uma proveniéncia inicial, e os
mais jovens de 147-104 Ma (Cretaceo Inferior) representam cristais que foram
completamente resetados e registram o inicio da separacédo entre a América do Sul
e a Africa. A modelagem térmica dos pocos offshore da Bacia de santos indicou que
a geracdo de Oleo na bacia comecou em 55-25 Ma. Os dados revelam que a
margem continental foi caracterizada por pelo menos trés eventos de resfriamento
acelerado pés Ciclo Brasiliano: Cretaceo Inferior, Cretaceo Superior e Palebgeno-
Nedgeno. Estes eventos sdo relacionados aos processos de abertura do Oceano
Atlantico Sul e as fases rifte e poés-rifte, com reativacdes tectbnicas ao longo da
margem e cuja denudacgao estimada pode ser relacionada ao influxo sedimentar nas
bacias offshore. A margem continental sul e o craton S&o Francisco registram o0s
eventos de resfriamento mais antigos, desde o Ordoviciano e o Permiano

respectivamente, como reflexo das orogenias Famatiniana e Gondwanide.



ABSTRACT

The Brazilian continental margin denotes geomorphological structures formed during
several episodes of tectonic activity initiated in the Neoproterozoic during the
Brasiliano/Pan African Cycle and originated by rifting and subsequent breakup of
South America and Africa in the Early Cretaceous. In order to establish a
thermotectonic history model for the Brazilian continental margin these analyzes
were performed: (i) apatite and/or zircon fission tracks in the southern margin, Sul-
Rio-Grandese Shield and Camaqua Basin; (li) apatite fission tracks in onshore
basement and offshore boreholes of the Santos Basin (southeast margin); and, (iii)
integration and reinterpretation of the available apatite fission tracks along the
Brazilian continental margin. The apatite fission track ages along the margin range
from ca. 385-10 Ma. The zircon fission track central ages along the Camaqué Basin
vary from ca. 386 to 210 Ma and are younger than the depositional age and show
signs partial of partially and/or totally reset after deposition. A few zircon grains with
Meso-Neoproterozoic ages define an initial provenance age, and the youngest ages
of 147-104 Ma (Early Cretaceous) represent zircon grains that have been completely
reset and record the time of the initial breakup between South America and Africa.
The borehole thermal modeling of the Santos Basin indicates that the oil generation
started at 55-25 Ma. The data show that the continental margin was characterized by
at least three accelerated cooling events after the Brasiliano cycle: Early Cretaceous,
Late Cretaceous and Paleogene-Neogene. These events are related to the opening
processes of the South Atlantic Ocean and to the rift and post-rift phases, with
tectonic reactivations along the margin and whose estimated denudation can be
related to the sedimentary influx in the offshore basins. The south continental margin
and the San Francisco craton record the older cooling events, from the Ordovician to

the Permian respectively, as reflection of the Famatinian and Gondwanide orogenies.
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Sobre a Estrutura desta Tese:

Esta tese de Doutorado esta estruturada em torno de artigos publicados e
submetidos a revisdo em periodos cientificos, cuja organizacdo compreende as

seguintes partes principais:

a) Introducao sobre o tema e descricdo do objeto de pesquisa de Doutorado,
em que estdo sumarizados 0s objetivos e a filosofia de pesquisa desenvolvidos, 0
estado da arte sobre o tema de pesquisa e uma sintese integradora contendo os
principais resultados e interpretagdes obtidos.

b) Artigos publicados e submetidos em periédicos com corpo editorial
permanente e revisores independentes, escritos pela autora durante o

desenvolvimento de seu Doutorado.



1 INTRODUCAO

As margens continentais representam areas de transicdo entre crosta
oceanica e continental, onde ha predominio de uma tectonica relativamente simples
nas bacias offshore e uma mais complexa nas regides continentais. Elas preservam
a historia de erosao continental, subduccédo oceanica, variacao climatica, mudancas
no nivel do mar, produtividade biolégica e inUmeros outros processos, sendo que 0
conhecimento de sua formacao fornece ferramentas para entender uma boa porcao
da historia do nosso planeta (Falvey & Middleton, 1981).

Margens continentais tipo rifte, passiva ou Atlantica, sdo formadas pela
separacao continental, com o desenvolvimento de falhas extensionais e bacias do
tipo rifte, e subsequente expansdo do fundo oceanico, acompanhado ou nao de
soerguimento regional e vulcanismo (Beaumont, 1989). A estruturacdo e estratigrafia
deste tipo de margem € dominada por soerguimento e subsidéncia tectdnica, que
ocorre antes, durante e ap0s a separagdo continental, dado que sua evolucao
geoldgica e estrutural € um processo prolongado e complexo (p.ex., Burk & Drake,
1974; Falvey, 1974).

A margem continental brasileira denota estruturas geomorfolégicas moldadas
durante varios episédios de atividade tectdnica iniciados no Neoproterozoico, sendo
sua topografia e relevo atuais semelhantes em muitos aspectos aqueles de outras
margens continentais tipo rifte ao redor do globo terrestre (p.ex., Austrélia, oeste da
Africa, Noruega, india Ocidental). Ela faz parte do sistema de riftes do Atlantico Sul,
originado pela separagdo do Gondwana Ocidental no Cretaceo Inferior, cuja abertura
iniciou-se no sul e propagou-se ao norte ao longo de reativacdes tectonicas de
antigos lineamentos (Nurnberg & Miiller, 1991; Meisling et al., 2001; Torsvik et al.,
2009). A natureza da margem influenciou o desenvolvimento das bacias
sedimentares offshore e das bacias intracontinentais, sendo que os sistemas de rifte
Mesozoico-Cenozoico paralelos a costa estdo presentes também offshore.

A margem continental norte esta assentada sobre as rochas Pré-Cambrianas
do Escudo Brasileiro e ndo exibe elevacdo tdo alta perto do litoral, mas é
caracterizada por alguns platbés costeiros. No sudeste, a margem apresenta uma
morfologia caracteristica de margem continental tipo rifte, com bacias sedimentares
offshore (Santos, Campos e Espirito Santo) e um lineamento estrutural dominante
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separados por uma planicie costeira relativamente estreita (Gallagher et al., 1994).
Ao sul, a topografia fica progressivamente mais baixa e ndo h4 embasamento Pré-
Cambriano exposto no sul do craton Rio de la Plata.

Métodos termocronoldgicos de baixa temperatura como tracos de fissdo em
apatita e zircdo, tém sido amplamente utilizados para entender o desenvolvimento
de margens tipo rifte, quantificar taxas de exumacao e denudacéo, fornecer idades e
taxas de movimentacdo ao longo de falhas e zonas de cisalhamento, e identificar as
caracteristicas de proveniéncia e evolucao termotectdnica de terrenos fonte (Garver
& Brandon, 1994; Carter & Moss, 1999; Gallagher & Brown, 1999; Bernet et al.,
2001; Raab et al., 2005; Jelinek et al., 2014). Na margem continental brasileira, a
maioria dos estudos termocronoldgicos tém se concentrado na margem sudeste com
amostras provenientes do embasamento e de bacias Terciarias onshore (Gallagher
et al., 1994, 1995; Jelinek et al., 2003; Tello Saenz et al., 2003; Hackspacher et al.,
2007; Hiruma et al., 2010; Cogné et al., 2011; Karl et al., 2013; Franco-Magalhaes et
al., 2014), onde se concentram as maiores bacias petroliferas offshore.

Apesar do grande numero de trabalhos termocronolégicos realizados na
margem continental brasileira, a parte sul e as bacias offshore carecem de tais
dados, assim como uma integracdo dos dados disponiveis na literatura para toda a
margem. Com isto, a presente tese teve como objetivo principal a analise da
evolucdo termotectbnica da margem continental brasileira com o0 uso da
termocronologia (tracos de fissdo em apatita e/ou zircdo). Para isso, 0s objetivos
especificos foram: (i) datagdo por tracos de fissdo em apatita e/ou zircao de
amostras da margem sul (Escudo Sul-Rio-Grandense e Bacia do Camaqua); (ii)
datacao por tracos de fissdo em apatita de amostras da margem sudeste (Bacia de
Santos) (iii) modelamento das historias térmicas; (iv) determinacdo dos principais
eventos termotectbnicos, das paleotemperaturas maximas e das taxas de
denudacdo e/ou soterramento; (v) correlagdo das taxas de denudacdo com a
sedimentacdo nas bacias offshore; (vi) integracdo com dados disponiveis na
literatura; e, (vii) geragcdo de um modelo de distribuicdo das idades por tragcos de
fissdio em apatita e dos eventos termotectdnicos para a margem continental

brasileira.



1.1 SINTESE DO METODO TRACOS DE FISSAO

A técnica de datacédo por tracos de fissdo foi proposta ainda na década de 60
por Price & Walker (1963) e desenvolvida por Naeser (1967) e Wagner (1968). Os
principios analiticos da técnica se baseiam no fendmeno de que a fissédo espontanea
dos atomos de #*®U contido no reticulo cristalino dos minerais causa danos a este
reticulo (tracos de fissdo), sendo utilizados minerais (termocronémetros)
naturalmente enriquecidos neste elemento como o zircdo, a titanita e a apatita.
Esses tragos séo continuamente produzidos no mineral ao longo do tempo, e podem
ser observados ao microscépio apdés um ataque quimico conveniente. Outros
minerais, como epidoto, granada e micas sado também utilizados, mas sdo muito
menos importantes em aplicacfes de rotina devido as concentracfes geralmente
baixas de uranio.

Em principio, varios parametros geoldgicos (tempo, temperatura, taxa de
resfriamento, danos por radiacdo, pressdo, etc.) sdo capazes de influenciar a
estabilidade dos tracos de fissdo nos minerais de modo que haja a reconstituicao
das zonas desarranjadas e ocorra 0 apagamento do traco. A temperatura é o
parametro que mais produz efeitos consideraveis durante um periodo de tempo
geoldgico. Quando os tracos sdo submetidos a temperaturas superiores aquelas de
bloqueio para um dado termocronémetro, os tracos sofrem encurtamento e reducéo
na densidade, processo este chamado de annealing (Jelinek et al., 2010).

Outros fatores também podem afetar a estabilidade térmica dos tracos de
fissdo nos minerais, como a composicdo quimica, no caso da apatita, e a
acumulacdo de danos na rede cristalina, no caso do zircdo. Em temperaturas
suficientemente baixas, o annealing torna-se tao lento que, para efeitos praticos,
tracos novos e antigos séo totalmente preservados. Com o aumento da temperatura,
a taxa de annealing aumenta até atingir o ponto em que 0s tragcos nao persistem
durante um tempo geoldgico significativo. O intervalo entre estas temperaturas ou
profundidades, em que os tracos de fissdo sao parcialmente encurtados ou
apagados, é conhecido como zona de annealing parcial (Reiners & Brandon, 2006),
sendo que ndo ha uma Unica zona de annealing parcial, pois o grau de annealing
depende da historia tempo-temperatura.

Outro conceito utilizado é temperatura de fechamento (Tc) (Fig. 1), baseado

no trabalho de Dodson (1973). De maneira geral, o fechamento ocorre quando um



sistema isotépico se torna fechado para a perda de is6topos pai e filho. No sistema
tracos de fissdo, a Tc representa a temperatura da rocha na idade termocronolégica
de resfriamento, em que ha retencdo quase que total dos tracos (retencdo de 90%

na maioria dos casos ou T90%), ou seja, o fechamento do sistema tracos de fissao.
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Figura 1. Intervalo aproximado da temperatura de fechamento para varios minerais,

suas respectivas técnicas de datagéo e o possivel processo geoldgico associado.

Dentre as possiveis aplicacfes da técnica podemos destacar estudos sobre
evolucdo de eventos tectbnicos, no qual € possivel estimar as taxas de
erosdo/soerguimento/denudacédo envolvidos no processo, estudos de eventos
hidrotermais, estudos de proveniéncia (Jelinek et al., 2010), e estudos aplicados

diretamente a evolugéo de bacias sedimentares (Armstrong, 2005).

1.1.1 Tracos de fissdo em apatita

A apatita € o termocronémetro mais utilizado devido a sua vasta presenca nas
rochas e por ter suas condi¢des fisico-quimicas facilmente reproduzidas em
laboratorio (Jelinek et al., 2010). Em contraste com o comportamento estavel e
elevada resisténcia fisico-quimica do zircdo, a apatita é instavel em agua acida e

tem baixa resisténcia, representando o primeiro ciclo detritico. A analise traco de



fissdo em apatita € amplamente utilizada na reconstrucdo de historias térmicas de
baixa temperatura de rochas ao longo do tempo, como de bacias sedimentares.
Outra aplicacdo bastante importante € na geologia do petrdleo, uma vez que a
temperatura de fechamento da apatita coincide com a janela de maturacdo dos
hidrocarbonetos, tornando o método uma importante ferramenta na exploracado de
Oleo e gas.

A zona de annealing da apatita varia entre 60 e 120 °C. Wagner (1972)
propds trés zonas de estabilidade da apatita associadas a temperatura: a) Zona de
Estabilidade Total (ZET), para temperaturas inferiores a 60 °C; b) Zona de Annealing
Parcial (ZAP), para temperaturas entre 60 e 120 °C; e c) Zona de Annealing Total
(ZAT), para temperaturas superiores a 120 °C (Fig. 2). As amostras que ocupam 0
campo da ZET tém idades tracos de fissdo muito proximas a idade estratigrafica ou
de cristalizacdo da rocha, e ttm os comprimentos dos tracos de fissdo preservados e
proximos ao comprimento original de 16 um. Para as amostras que ocupam a ZAP,
os tracos de fissdo ja apresentam indicios de encurtamento e somente metade dos
tracos de fissdo sao preservados, apresentando uma idade inferior aquela registrada
para as amostras da ZET. Na ZAT, os tracos de fissdo séo totalmente apagados, 0
que impossibilita a determinacdo de suas histérias térmicas. A medida do
comprimento dos tracos na apatita permite reconstruir a historia térmica da amostra.
Uma vez que a baixa temperatura de annealing da apatita resulta em idades tracos
de fissdo geralmente mais jovens que a idade estratigrafica das amostras, € possivel
estimar taxas de denudacgéo e soerguimento de bacias, e obter a idade de eventos
térmicos relacionados.

Outro parametro que influencia a temperatura de annealing dos tracos de
fissdo em apatita é a sua composi¢do quimica. A apatita € um mineral fosfatico cuja
férmula quimica é geralmente escrita como Ca’(PO,)*[F,Cl,OH] (Deer et al., 1969).
Os trés anions de F~', CI”", e OH™" podem substituir uns aos outros, no mesmo sitio
cristalografico, formando flUor-apatitas, cloro-apatitas e hidroxi-apatitas,
respectivamente. Green et al. (1986) verificou que uma cloro-apatita € mais
resistente ao annealing do que uma fldor-apatita, ou seja, a estabilidade térmica da
apatita diminui com a diminuicao do teor de cloro. Os outros sitios, preferencialmente
em flUor-apatitas, também podem sofrer substituicbes como o C por Mn, Sr, Fe, Na e
elementos terras raras (particularmente o Ce), e o sitio do P por Si, S e C (Deer et
al., 1969; Young et al., 1969; Roeder et al., 1987).
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Figura 2. Modelo esquematico das zonas de estabilidade dos tracos de fissdo em

apatita. Trés opcdes de soerguimento e denudacdo sdo mostradas para a mesma
origem na ZAP: (A) resfriamento rpido; (B) resfriamento lento; (C) resfriamento
complexo. Na opcdo A, a amostra A2 apresenta idade mais antiga que Al (ts:
temperatura da superficie; gg: gradiente geotérmico) (Fonte: Naeser et al., 1989).

Na determinacdo da composicdo da apatita da amostra analisada, utilizam-se
parametros cinéticos que permitem agrupar grdos com comportamentos
semelhantes durante o modelamento térmico. Os parametros mais utilizados séo:
determinacdo do conteudo de ClI com o uso de microssonda eletrbnica, e
determinacdo do Dpar. O Dpar é a média aritmética do diametro paralelo ao eixo
cristalografico “c” do cristal formada pela interseccdo de um etch pit (i.e., traco de
fissdo ou outra imperfeicdo cristalografica) com a superficie de polimento do cristal
(Donelick, 1993). O etch pit de uma apatita € alongado paralelamente ao eixo
cristalografico “c” e tende a exibir uma forma hexagonal. O Dpar tem uma correlagao
positiva com os teores de Cl e OH e uma correlagdo negativa com o teor de F da
apatita (Burtner et al., 1994; Donelick et al., 2005), ou seja, fornece indicios quanto a
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composicdo da apatita analisada, devendo ser feita no minimo 4 medi¢cdes para
cada gréo datado ou em que se mediu 0 comprimento de tracos.

1.1.2 Tragos de fiss&o em zircao

O zircédo (ZrSiO,4) é um mineral acessorio comum em varios tipos de rocha e
possui elevada resisténcia fisico-quimica, resistindo aos sucessivos ciclos de
deposicéo, erosdo e metamorfismo, e possui elevada concentracao de uranio e torio.
A datacao tracos de fissdo em zircdo detritico tem sido utilizada com sucesso para
identificar as caracteristicas de proveniéncia e evolug¢édo termo-tectdnica de terrenos
fonte (p. ex., Garver & Brandon, 1994; Carter & Moss, 1999; Bernet et al., 2001;
Fellin et al., 2006; Cao et al., 2013), assim como fornecer a idade de deposi¢cdo em
sequéncias sedimentares.

A densidade dos tracos de fissdo observaveis no zircado depende de sua
historia térmica, e eles s séo retidos dentro da estrutura do cristal em temperaturas
inferiores a aproximadamente 180-320 °C e por periodos de 106-108 anos, valores
equivalentes ao metamorfismo de baixo grau (Tagami et al., 1998; Garver et al.,
1999). De maneira geral, utiliza-se para os tragos de fissdo em zircdo uma Tc de 240
+ 30 °C (Yamada et al., 1995; Brandon et al., 1998; Bernet & Garver, 2005), sendo
gue essa temperatura € influenciada pela taxa de resfriamento e danos por radiacdo
no zircao. Brandon & Vance (1992) sugerem que o Tc 90% (ca. 240 °C) corresponde
a uma profundidade de 7,5-8 km, assumindo um gradiente geotérmico continental
tipico de 30°C/km e uma temperatura superficial média de ~10 °C.

Faixas de temperatura mais reduzidas podem ocorrer para o annealing parcial
dependendo da acumulacdo de danos por radiacdo na rede cristalina
(metamictizacdo) do zircdo (Kasuya & Naeser, 1988; Carter & Bristow, 2000). A
metamictizacdo altera a estrutura cristalina do zircao (transicdo de um estado
cristalino para amorfo) afetando suas propriedades de annealing: grdos com baixo
dano por radiagdo tém uma estrutura mais cristalina, sGo mais resistentes ao
annealing (~280-300 °C) e requerem mais tempo de atague quimico; grdos com
significativo dano por radiagcdo possuem uma estrutura amorfa, sdo menos
resistentes ao annealing (~180-200 °C) e requerem menos tempo de ataque quimico
(Garver et al., 2005). O zircdo metamictico também é mais propenso ao

intemperismo, podendo ser destruido seletivamente durante a diagénese,



12

metamorfismo, transporte fluvial, ou mesmo durante a moagem da amostra (Malusa
et al., 2013).

O fato da temperatura de annealing do zircdo ser superior a de outros
termocronbmetros o torna mais resistente ao annealing térmico em bacias
sedimentares apds a deposicdo, e, com isso, as idades tracos de fissdo obtidas
podem indicar idades de resfriamento de éareas fontes (proveniéncia) e serem
associadas a idades deposicionais de sequéncias sedimentares. Mudancas nas
idades tracos de fissdo em zircdo ao longo das sequéncias estratigraficas de uma
bacia podem ser utilizadas para reconstruir mudancas nos padrdes de sedimentacao
e para reconstruir a historia de soerguimento e erosdo das rochas fontes. Em
temperaturas mais elevadas (>320 °C), desde que a rocha permaneca a estas
temperaturas por um periodo de tempo geoldgico significativo (>106 anos), todos os
graos sado resetados e as idades fornecem informacdes sobre a histéria térmica pos-
deposicional da bacia sedimentar.

As rochas exumadas que foram soterradas e aquecidas a 180-280 °C tém
normalmente uma populacdo de grdos totalmente resetados e uma grande
variedade de idades de graos parcialmente resetados ou que representam as idades
de proveniéncia. Consequentemente, em estudos onde uma populagéo jovem foi
identificada, ndo estéa claro se as idades dos graos mais velhos retém a informacéo
de proveniéncia original, se foram parcialmente resetados, ou ambos. Porém, é
evidente que rochas aquecidas a temperaturas entre 180 e 220 °C tém potencial
para gravar tanto reset térmico, quanto informacdes de proveniéncia originais e
eventos térmicos na propria area fonte (Bernet & Garver, 2005).

No zircdo, diferentemente da apatita, a medida do comprimento dos tragos
para a modelagem da historia térmica ndo é aplicada, pois ha uma grande diferenca
nos tempos de ataque quimico e resposta ao ataque nos cristais de uma mesma

amostra, principalmente em cristais de zircdo detritico (Bernet & Garver, 2005).

1.2 SINTESE INTEGRADORA

Ha mais de duas décadas a evolugdo da historia termotectdnica da margem
continental brasileira vem sendo estudada através da termocronologia. A partir dos

resultados obtidos nas analises termocronolégicas realizadas ao longo desta tese, e
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da integracao e reinterpretacdo dos dados de tracos de fissdo em apatita disponiveis
para toda a margem continental brasileira, foi possivel estabelecer um modelo de
evolucdo termotectbnica para a margem. As idades tracos de fissdo em apatita ao
longo da margem variam de ~385-10 Ma e todas séo consideravelmente mais jovens
do que a idade de cristalizagdo ou metamorfismo de suas rochas hospedeiras,
sendo relacionadas a eventos de resfriamento, soerguimento e denudacao.

A margem continental sul brasileira, mais precisamente no estado do Rio
Grande do Sul, é composta principalmente pelas rochas do Escudo Sul-Rio-
Grandense de idade Arqgueana a Eopaleozoica (Fernandes et al., 1992; Chemale Jr.,
2000; Hartmann et al., 2007), e pelas rochas da Bacia de Camaquda, gerada nos
ciclos sedimentares tardi- a pés-orogénicos do Ciclo Brasiliano (Chemale et al.,
1995; Paim et al.,, 2000). O Escudo Sul-Rio-Grandense é composto por quatro
unidades limitadas por zonas de cisalhamento regionais de diregcdo NE-SW e NW-
SE: Terreno Taquarembd, Terreno Tijucas, Terreno Sao Gabriel e Batdlito de
Pelotas.

Com o objetivo de melhorar a compreensao sobre a evolucéo termotectbnica
da margem sul, foram realizadas analises por tracos de fissdo em apatita e/ou zircao
em amostras do embasamento (Terreno Taquarembo e Batélito de Pelotas) e da
Bacia do Camaquda, sendo que as andlises por tracos de fissdo em zircdo s6 foram
realizadas nas amostras da bacia. Os dados obtidos foram integrados com os dados
publicados por Borba et al. (2002 e 2003) e Bicca et al. (2013). As idades tracos de
fissdo em apatita obtidas variam de 340 + 33 a 77 = 6 Ma e foram interpretadas
como idades de resfriamento, representando eventos de denudagéo regional, uma
vez que sao mais jovens do que o Ciclo Brasiliano/Pan-Africano que afetou as
rochas do Escudo Sul-Rio-Grandense antes de 500 Ma. As idades nao
apresentaram nenhuma correlacdo com a altitude, como era esperado para uma
regido de relevo moderado.

As idades centrais tracos de fissdo em zircao ao longo da Bacia do Camaqua
variam de ca. 386 a 210 Ma e sdo mais jovens do que a idade de deposicéo,
apresentando sinais de reset parcial e/ou total apds a deposicéo. Alguns cristais de
zircdo com idades Meso-Neoproterozoicas definiram uma proveniéncia inicial,
correlacionaveis as idades obtidas por Oliveira et al. (2014) nas mesmas amostras
pelo método U-Pb em zircdo. As idades tracos de fissdo em zircdo mais jovens, de

147-104 Ma (Cretaceo Inferior), possivelmente representam cristais que foram
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completamente resetados e registram o inicio da separacéo entre a América do Sul
e a Africa (p. ex., Nurnberg & Miiller, 1991).

Com base na modelagem da histéria térmica foi possivel identificar os
eventos de resfriamento na regido e quantificar as taxas de denudacéo, que tém um
efeito significativo na evolucdo da topografia regional. O primeiro evento de
resfriamento na margem sul comecou no Ordoviciano e continuou durante o
Carbonifero. Este episodio afetou principalmente as unidades mais ocidentais do
escudo e reflete o possivel soerguimento da area em resposta a colisdo entre o
terreno Precordillera (Famatina e Cuyania) e o craton Rio de la Plata, na margem
Pacifica do Gondwana ocidental durante a Orogenia Famatiniana, e continuou
durante a Orogenia Gondwanide.

O evento de resfriamento Permo-Triassico afetou as rochas do Terreno S&o
Gabriel e parte do Batdlito de Pelotas, e foi relacionado ao processo orogénico tardio
do Gondwanides ao longo da borda sul do Gondwana ocidental, e a consequente
reativacdo das estruturas N-S e NE-SW do embasamento. O inicio da abertura do
Oceano Atlantico Sul é registrado principalmente no Batdélito de Pelotas, regido mais
proxima a margem, com a reativacdo das estruturas Pré-Cambrianas como
consequéncia desta extensdo. As idades tragos de fissdo em zircao da Bacia do
Camaquéa mostraram que durante este periodo a temperatura foi alta o suficiente
para resetar total ou parcialmente os cristais de zircdo, devido ao alto stress
termotectdnico. O Ultimo evento de resfriamento registrado na margem sul é
relacionado com a separagdo final entre a América do Sul e a Africa, no inicio do
Cretaceo Superior, e um aumento das taxas de resfriamento no Cenozoico,
provavelmente como resultado do ajuste das placas apos a separacgdo e reativagdes
neotectdnicas associadas a evolucéo do rifte Atlantico Sul.

Na margem continental sudeste e leste, diversos estudos utilizando tragos de
fissdo em apatita foram realizados desde a década de 90, utilizando amostras do
embasamento e das bacias terciarias terrestres, e os dados foram interpretados em
termos de denudacdo e movimentacao ao longo das falhas (p.ex., Gallagher et al.,
1994; Tello Saenz et al., 2003; Hackspacher et al., 2004; Hiruma et al., 2010; Cogné
et al., 2012; Franco-Magalhaes et al., 2010, 2014; Karl et al., 2013). Os dados tracos
de fissdo em apatita publicados para esta parte da margem mostram uma tendéncia
geral semelhante a observada em outras margens do tipo rifte, com idades mais

jovens em direcéo a costa.
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O Arco de Ponta Grossa, na regidao de Curitiba, € um alto topogréfico
caracterizado por um grande nimero de diques associados ao magmatismo Parana-
Etendeka (Zalan et al.,, 1990), e apresenta as idades tracos de fissdo em apatita
mais jovens de toda a margem continental (Franco-Magalhaes et al., 2010). Franco-
Magalhaes et al. (2010) atribuem estas idades mais jovens (<20 Ma) a reativagédo
das zonas de cisalhamento do Pré-Cambriano e ao soerguimento/exumacao da
area, levando a formacéo de bacias terciarias, como a Bacia de Curitiba (Salamuni,
1988). A reativacdo tectbnica Cenozoica do embasamento continental e
consequente formacao das bacias terciarias também é sugerida por outros autores
ao longo da margem sudeste e leste (p. ex., Hiruma et al., 2010; Cogné et al., 2012;
Karl et al., 2013).

Entre as bacias sedimentares offshore da margem sudeste, a Bacia de
Santos € a maior, originada pela separacdo do Gondwana ocidental no Cretaceo
Inferior. As analises termocronolégicas tracos de fissdo em apatita em amostras
onshore do embasamento e de furos offshore da Bacia de Santos resultaram em
idades centrais de 157,0 + 35,0 a 21,0 + 1,8 Ma para o embasamento, e de 208,0
11,0 a 6,5 + 1,1 Ma para os furos. A partir da modelagem térmica, foi possivel
verificar que as amostras do embasamento atingiram as maximas paleotemperaturas
durante a separacéo final da América do Sul e Africa (ca. 95 Ma). O primeiro evento
termotectdnico registrado nas amostras do embasamento e da bacia ocorreu durante
o Cretaceo Superior, relacionado ao soerguimento e denudacédo da Serra do Mar e
da Serra da Mantiqueira, como € observado em outras regides da margem sudeste e
leste.

As amostras do embasamento experimentaram um evento de resfriamento
final durante o Cenozoico, cuja denudacdo estimada pode ser relacionada as
espessuras de sedimeto na bacia offshore. Outros autores (p. ex., Gallagher et al.,
1994, 1995; Hiruma et al., 2010; Jelinek et al., 2014) também discutem que as altas
taxas de denudacéo pos-rifte indicadas para a margem sudeste e leste refletem a
geometria e 0 momento da reativacdo tectbnica pos-rifte de estruturas
intracontinentais maiores, e as taxas de denudacdo sdo correlacionaveis as
espessuras do registro sedimentar offshore nas bacias de Santos e Espirito Santo.
Ha evidéncia de um resfriamento rapido durante o periodo Nedgeno, relacionado a
reativacdo das zonas de cisalhamento do Pré-Cambriano e a mudanca do sistema

de drenagem Paraiba do Sul. A modelagem térmica, com base nos tracos de fissdo
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em apatita, indicou que a geracdo de 6leo na Bacia de Santos comecou em 55-25
Ma e continuou até o Plioceno-Pleistoceno.

Na margem nordeste, na regido do craton Sao Francisco, as idades tracos de
fissdo variam de ca. 386-95 Ma, com uma maior concentracdo de idades >145 Ma
(Harman et al.,, 1998; Cupertino, 2000; Turner et al.,, 2008; Japsen et al., 2012,
Jelinek et al., 2014), e um antigo episédio de resfriamento durante o Permiano e
Juréassico Inferior, reflexo da Orogenia Gondwanide (Jelinek et al., 2014). Os
modelos de historia térmica apresentados por Jelinek et al. (2014) ndo mostram
evidéncia de resfriamento significativo durante a formacdo das bacias de margem
tipo rifte nesta regido, o que implica que a &rea nao foi significativamente afetada
pelos processos tectonicos e térmicos relacionados ao rifteamento. Os modelos séo
apoiados pela evolucdo das bacias do nordeste, que apresentam fases
essencialmente ndo-magmaticas pré-rifte e rifte (Chang et al., 1992).

Na Provincia Borborema, regido norte da margem continental, as idades
tracos de fissdo em apatita variam de 357-52 Ma (Harman et al., 1998; Morais Neto
et al.,, 2008, 2009; Turner et al., 2008; Japsen et al.,, 2012; Jelinek et al., 2014),
sendo que a maior parte é relacionada ao evento de resfriamento do Cretaceo (<145
Ma) correspondente a abertura do Oceano Atlantico Sul. O desequilibrio térmico na
crosta na Provincia Borborema durante a ruptura do Gondwana e abertura do
Oceano Atlantico Sul sugerido por Lima et al. (2015), e o magmatismo sin- e pos-rifte
(60-40 Ma) presentes ao longo da margem equatorial brasileira (Mizusaki et al.,
2002), influenciaram a evolugdo dessa parte da margem e registraram esses
eventos nas idades tracos de fissdo em apatita.

Esse padrdo de idades tragos de fissdo e eventos de resfriamento ao longo
da margem continental brasileira ndo esta apenas relacionado ao processo de
rifteamento, como pode ser visto no grande numero de amostras com idades entre
135 e 66 Ma, mas envolve outros processos importantes como: (i) soerguimento
isostatico em resposta a denudagdo da margem continental e sedimentacdo nas
bacias onshore e offshore, sugeridos e detalhados por Gallagher et al. (1994) e
Gilchrist & Summerfield (1994); (i) magmatismo poés-rift e reativacao tectbnica das
principais estruturas intracontinentais, que ocasionaram uma denudacédo localmente
acelerada sobreposta ao padrdo regional secular (Gallagher & Brown, 1999;
Cobbold et al., 2001); e, (ii)) influéncia e registro de orogenias pré-rifte em regides

com caracteristicas cratbnicas.
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1.3 CONSIDERACOES FINAIS

Os dados e conclusdes obtidos ao longo do desenvolvimento desta Tese de
Doutorado, apresentados sob a forma de artigos cientificos, permitem destacar as
seguintes consideragdes finais:

(1) Através do uso da termocronologia de baixa temperatura, geotecténica e
conceitos de evolucdo de margens tipo rifte, foi possivel estabelecer um modelo de
evolucdo termotectbnica para a margem continental brasileira com base nas idades,
nos eventos de resfriamento, soerguimento e denudacao.

(2) O uso do método tragos de fissdo em zircdo em rochas sedimentares da
Bacia do Camaqua definiu algumas idades de proveniéncia e registrou a idade de
inicio da separacéo entre a América do Sul e a Africa, recomendando-se o uso do
método em outras bacias sedimentares e margens tipo rifte, a fim de determinar a
proveniéncia e a idade do rifteamento.

(3) A aplicabilidade do método tracos de fissdo em apatita mostrou-se
eficiente na determinacao da idade de formacao do 6leo em pocos offshore da Bacia
de Santos, uma vez que a temperatura de fechamento deste termocronémetro é a
mesma da janela de maturacdo dos hidrocarbonetos. Assim, como sugestdo para
trabalhos futuros, a integracdo dos tracos de fissdo em apatita com outros métodos
geoquimicos (p. ex., reflectancia em vitrinita) e geofisicos (p. ex., sismica, perfil log),
permitirda um modelamento mais preciso da histéria de soterramento da bacia,
formacao, migracado e maturacao do 6leo, auxiliando na determinacdo das reservas
petroliferas da margem continental brasileira.

(4) A margem continental brasileira apresenta um grande numero de dados
tracos de fissdo em apatita, com apenas algumas areas carecendo de tais dados,
como a regido do estado de Santa Catarina, sul da Bahia, Pernambuco e Rio
Grande do Norte. Porém, a aplicagdo de outros métodos termocronolégicos como
tracos de fissdo em zircdo ainda é bastante restrita, abrindo espaco para futuros

estudos ao longo da margem brasileira.
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Sul-Rio-Grandense Shield is a major geotectonic feature of southernmost Brazil that includes Paleoproterozoic
basement areas and Neoproterozoic fold belts linked to the Brasiliano/Pan-African orogeny. Crustal reworking
and juvenile accretion events related to this cycle were dated in the region between 900 and 500 Ma and were
responsible for the assembly of southwestern Gondwana in southeastern South America. Apatite fission track
(AFT) ages range from 340 £ 33 to 77 4+ 6 Ma and zircon fission track (ZFT) ages range from ca. 386 to
210 Ma. Based on thermal history modeling, the most part of the samples record an early cooling event during
the Carboniferous, which reflect the main tectonic activity of the final stages of the Gondwanides at the Pacific
margin of West Gondwana. Subsequently, the Permo-Triassic cooling event is related to the last stages of the
Gondwanides, with convergence along the southern border of Western Gondwana and consequent reactivation
of N-S and NE-SW trending basement structures. The onset of initial breakup of southwestern Gondwana with
opening of the South Atlantic Ocean is mostly recorded in the eastern terrain and ZFT ages show that the temper-
ature during this period was high enough for total or at least partial resetting of fission tracks in zircon. The last
cooling event of the Sul-Rio-Grandense Shield records the final breakup between South America and Africa,
which began during the Late Cretaceous. However, the Cenozoic rapid cooling episode probably is a result of
plate adjustment after breakup and neotectonic reactivation of faults associated with South Atlantic rift
evolution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

On the South American Margin most thermochronology studies
have focused on southeastern Brazil (e.g., Cogné et al., 2011, 2012;

The South Atlantic Ocean Margin results from the breakup of Gond-
wana during Early Cretaceous times and exhibits much more variety of
topography and geology than the conjugate margin of Africa. From the
Chain Fracture Zone in the north to the Falkland Agulhas Fracture
Zone in the south, the South American Margin is segmented in various
ways (e.g., Cappelletti et al., 2013; Chaboureau et al., 2013; Niirnberg
and Miiller, 1991). In the north, the margin is underlain by Precambrian
rocks of the Brazilian Shield, has a dominant structural lineament paral-
lel to the margin and high topography. To the south, the topography
gets progressively lower and in the south of the Rio de la Plata craton
there is no Precambrian basement exposed (Fig. 1). The nature of the
margin has influenced the development of offshore sedimentary basins
and onshore intracontinental basins.

* Corresponding author.
E-mail address: christie.oliveiral0@gmail.com (C.H.E. Oliveira).
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Franco-Magalhaes et al., 2014; Gallagher et al., 1994, 1995; Hackspacher
et al., 2007; Hiruma et al., 2010; Jelinek et al., 2003; Karl et al., 2013;
Tello Saenz et al., 2003), where the rifted-margin escarpment is most
clearly expressed, such as Serra do Mar and Serra da Mantiqueira. In
contrast, the uplift and denudation history of the margin further to the
south have not been studied in much detail until now. Borba et al.
(2002, 2003) and Bicca et al. (2013) used AFT data focused on relatively
restricted areas to constrain denudation in the NW cratonic interior of
the Sul-Rio-Grandense Shield. In order to improve the understanding
of the thermotectonic evolution of this last sector of south Brazilian
continental margin 57 new thermochronological data were obtained:
37 new AFT ages from basement and detrital samples and 20 new ZFT
ages from detrital samples. AFT and ZFT cooling ages are related to the
continental breakup between South America and Africa and the quanti-
tative thermal histories derived from the data provide the denudation
rates, which have a significant effect on the evolution of continental
topography and allow us to reconstruct the low-temperature cooling
history of the Sul-Rio-Grandense Shield.
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Fig. 1. Geotectonic map of South America with location of the study area (modified from Basei et al., 2010).

2. Geologic setting

The Sul-Rio-Grandense Shield, situated in the southwest Gondwana,
comprises rock assemblages generated between Archean and
Cambrian-Ordovician (Chemale Jr., 2000; Fernandes et al., 1992;
Hartmann et al., 2007) including Dom Feliciano Belt. The Dom Feliciano
Belt is an orogenic belt formed as result of the tectonic accretion of the

Rio de la Plata, Kalahari and Congo cratons during formation of West
Gondwana (e.g., Chemale et al., 1995; Fernandes et al., 1992) in the
Brasiliano/Pan-African orogeny.

The Sul-Rio-Grandense Shield is composed of the following four
units (Fig. 2) bounded by NE-SW and NW-SE oriented regional
Brasiliano shear zones: (1) the Taquarembé Terrane, bounded in the
north by the NW-SE trending Ibaré shear zone and in the east by the
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NE-SW trending Cagapava do Sul shear zone, is composed primarily
of Paleoproterozoic granulites with protolith ages of 2.45 Ga and
metamorphic events dated at 2.1-2.0 Ga (Hartmann et al,, 2008a), sev-
eral granite intrusions dated at 0.65-0.55 Ga (Gastal et al., 2005) and
Neoproterozoic to Eopaleozoic volcano-sedimentary rocks (Wildner
et al., 2002); (2) the Tijucas Terrane, bounded in the west by the
ductile-brittle Porongos fault and in the east by conjugate Passo do
Marinheiro and Dorsal de Cangucu shear zones, is composed of
metasedimentary rocks intercalated with metavolcanic rocks of the
Porongos Complex, whose age is constrained at ca. 780 Ma, (Chemale
Jr., 2000; Saalmann et al., 2011), older basement portions of granitic—
gneissic rocks of the Encantadas Complex dated at 2.2-2.3 Ga
(Hartmann et al., 2003; Philipp et al., 2008; Saalmann et al., 2011) and
granitic intrusions and sedimentary rocks dating to 0.65-0.55 Ga;
(3) the Sdo Gabriel Terrane, bounded to the south by the Ibaré shear
zone and to the east by the Cacapava do Sul shear zone, consists of a
tectonic juxtaposition of ophiolite slabs, volcanic-arc-related rocks, plu-
tonic granite-gneissic rocks with a Neoproterozoic juvenile signature,
volcano-sedimentary rocks formed between 1.0 and 0.69 Ga (Babinski
et al,, 1996; Chemale Jr., 2000; Hartmann et al.,, 2007, 2011; Saalmann
et al,, 2005), and 0.63-0.47 Ga old late- to post-orogenic granite intru-
sions and volcano-sedimentary cover rocks (in the Camaqua Basin);
and (4) the Pelotas Batholith, bounded in the west by the Passo do
Marinheiro and Dorsal de Cangucu shear zones, is represented predom-
inantly by granite rocks with ages of 0.65-0.55 Ga (Babinski et al., 1997;
Hartmann et al., 2000; Philipp and Machado, 2005; Philipp et al., 2003;
Silva et al., 1999), reworking of Paleoproterozoic crust and, more rarely,
Archean rocks (Leite et al., 2000; Philipp et al., 2003).

2.1. Camaqud Basin

The Camaqua Basin consists of a NE-SW-elongated basin (Fig. 2)
generated in the late- to post-orogenic sedimentary cycles of the
Brasiliano orogeny in the Dom Feliciano Belt (e.g., Chemale et al.,
1995; Paim et al., 2000). Structurally, the Camaqua Basin may be de-
fined as a depositional locus with superposition of various basinal cycles
distinguished by age and tectonic setting (Borba, 2006; Chemale, 1993;
Oliveira et al., 2014; Paim et al., 2000). The basin contains a record of
three primary basinal cycles developed in various tectonic settings:

(1) Marica Group is the basal cycle deposited in a retroarc foreland,
and consists of a 4000-m-thick sedimentary package with a minor
contribution from acidic volcanic activity unconformably overlying
the Sdo Gabriel Terrane. Deposition of this group occurred between
601 £ 13 and 593 + 6 Ma (Almeida et al., 2012; Paim et al., 2000);
(2) Bom Jardim Group represents the middle cycle deposited in a
strike-slip setting from 593 + 6 to 580 + 3.6 Ma (Almeida et al,,
2012; Janikian et al.,, 2012; Remus et al., 1999). The Bom Jardim Group
consists of a 2000-m-thick volcano-sedimentary sequence overlying
the Marica Group along an angular unconformity; and, (3) the upper
cycle was deposited in a transtensional environment and comprises
the Santa Barbara Group (including Acampamento Velho Formation)
and Guaritas Group. The Santa Barbara Group consists of a ca. 2500-
m-thick volcano-sedimentary sequence and was deposited from
574 4+ 7 to 549.3 £+ 5 Ma (Bicca et al., 2013; Janikian et al.,, 2012;
Oliveira et al., 2014; Sommer et al., 2005). The Guaritas Group repre-
sents the last depositional episode preserved in the Camaqua Basin
with ca. 800-m-thick. This group was deposited in a N4OE-trending
transtensional rift basin (e.g., Borba, 2006; Chemale, 1993) and consists
of sandstones and conglomerates. The deposition of the Guaritas Group
occurred between 547 + 6.3 Ma and 473.7 + 9.4 Ma (Almeida et al.,
2012; Hartmann et al., 2008b; Maraschin et al., 2010; Oliveira et al.,
2014).

3. Samples and analytical methods

Twenty-seven outcrop samples and 17 samples of three boreholes
(CQP-01, CQP-02 and CQP-03, drilled by the Geological Survey of
Brazil—CPRM) were collected along the Taquarembé Terrane, Sao Ga-
briel Terrane, including the Camaquad Basin, and Pelotas Batholith
(Fig. 2; Table 1). Details of the lithology of each sample are provided
in Table 1. Outcrop samples were collected along NW-SE transects
crosscutting the Taquarembé Terrane, S3o Gabriel Terrane and
Camaquad Basin, and NW-SE and NE-SW trending transects in the Pe-
lotas Batholith. The boreholes CQP-01 and CQP-02 have a depth of
1200 m (Fig. 3). The CQP-01 is located southeast of Cacapava do Sul
and CQP-02 is located in the Minas do Camaqua. The borehole CQP-
03 is located north of the CQP-02 and has a depth of 1250 m (Fig. 3).
Borehole samples were collected at different depths intervals, as
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Table 1

Details of fission track samples.
Sample Lithology Stratig. age Latitude Longitude Elevation Depth Dating

(Ma) S E (m) (m) method

Taquarembd Terrane
TFRS-05 Granulite 2450 31.10 54.44 188 * AFT
TFRS-06 Granite 650-550 31.29 54.06 253 * AFT
Sdo Gabriel Terrane
TFRS-12 Granite 561-541 30.50 53.46 353 * AFT
PRD-02 Granite 561-541 30.51 53.46 350 * AFT
Pelotas Batholith
PJV-07 Granite 550 30.51 51.92 312 * AFT
PJV-11 Granite 650-550 30.07 51.02 74 * AFT
PJV-14 Granite 550 30.31 51.60 268 * AFT
TFRS-07 Granite 650-550 31.57 53.39 422 * AFT
PRD-04 Granite 550 31.15 52.83 330 * AFT
PRD-05 Granite 550 31.08 52.77 220 * AFT
PJV-17 Granite 595 31.41 52.65 333 * AFT
PRD-10 Granite 610-550 30.57 52.68 440 * AFT
PRD-12 Gneiss 600 30.56 52.45 440 * AFT
TFRS-08 Granite gneiss 650-550 31.72 52.89 18 * AFT
PJV-02 Granite 650-550 30.82 52.17 89 * AFT
PJV-03b Granite 650-550 30.80 53.19 189 * AFT
PJV-03c Granite 650-550 30.82 52.11 189 * AFT
PJV-04 Granite 650-550 30.79 52.11 208 * AFT
PJV-05 Granite 650-550 30.75 52.11 198 * AFT
PJV-06 Granite 650-550 30.55 51.99 270 * AFT
PRD-18 Granite gneiss 650-550 30.78 51.98 240 * AFT
PRD-19 Granite 550 30.87 51.94 140 * AFT
Camaqua Basin
GU-01 Sandstone 553-465 30.74 53.20 * * ZFT
GU-02 Sandstone 553-465 30.76 53.19 * * ZFT
PS-01 Conglomerate 580-545 30.54 53.55 176 * ZFT
PS-03 Conglomerate 580-545 30.62 53.54 397 * ZFT
TFRS-11 Sandstone 553-465 30.80 53.19 123 * AFT
Borehole CQP-01
TO1-11 Sandstone 553-465 30.68 53.33 * 41 AFT & ZFT
TO01-35 Sandstone 553-465 30.68 53.33 * 134 ZFT
T01-56 Sandstone 553-465 30.68 53.33 * 218 AFT & ZFT
T01-82 Conglomerate 553-465 30.68 53.33 * 318 ZFT
T01-103 Sandstone 553-465 30.68 53.33 * 400 AFT & ZFT
TO1-130 Conglomerate 553-465 30.68 53.33 * 507 AFT & ZFT
T01-144 Sandstone 580-545 30.68 53.33 * 569 AFT & ZFT
T01-176 Sandstone 580-545 30.68 53.33 * 729 AFT & ZFT
Borehole CQP-02
T02-07 Conglomerate 580-545 30.90 53.43 * 27 AFT & ZFT
T02-64 Sandstone 580-545 30.90 5343 * 271 AFT & ZFT
T02-104 Sandstone 580-545 30.90 53.43 * 469 AFT & ZFT
T02-149 Sandstone 580-545 30.90 53.43 * 694 AFT & ZFT
T02-202 Siltstone 580-545 30.90 53.43 * 926 ZFT
Borehole CQP-03
T03-03 Sandstone 580-545 31.03 53.47 * 12 AFT & ZFT
T03-156 Sandstone 580-545 31.03 53.47 * 657 AFT & ZFT
T03-203 Sandstone 580-545 31.03 53.47 * 884 AFT
T03-249 Sandstone 580-545 31.03 53.47 * 1096 AFT & ZFT

shown in Table 1. Apatite and zircon grains were separated from samples
using standard crushing, magnetic and heavy liquid separation methods.

3.1. Apatite and zircon fission-track analysis

Apatite aliquots were mounted in epoxy, polished and etched for
20 sina 5.5 M HNOs solution at 21 °C to reveal the spontaneous fission
tracks. Zircon aliquots were mounted in Teflon®, polished and etched in
a eutectic NaOH-KOH melt at 228 °C. We adopted the multi-mount
technique and prepared two zircon mounts per sample (Bernet and
Garver, 2005; Naeser et al., 1987) and etched for different lengths of
time, with etching times ranging between 8 and 40 h.

All apatite and zircon samples were dated by the external detector
method (Hurford, 1990) using low-U mica sheets as external detectors.

Zircon samples were irradiated with Fish Canyon Tuff age standard and
CN2 dosimeter glasses at the well-thermalized FRM II Research Reactor
of the Technical University Munich, Germany. Apatite samples were ir-
radiated at the same reactor and at the well-thermalized IPEN-CNEN
Reactor, Sdo Paulo, Brazil, with Durango age standard and CN1 and
CN5 dosimeter glasses. After irradiation, mica detectors were etched
in 48% HF for 18 min at 20 °C to reveal the induced fission tracks.

ZFT analyses on all samples were performed at the fission-track
laboratory of the Institut des Sciences de la Terre (ISTerre) in Grenoble,
France, utilizing an Olympus BX51 microscope (1250, dry) and the
FTStage 4.04 system (Dumitru, 1993), while AFT analyses were
performed at the Universidade Federal do Rio Grande do Sul, Brazil, uti-
lizing a Leica DM 6000 M Microscope (1000 x, dry). We aimed at dating
atleast 20 grains per sample. Eleven AFT samples and 14 ZFT samples do
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Fig. 3. Fission-track ages plotted against samples depth from the boreholes of the Camaqua Basin. AFT and ZFT data are shown as age ranges with errors.

not meet these criteria (Table 2); we decided to retain them nonetheless,
because their ages broadly agree with the nearby samples that do have
good-quality measurements. AFT and ZFT central ages were calculated
according to the §-calibration method (Hurford, 1990). Throughout
this study, fission-track age errors are quoted at the 10 confidence
level and were derived by the conventional method (Green, 1981).
The y?-squared test was used to quantify age homogeneity; when
P(y?) >5%, fission-track samples contain a single age population
(Galbraith and Green, 1990, 1993). For samples from sedimentary
rocks which failed the y?-test and have an age-dispersion over 15%
may reflect a mixture of different age components. The software
“RadialPlotter” (Vermeesch, 2009) was used in order to statistically
separate different age populations. In a first step, the auto mixture
model was applied. Samples which revealed only one age component
were further tested applying a two component mixture model.

AFT lengths were measured on horizontal confined fission tracks.
Where possible, 100 natural confined tracks were measured to
construct an AFT length-frequency distribution, a number that was not
always attained. Etch pit diameter (Dpar; Donelick et al., 2005) values
and the chemical compositions (in particular the Cl concentration)
were used as kinetic parameter. Microprobe analysis for chemical com-
positions was carried out in the Department of Geology, Universidade
Federal do Rio de Janeiro, Brazil using a JEOL JXA-8230 Electron
Microprobe.

3.2. Thermal history modeling

Apatite thermal history modeling was performed with HeFTy 1.8.3
(Ketcham, 2005). In this study, AFT data are modeled using the multi-
kinetic annealing model of Ketcham et al. (2007), with Cl content or
Dpar values as a kinetic parameter. The Kolmogorov-Smirnov test was
employed to assess the fit between modeled and measured track-
length distributions. The inversions modeling were run with 10,000
randomly chosen time-temperature (t-T) histories for each sample;
such that sufficient model paths were available to clearly differentiate
between “good fit” and “acceptable fit” solutions (cf. Ketcham, 2005 for
details and definitions of “good” and “acceptable” fits). Depending on
the fission-track parameters (i.e., ages and lengths) and the geological

background and cooling history of different areas, we restricted the con-
ditions for inversion modeling as follows: (a) an initial constraint was set
at 200 4 20 °C at a time span older than the corresponding ZFT central
age. For samples that do not have ZFT age we used as initial constraint
the end of the Brasiliano orogeny (ca. 550-450 Ma), the last tectono-
thermal event that affected the Sul-Rio-Grandense Shield rocks; (b) a
large t-T box was imposed with T closed limits in the base of the apatite
partial annealing zone temperature (120 °C) and at the paleo-surface
temperature (20 4 10 °C). The t closed limits are the oldest AFT grain
age and the central sample age; (c) a constraint was set in 40-120 °C
at a time corresponding the youngest pooled age (<200 Ma); and (d) a
present mean surface temperature of ca. 20 + 5 °C provided the final
modeling constraint.

The quantification of denudation was estimated based on geother-
mal gradients measured from the data of the Parana Basin in southern
Brazil (Hurter and Pollack, 1996). Since insufficient measurements are
available to assess the spatial variation in geothermal gradient of the
Sul-Rio-Grandense Shield, we assumed a constant and linear geother-
mal gradient over geological times (25 °C/km) for the reconstruction
of the rocks denudation histories.

4. Results

AFT and ZFT ages and confined track length measurement from the
different tectonic blocks are presented in Table 2. Sample locations and
AFT ages obtained together with existing AFT ages from the literature
(Bicca et al., 2013; Borba et al., 2002, 2003) are presented in Figure 2.
Cooling histories for all samples are presented in Figures 4-8.

4.1. Apatite fission-track data

AFT central ages measured range from 340 + 33 (sample TFRS-06)
to 77 + 6 Ma (sample PJV-07). Three AFT sedimentary samples from
the Camaqua Basin (T03-03, T03-203 and T03-249; Table 2) failed the
x2-squared test and have an age-dispersion over 15%, indicating that
more than one age component is present in the obtained single grain
age population. All AFT central ages are much younger than the
Brasiliano/Pan-African orogeny that last affected the Sul-Rio-Grandense
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Table 2
Apatite and zircon fission track data from the Sul-Rio-Grandense Shield, southern Brazil.

Sample  Dating N  ps(Ns) (x10°) pi(Ni) (x10%) pd (Nd) (x10°)

Central +10  x*(%) Ucontent Cl(wt%) Dpar n MTL  Std. dev.

method age (Ma)  (Ma) (ppm) (pm) (um)  (um)
Taquarembé Terrane
TFRS-05  AFT 22 24.03 (1144) 3.15 (150) 2.32 (16,493) 298.0 26.0 100 16.6 0.259 * 35 114 1.2
TFRS-06  AFT 25 18.21 (1029) 2.09 (118) 232 (16,493) 340.0 33.0 100 11.0 0.032 * 66 112 14
Sdo Gabriel Terrane
TFRS-12  AFT 30 25.44 (1908) 4.27 (320) 2.32 (16,493) 234.0 14.0 99 224 0.009 * 32 113 1.5
PRD-02  AFT 20 6.94 (294) 3.73 (158) 5.07 (7600) 161.0 16.0 98 9.0 0.004 * 84 124 18
Pelotas Batholith
PJV-07 AFT 24 7.63 (458) 5.42 (325) 3.22 (15,546) 77.3 5.8 92 20.5 0.006 * 29 10.1 1.7
PJV-11 AFT 25 17.34 (1084) 12.13 (758) 12.07 (16,440) 95.4 45 100 40.0 0.008 * 93 113 1.8
PJV-14 AFT 11 2.76 (76) 2.04 (56) 12.07 (16,440) 91.0 16.0 77 6.7 0.005 * 3 129 05
TFRS-07  AFT 19 15.05 (715) 5.41 (257) 2.32 (16,493) 1104 8.0 86 28.4 * * * * *
PRD-04  AFT 20 42.03 (688) 18.39 (301) 5.07 (7600) 197.0 14.0 99 44.2 0.024 * 162 118 16
PRD-05  AFT 15 9.84 (247) 6.17 (155) 5.07 (7600) 138.0 14.0 87 14.8 0.009 * 42 138 13
PJV-17 AFT 25 19.18 (1199) 7.92 (495) 12.07 (16,440) 160.8 8.6 94 26.1 0.005 * 83 107 1.6
PRD-10  AFT 25 24.99 (634) 8.91 (226) 5.07 (7600) 241.0 19.0 93 214 0.003 * 53 120 1.7
PRD-12  AFT 9 36.33 (289) 12.82 (102) 5.07 (7600) 243.0 28.0 56 308 0.035 * 32 130 17
TFRS-08  AFT 29 33 01 (2393) 7.43 (539) 2.32 (16,493) 175.2 84 100 39.1 * 210 69 120 14
PJV-02 AFT 23 44 (543) 3.43 (197) 12.07 (16,440) 183.0 150 100 113 0.005 * 59 104 15
PJV-03b  AFT 24 24 45 (1467) 7.98 (479) 12.07 (16,440)  203.0 11.0 100 26.3 0.011 * 82 103 14
PJV-03c  AFT 23 51.46 (777) 13.58 (205) 12.07 (16,440) 250.0 20.0 100 44.8 0.004 * 102 111 1.6
PJV-04 AFT 24 21.09 (1086) 4.80 (247) 3.22 (15,546) 240.0 17.0 99 182 * 145 89 10.2 1.6
PJV-05 AFT 10 29.08 (727) 6.28 (157) 3.22 (15,546) 252.0 22.0 91 238 * * * * *
PJV-06 AFT 28 30.06 (2104) 9.07 (635) 12.07 (16,440) 219.0 9.9 31 299 * 133 52 109 19
PRD-18  AFT 21 24.1 (641) 6.92 (184) 5.07 (7600) 298.0 25.0 80 16.6 0.004 * 57 112 14
PRD-19  AFT 11 26.3 (290) 6.71 (74) 5.07 (7600) 334.0 44.0 100 16.1 0.007 * 28 115 14
Camaqud Basin
GU-01 ZFT 12 145.11 (1096) 6.36 (48) 2.63 (4367) 386.0 57.0 78 88.2 * * * * *
GU-02 ZFT 3 171.54 (299) 12.62 (22) 2.63 (4367) 227.0 56.0 15 175.1 * * * * *
PS-01 ZFT 22 141.58 (1986) 7.2 (101) 2.63 (4367) 334.0 34.0 58 99.9 * * * * *
PS-03 ZFT 7 119.54 (506) 6.14 (26) 2.63 (4367) 332.0 67.0 97 85.2 * * * * *
TFRS-11  AFT 45 23.47 (2640) 5.22 (587) 2.32 (16,493) 176.4 94 7 274 0.029 * 53 119 14
TO1-11 AFT 30 8.53 (318) 10.13 (378) 11.35 (6808) 146.0 11.0 48 10.9 * 190 38 11.0 1.1
ZFT 23 115.53(1611) 8.61 (120) 2.63 (4367) 230.0 23.0 33 1194 * * * * *
TO01-35 ZFT 11 156.91 (1094) 8.03 (56) 2.63 (4367) 332.0 45.0 88 1114 * * * * *
TO01-56 AFT 5 10.97 (102) 11.29 (105) 11.35 (6808) 166.0 25.0 33 121 * * * * *
ZFT 3 95.55 (230) 457 (11) 2.63 (4367) 355.0 109.0 71 63.4 * * * * *
TO01-82 ZFT 28  140.83 (2782) 6.88 (136) 2.63 (4367) 356.0 44.0 0 95.5 * * * * *
T01-103  AFT 24 14.99 (715) 14.05 (670) 11.35 (6808) 185.0 11.0 12 15.1 * 1.88 44 11.0 14
ZFT 14 149.38 (1401) 8.96 (84) 2.63 (4367) 287.0 36.0 20 1242 * * * * *
TO1-130  AFT 4 11.22 (46) 6.10 (25) 11.35 (6808) 301.0 95.0 14 6.5 * * * * *
ZFT 20 121.94 (1589) 5.76 (75) 2.63 (4367) 359.0 42.0 73 79.8 * * * * *
TO1-144  AFT 16 13.99 (270) 10.93 (211) 11.35 (6808) 221.0 20.0 55 11.7 * * * * *
ZFT 11 156.63 (819) 9.75 (51) 2.63 (4367) 274.0 40.0 66 1353 * * * * *
TO1-176  AFT 30 10.91 (566) 9.92 (515) 11.35 (6808) 190.0 12.0 45 10.6 * 214 31 112 1.2
ZFT 24 12496 (1701) 8.67 (118) 2.63 (4367) 253.0 24.0 63 1203 * * * * *
T02-07 AFT 18 6.61 (211) 4.20 (134) 11.35 (6808) 270.0 30.0 91 45 * * * * *
ZFT 11 99.24 (659) 6.93 (46) 2.63 (4367) 250.0 39.0 72 94 * * * * *
T02-64 AFT 26 14.79 (719) 9.63 (468) 11.35 (6808) 263.0 19.0 19 103 * 1.93 19 11.2 1.2
ZFT 24 133.04 (2098) 9.13 (144) 2.63 (4367) 251.0 23.0 33 125.8 * * * * *
T02-104  AFT 21 18.70 (619) 9.55 (316) 11.35 (6808) 339.0 25.0 50 10.7 * * * * *
ZFT 2 157.43 (196) 7.23(9) 2.63 (4367) 369.0 126.0 17 100.3 * * * * *
T02-149  AFT 30 12.37 (490) 11.79 (467) 11.35 (6808) 180.0 14.0 20 12,6 * * * * *
ZFT 4 158.35 (368) 11.62 (27) 2.63 (4367) 210.0 40.0 97 161.2 * * * * *
T02-202  ZFT 6 109.61 (373) 6.76 (23) 2.63 (4367) 277.0 59.0 38 93.8 * * * * *
T03-03 AFT 31 17.31 (850) 13.48 (662) 11.35 (6808) 226.0 15.0 2 14.5 * 1.78 25 110 1.2
ZFT 11 122.59 (814) 7.68 (51) 2.63 (4367) 273.0 39.0 79 106.6 * * * * *
T03-156  AFT 24 17.90 (580) 13.58 (440) 11.35 (6808) 226.0 16.0 30 14.6 * 1.79 24 109 1.0
ZFT 8 126.04 (544) 7.18 (31) 2.63 (4367) 298.0 63.0 13 99.6 * * * * *
T03-203  AFT 22 18.33 (660) 18.42 (663) 11.35 (6808) 178.0 23.0 0 19.8 * * * * *
T03-249  AFT 12 15.36 (258) 12.44 (209) 11.35 (6808) 224.0 32.0 1 133 * 157 6 109 09
ZFT 6 152.88 (571) 11.51 (43) 2.63 (4367) 231.0 48.0 8 159.7 * * * * *

N: number of grains analyzed to determine track densities; ps: measured spontaneous track density; .Ns number of spontaneous tracks counted; .pi measured induced track density; Ni:
number of induced tracks counted; pd: track density measured in glass dosimeter; Nd: number of tracks counted in determining pd; x?: Chi-square probability; n: number of confined
tracks lengths measured; MTL: mean track length; Dpar: mean etch pit diameter of all measured etch pits; std. dev.: standard deviation of track length distribution of individual track mea-
surements; (*): not analyzed. Note: ZFT and AFT ages from the Camaqud Basin, except TFRS-11 sample, were calculated by C.H.E. Oliveira using ;-CN2 = 132.57 and {-CN5 = 308.99 re-
spectively. The rest AFT ages were determined by L. Oliveira as well using {--CN1 = 111.36 and ¢{-CN5 = 345.51.

Shield rocks before 500 Ma; we therefore interpret the ages as
representing cooling ages, which could represent regional denudation
events. As expected for such a large area of relatively subdued relief,
the collective AFT dataset does not show any systematic correlation

between AFT age and elevation. The large majority of the samples were
collected from elevations <300 m; although a few samples from some-
what higher elevations (300-440 m) were collected from the summit
surfaces of the Cacapava do Sul High and Dorsal de Cangucu shear zone.
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Fig. 4. AFT radial plots (from RadialPlotter by Vermeesch, 2009) and thermal history models derived using HeFTy software (Ketcham, 2005) from the Taquarembé Terrane. Green, purple
and blue lines represent acceptable, good and weighted mean fitting t-T paths. The blue boxes are t-T constraints.

The confined track-length distributions are both unimodal and
bimodal, with MTL ranging from 10.1 um (sample PJV-07; n = 29) to
13.8 um (sample PRD-05; n = 42). The large majority of MTL lie in the
11-12 pm range (Table 2). The Cl contents of 18 samples (Table 2)
range from 0.003 (sample PRD-10) to 0.259 wt.% (sample TFRS-05). In
most of the analyzed apatite grains, Dpar values do not vary much,
ranging between 1.33 and 2.14 um (Table 2), indicating fairly similar
chemical compositions and relatively fluorine rich apatite grains
(Burtner et al., 1994) with a low resistance to annealing (Ketcham
et al., 1999).

4.2. Zircon fission-track data

ZFT central ages were obtained from the Camaqua Basin and range
from ca. 386 to 210 Ma (Table 2 and Fig. 3). Within the uncertainties
of the data, ZFT ages are generally older than AFT ages for the same
samples, consistent with relative closure temperatures of these two
systems. For T02-07 and T02-64 samples, ZFT age is slightly younger
than corresponding AFT age, which is probably related to the very low
uranium content of these samples (e.g., Bernet and Garver, 2005;
Rahn et al., 2004). Detrital zircon grains are characterized by uranium
concentrations of 65-175 ppm (Table 2) obtained from measurable
spontaneous track densities. Only few countable low-U zircon grains
presents oldest ZFT ages and younger ZFT ages occur in grains with a
higher U content. Only one ZFT sample analyzed (T01-82; Table 2) failed
the y2-squared test and have an age-dispersion over 15%, indicating that
more than one age component is present in the obtained single grain
age population.

ZFT dataset does not show any systematic correlation between ZFT
age and depth or elevation, apparently only correlation between ZFT
age and different group of the Camaqua Basin (Fig. 3). In order to im-
prove the statistics, we decided to pool the ZFT ages of different detrital

Sao Gabriel Terrane

samples that belong to the same Camaqua Basin group. ZFT ages obtained
according to the different groups of the Camaqua Basin are presented in
Figure 9. Santa Barbara Group outcrop samples (PS-01 and PS-03) pres-
ent an average age of 333 £ 34 Ma. However, the borehole samples are
younger: samples of the CQP-01 (TO1-144 and T01-176) present an
average age of 255 + 20 Ma; samples of the CQP-02 (T02-07, T02-64,
T02-104, T02-149 and T02-202) present an average age of 258 +
17 Ma; and samples of the CQP-03 (T03-03, T03-156 and T03-249)
present an average age of 265 + 27 Ma. Outcrop samples of the Guaritas
Group (GU-01 and GU-02) present an average age of 399 4 44 Ma; and
borehole samples of the CQP-01 (T01-11, T01-35, T01-56, T0O1-82, TO1-
103 and TO1-130) present two ZFT age populations with peak ages of
361 + 33 (83.9%) Ma and 173 + 29 (16.1%) Ma.

All ZFT central ages are much younger than depositional age of the
Camaqua Basin and show that ZFTs were partially and/or totally reset
after deposition. Furthermore, these data are not useful for a provenance
analysis, nor do they reflect the source cooling signal.

4.3. Thermal history modeling

In order to further constrain the thermal and denudation history of
the Sul-Rio-Grandense Shield, t-T histories have been modeled for 27
selected samples for which track-length measurements were available.

Good fitting t-T paths from the Taquarembé Terrane samples (TFRS-
05, TFRS-06) (Fig. 4) show relatively fast cooling from the zircon partial
annealing zone to the top of the apatite partial annealing zone (60 °C) at
ca.425-360 Ma. Thereafter, the samples were reheated to temperatures
of ca. 60 °C at ca. 55 Ma before it cooled to present surface conditions.

Thermal history modeling from the Sao Gabriel Terrane (TFRS-12,
PRD-02) show relatively fast cooling through the apatite partial anneal-
ing zone during the first cooling event. The rocks appear to have resided
at that temperature for ca. 60 Myr (Fig. 5). Thereafter, the samples were
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Fig. 5. AFT radial plots (from RadialPlotter by Vermeesch, 2009) and thermal history models derived using HeFTy software (Ketcham, 2005) from the Sdo Gabriel Terrane. Green, purple
and blue lines represent acceptable, good and weighted mean fitting t-T paths. The blue boxes are t-T constraints.
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reheated to a Tmax of 63 °C at ca. 75 Ma before cooling to present accelerated final cooling from temperatures of 75-60 °C to the surface

surface temperatures started. temperature in Cenozoic time. The other samples PRD-04, PRD-05,
Samples from the easternmost shield, Pelotas Batholith (Figs. 6 and PRD-10, PRD-12 and PRD-19 show slow cooling from temperatures of

7), initially cooled at around 320-80 Ma. The majority of samples show 60-45 °C to surface temperatures in the last 140-80 Ma (Cretaceous).

Pelotas Batholith
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Fig. 6. AFT radial plots (from RadialPlotter by Vermeesch, 2009) and thermal history models derived using HeFTy software (Ketcham, 2005) from the Pelotas Batholith. Green, purple and
blue lines represent acceptable, good and weighted mean fitting t-T paths. The blue boxes are t-T constraints.



CH.E. Oliveira et al. / Tectonophysics 666 (2016) 173-187 181

Pelotas Batholith (cont.)
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Fig. 7. AFT radial plots (from RadialPlotter by Vermeesch, 2009) and thermal history models derived using HeFTy software (Ketcham, 2005) from the Pelotas Batholith. Green, purple and
blue lines represent acceptable, good and weighted mean fitting t-T paths. The blue boxes are t-T constraints.

Good fitting t-T paths from the borehole samples of the Camaqua
Basin (Fig. 8) show relatively slow cooling from the zircon partial
annealing zone to the top of the apatite partial annealing zone (60 °C)
at ca. 540-355 Ma. Thereafter, the samples were reheated to tempera-
tures of 70-95 °C at ca. 75-15 Ma before it cooled to present outcrop
conditions. The inverse model of the TFRS-11 outcrop sample (Fig. 8) in-
dicates a cooling step from the temperature regime of the zircon partial
annealing zone to paleo-surface conditions at ca. 170 Ma. Thereafter,
this sample reached Tmax of ca. 55 °C at ca. 40 Ma before it cooled
back to the surface conditions.

5. Interpretations and discussion

The final tectonic evolution of the Sul-Rio-Grandense Shield involved
the collision (595-540 Ma) between the Rio de la Plata (western) and
the Kalahari (eastern) plates. In this crustal segment of South America,
this period was characterized by escape tectonics (Almeida et al., 2000;
Chemale et al., 2012; Fernandes et al., 1992), with developing of the
late to post-orogenic basins and associated magmatism. The South
America remained relatively stable during the transition Cambrian-
Ordovician.

A multi-thermochronological approach combining fission-track sys-
tems sensitive to different temperatures ranging from ca. 240 to 60 °C
was applied in this study. All AFT and ZFT central ages are much younger
than Brasiliano/Pan-African orogeny that last affected the rocks of the
Sul-Rio-Grandense Shield before 500 Ma (Fig. 10). We therefore inter-
pret the AFT ages as representing cooling ages (after full annealing

during burial heating for the detrital samples), which could represent
reactivation of the Precambrian structures with regional denudation
events. The data obtained from ZFT analysis in the sedimentary rocks of
the Camaqua Basin show evidence for post depositional partial and/or
total annealing indicated by age components younger than depositional
ages.

5.1. Tectonic-thermal evolution of the Sul-Rio-Grandense Shield basement
rocks

The first cooling episode of the Sul-Rio-Grandense Shield basement
rocks occurred in Carboniferous time (ca. 350 Ma) and affected units
of the Taquarembd Terrane (TFRS-05 and TFRS-06; Fig. 4) and samples
from the easternmost central part of the Pelotas Batholith, PRD-18 and
PRD-19 (Fig. 7). This denudation process is herein correlated to those
tectonic events situated in western and southern sectors of the South
American platform, in Chile, central Argentina and Patagonia, where
they contain records of pre, syn and post-orogenic magmatism due to
subduction process associated with the San Rafael or Gondwanides
Orogeny (Mpodozis and Kay, 1992; Pankhurst et al., 2006; Ramos,
2008; Ramos et al., 2014). The evolution of these areas is represented
by Upper Devonian to Carboniferous subduction to collisional related
magmatism and Permian-Triassic late to post orogenic magmatism
(Pankhurst et al., 2006; Ramos and Alemand, 2000).The propagation
of stresses related to this event could be responsible for promoting
uplift and denudation along the Precambrian NW-SE trending Ibaré
and NE-SW trending Cagapava do Sul shear zones (Chemale Jr., 2000;
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Fernandes et al., 1992), which delineate Taquaremb6 Terrane. The
estimated amount of denudation from 445 to 300 Ma range from
1560 to 3880 m, which yields an average long-term denudation rate
of 11-27 m/My.

The last stages of the Gondwanides are recorded in the Permo-
Triassic cooling episode, which affected Sdo Gabriel Terrane samples
(TFRS-12; and NR, GS-1, GS-3, GN-1 and GN-2 from Borba et al.,
2002), and part of the Pelotas Batholith (PJV-02, PJV-03b, PJV-03c,
PJV-04, PJV-06, PRD-10 and PRD-12), which records amounts of denu-
dation of 2760 and 3120 m and an average long-term denudation rate
of 24-32 m/My. This cooling episode can be connected to the wide-
spread late Permian-Triassic magmatism of Choiyoi Group (Kay et al.,
1989; Mpodozis and Kay, 1992), formed in a large-scale extensional
tectonic environment after the main stages of the Gondwanide or San
Rafael orogenies (Fig. 11). This magmatism is well documented at the
Western South America Margin in the Andean Mountains and Patagonia

(e.g., Ramos, 2008; Ramos and Alemand, 2000) and consequent reacti-
vation of basement structures N-S and NE-SW trending (Riccomini
et al., 2005) in order parts of the Brazilian margin. The Permo-Triassic
events also affected the southern margin of South Africa where base-
ment rocks were uplifted to form the Cape Fold Belt and associated
Karoo Foreland Basin (Cawood and Buchan, 2007).

AFT age of 161 + 16 Ma on sample PRD-02 of the Sdo Gabriel Terrane,
near from NW-SE trending Arroio Mangueirdo fault, precedes the onset
of initial breakup of southwestern Gondwana and are clearly related to
this fault as a consequence of the NNW-SSE extension (Fig. 11). Other
Jurassic-Cretaceous cooling episodes are recorded in samples of the
Pelotas Batholith, near to the NE-SW trending (e.g., Dorcal de Cangugu,
Passo do Marinheiro and Porto Alegre shear zones): PRD-04, PRD-05,
PJV-14, PJV-17 and TFRS-08. This period may reflect an important reacti-
vation of these structures that delimits the Pelotas Batholith during the
separation of the South American and African plates (Fig. 11).
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Fig. 9. Radial and density plots showing single grain ZFT age distributions and calculated age components (using RadialPlotter of Vermeesch, 2009).

The samples of the Sdo Gabriel Terrane from this study and from
Borba et al. (2002) and two samples of the Pelotas Barholith (PJV-07
and PJV-11) record a cooling episode during the Late Cretaceous. The
South Atlantic margins are characterized by voluminous igneous activi-
ty at ca. 90 Ma (Mizusaki et al., 1998, 2002; Thomaz Filho et al., 2000)
coincident with the final breakup between South America and Africa
(Fig. 11). Other studies in southeastern Brazil (e.g., Cogné et al., 2011,
2012; Franco-Magalhaes et al., 2014; Gallagher et al., 1994, 1995; Karl
et al,, 2013) have emphasized that the Late Cretaceous cooling may be
linked to the uplift and denudation of the southeastern Brazilian margin
in Serra do Mar and Serra da Mantiqueira.

The last cooling episode of the Sul-Rio-Grandense Shield basement
rocks occurred during the Cenozoic. The units of the Taquarembd
Terrane record ca. 1560 m of Eocene (54-48 Ma) denudation, from tem-
peratures of 59 °C to surface conditions. In contrast, the samples of the
Pelotas Batholith record a cooling from temperatures of 75 °C to surface
conditions. This rapid cooling during the Cenozoic is result from
the plate adjustment of breakup with denudation and consequently
deposition of the Pelotas Basin sediments (Fig. 11).

5.2. Tectonic-thermal evolution of the Camaqud Basin

All thermal models derived from AFT data of the sandstones and
conglomerates from the Camaqua Basin (Fig. 8) indicate that after
deposition the samples were reheated to temperatures of >200 °C. The
modeled reheating affecting the rocks is supported by petrography ob-
servations of e.g. De Ros et al. (1994), Borba and Mizusaki (2002) and
Maraschin et al. (2010). These authors identified in the sandstones
of the Santa Barbara and Guaritas groups quartz overgrowth, which
generally starts at temperatures of ca. 70 °C (e.g. Haszeldine et al.,
1984), dissolution of detrital K-feldspar grains (ca. 50-150 °C;

Wilkinson et al., 2001) and replacement by authigenic clay minerals
(kaolinite) and illite-smectite mixed layer, which occurs at tempera-
tures of ca. 50-150 °C (e.g., Verdel et al., 2012; Wilkinson et al., 2001).
The calcitic matrix present in the sandstones shows evidence of partial
dissolution with generation of intergranular secondary porosity due to
increasing temperature (Worden and Burley, 2003).

The reheating of the rocks in Camaqua Basin is recorded in ZFT
central ages of the samples. ZFT central ages are clearly younger than
depositional age and show signs of partially and/or totally reset after de-
position. The zircon grains show in general three fission-track central
age peaks of 440-300 Ma (Silurian to Carboniferous), 290-235 Ma
(Permo-Triassic) and 202-144 Ma (Jurassic-Cretaceous), as shown in
Figures 3 and 10. A few zircon grains from the Santa Barbara and
Guaritas groups with ages of ca. 1150-760 Ma (Fig. 9), Meso-
Neoproterozoic ages, define an apparent older population and we also
interpret these grains as having been only partially annealed, and per-
haps starting with an initial provenance age. These provenance ages
are concordant with the U-Pb geochronological data in detrital zircon
obtained by Oliveira et al. (2014) in the same samples of this basin.
The youngest ZFT ages (Fig. 9) of 147-104 Ma (Early Cretaceous) are
not well resolved but possibly represent zircon grains that have been
completely reset and record the time of the initial breakup between
South America and Africa (e.g., Niirnberg and Miller, 1991).

AFT central ages from Camaqud Basin range between 339 and
146 Ma, corresponding to Early Carboniferous until Late Jurassic, with
confined tracks lengths of 10.4 to 11.9 um. Borba et al. (2003 ) dated vol-
canic rocks from the Camaqua Basin with AFT method and obtained
ages between 289 + 15 and 278 4 15 Ma. Bicca et al. (2013) obtained
AFT central ages between 362 + 35 and 133 &+ 8 in the same region of
the borehole CQP-02. The new AFT data of this study and those from
Borba et al. (2003) and Bicca et al. (2013) are very similar and have
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Fig. 10. Low temperature thermochronology cooling ages from the Sul-Rio-Grandense Shield together with events affecting the southernmost Brazil. The cooling age data are shown as age

ranges with modeled periods of enhanced cooling.

significant Devonian to Permian age components. Thus, the Paleozoic
cooling trend inferred from the thermal history curves (Fig. 8, except
TFRS-11) began in the Ordovician and continued during the Carbonifer-
ous and part of the Permian, until ca. 285 Ma. This continuous and rela-
tively slow cooling trend may reflect the possible uplift of the area in
response to the collision between Precordillera terrane (Famatina and
Cuyania) and Rio de la Plata craton, to the western Gondwana Pacific
margin during the Famatinian orogeny, and continued during the
Gondwanide orogeny (Fig. 11).

The samples from Borba et al. (2003) and only one sample from this
study (T03-249) record a subsequent cooling event during the Late
Cretaceous (90-70 Ma) (Fig. 8) which may be correlated to the final
breakup between South America and Africa (Fig. 11), when South

Atlantic margins are characterized by voluminous igneous activity at
ca. 90 Ma (Mizusaki et al.,, 1998, 2002; Thomaz Filho et al., 2000).

The Camaqua Basin started its final inversion history in Cenozoic
time (Fig. 8), when samples (except TFRS-11) reached temperatures
above 70 °C. These data indicate a constant exhumation from 58
to 16 Ma, but more active during the past 15 Ma. The amount of denu-
dation in the last 15 Ma range from 1040 to 2640 m, which yields an
average long-term denudation rate of 176-69 m/My.

6. Conclusion

New AFT and ZFT data combined with published thermochronology
data, allow constraining the tectonic-thermal history of the onshore
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(2) The first cooling event in Sul-Rio-Grandense Shield began at
the Ordovician and continued during Carboniferous time.
This episode mainly affected the westernmost units of the
Sul-Rio-Grandense Shield and reflects tectonic activity of

southernmost Brazilian margin and the evolution of the Sul-Rio-
Grandense Shield. The main results of this study are:

(1) ZFT central ages along the Camaqua Basin are clearly younger than

the depositional age and show signs of partially and/or totally reset
after deposition. A few zircon grains, with Meso-Neoproterozoic
ages, define an initial provenance age. The youngest ZFT ages of
147-104 Ma (Early Cretaceous) are not well resolved but possibly
represent zircon grains that have been completely reset and record
the time of the initial breakup between South America and Africa.

the main tectonic stages of the Famatinian and Gondwanide
orogenies.

(3) The Permo-Triassic cooling event is related the late orogenic pro-

cess of the Gondwanides along the southern border of Western
Gondwana and the consequent reactivation of basement struc-
tures N-S and NE-SW trending in South America.
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(4) The onset of initial breakup of southwestern Gondwana with
opening of the South Atlantic Ocean is mostly recorded in the
Pelotas Batholith, with reactivation of the Precambrian struc-
tures as a consequence of the extension. ZFT ages from the
Camaqua Basin show that the temperature during this period
was high enough to reset or partially reset the zircon.

(5) Alater cooling event related to the final breakup between South
America and Africa in the Sul-Rio-Grandense Shield started in
Late Cretaceous. However, the main rapid cooling episode starting
in Cenozoic probably as resulting from the plate adjustment of
breakup and the neotectonic reactivations associated with the
South Atlantic rift evolution.
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breakup of West Gondwana in the Early Cretaceous. We carried out a new thermochronological study by apatite
fission track analysis from borehole samples of the Santos Basin and its continental basement to constrain the
tectonic history of the southeastern Brazilian margin. Apatite fission track central ages of the basement and bore-
hole samples vary from 21.0 4 1.8 to 157.0 & 35.0 Ma and from 6.5 4= 1.1 t0 208.0 £ 11.0 Ma, respectively. From
thermal modeling, the basement samples reached the maximum paleotemperatures during the final breakup of
South America and Africa. The onshore basement and offshore basin record an early thermotectonic event during
the Late Cretaceous linked to the uplift and denudation of the Serra do Mar and Serra da Mantiqueira. Maturation
of the organic matter in the offshore basin is related with the progressive increase of the geothermal gradient due
to burial. The thermal modeling indicates that the oil generation window started at 55-25 Ma. The basement
samples experienced the final cooling during the Cenozoic, with an estimated amount of denudation linked to
the sedimentary influx in the offshore basin. A rapid cooling during the Neogene becomes evident and it is linked
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1. Introduction

The southeastern Brazilian margin constitutes part of the South
Atlantic rift system originated by breakup of West Gondwana in the
Early Cretaceous. The opening of the South Atlantic developed by
diachronous rifting, which initiated in the south in the Late Triassic-
Early Jurassic and propagated to the north along reactivated older
tectonic lineaments (e.g., Meisling et al., 2001; Niirnberg and Miiller,
1991; Torsvik et al., 2009). Initially, the divergent plate motion was
E-W directed, but progressively changed to a NE-SW direction, with
transtension along the eastern Brazilian margin (Macdonald et al.,
2003; Rabinowitz and LaBrecque, 1979).

Breakup of the paleocontinent at 130 Ma was affected by
widespread rifting and the impact of the volcanic activity of the
Parana-Etendeka province (e.g., Macdonald et al., 2003; Zalan et al.,
1991). The plume-related volcanic activity caused the lifting of the
crust, including the exposure of the Precambrian basement followed
by erosion and deposition. Today, the southeastern Brazilian margin
has a characteristic passive continental margin morphology with

* Corresponding author.
E-mail address: christie.oliveiral0@gmail.com (C.H. Engelmann de Oliveira).
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offshore sedimentary basins (Santos, Campos and Espirito Santo)
separated from continental elevated region (Serra do Mar) by a relatively
narrow coastal plain (Gallagher et al., 1994).

Thermochronological methods such as apatite fission track (AFT)
have been used extensively to understand the development of rift mar-
gins, quantifying rates of surface and rock uplift, and providing timing
and rates of movement along faults and shear zones (e.g., Gallagher
and Brown, 1999; Jelinek et al., 2014; Raab et al., 2005). The earlier
AFT studies in southeastern Brazil have been carried out on results of
basement rocks and onshore Tertiary basins, and the data were
interpreted in terms of denudation and movement along faults (Cogné
et al, 2012; Franco-Magalhaes et al., 2010, 2014; Gallagher et al,,
1994; Hackspacher et al., 2004; Hiruma et al., 2010; Karl et al., 2013;
Tello Saenz et al., 2003).

This study provides new evidence that constrains the
thermotectonic history of the Santos Basin with AFT data from onshore
basement outcrops and offshore borehole samples (Fig. 1) from Drift
stage (Fig. 2). The primary aim of this study is to establish the timing
and magnitude of major cooling events and to quantify the associated
denudation of the margin topography and the burial history of the
offshore basin. The data are interpreted in the context of the regional
tectonic setting and enhance the extensive thermochronometry data
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Fig. 1. Simplified geotectonic map of the southeastern Brazilian margin with location of samples. (a) General location. (b) Studied area. (1) Jundiuvira-Boquira-Rio Preto shear zone;

(2) Além Paraiba shear zone; (3) Cubatdo shear zone.

set across this region providing a thermotectonic history of the south-
eastern Brazilian margin. We show that AFT cooling ages are related to
the continental breakup that led to the separation of South America
and Africa and the quantitative thermal histories derived from the
data provide the denudation rates, which have a significant effect on
the evolution of the offshore basin and the maturation of the organic
matter starting at 55-25 Ma.

2. Geological setting

The geology onshore of the Santos Basin is characterized by
Precambrian-Cambrian basement provinces, predominantly granites
and gneisses, formed during the Brasiliano/Pan-African orogeny
(e.g., Brito Neves et al,, 2014; Schmitt et al., 2008). The basement
rocks are affected by Neoproterozoic NE-trending strike-slip shear
zones and subordinated NW-oriented structures (Ebert et al., 1996;
Heilbron et al., 2000). The assemblages are partially overlain by a
sedimentary sequence of Ordovician to Jurassic siliciclastic and carbon-
ate rocks of the Parand Basin (Fig. 1). In the Early Cretaceous, synchro-
nous with opening of the South Atlantic Ocean, basalt flows of the
Parand-Etendeka province covered the Parand Basin (Zalan et al.,
1991). Following continental breakup, a second magmatic episode
occurred (80-50 Ma) producing alkaline intrusive bodies along the
Cabo Frio High (Almeida et al., 1996; Moreira et al., 2006).

Extensional and compressional stress events operated during the
post-breakup development of several onshore Tertiary basins (Sdo
Paulo, Taubaté, Resende and Volta Redonda) along the Serra da

Mantiqueira and Serra do Mar ranges (Cobbold et al., 2001). The depo-
sition of these basins occurred at ca. 48 Ma (Riccomini et al., 2004), but
according Cogné et al. (2012) could be as old as Paleocene. Offshore,
seismic and stratigraphic studies (e.g., Contreras et al., 2010; Modica
and Brush, 2004) show that the southeastern Brazilian margin is typi-
cally of a passive margin, but underwent tectonic reactivation during
the Late Cretaceous, Paleogene and Neogene (e.g., Cobbold et al.,, 2001).

In this context, the Santos Basin is the largest offshore sedimentary
basin in the southeastern Brazilian margin developed on a tectonic
framework of NNE-SSW direction approximately parallel to the coast
line (Fig. 1). The basin is limited by the Floriandpolis High in the south
and the Cabo Frio High in the north (Moreira et al., 2007).

The development of the Santos Basin included the five major devel-
opment stages (Fig. 2) of pre-rift (150-138 Ma), rift (ca. 138-123 Ma),
post-rift (ca. 123-113 Ma), drift I (113-66 Ma) and drift Il (66-0 Ma)
(modified after Moreira et al., 2007). The rift structures are mainly
NE-SW trending, represented by normal faults bounding horsts and
grabens, locally intruded by syn- and post-rift magmatic rocks. The
post-rift phase is characterized by diminishing activity of large faults
and a regional unconformity that bevels the topography at 117 Ma.
This unconformity separates continental lacustrine sediments from
sediments of transitional to marine environments (Mohriak et al.,
2008).

The initiation of the drift phase is marked by the cessation of rifting
and the transition from continental to oceanic conditions. The drift I se-
quences are characterized by salt deposition (Ariri Formation), which
was restricted to a short time span at 113 Ma. The salt layer extends
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Fig. 2. Tectonostratigraphic chart for the Santos Basin (modified from Moreira et al., 2007). Red rectangle marks the units studied.

across the West African and Brazilian continental margins (Mohriak
et al., 2008). Post-Albian time is characterized by widespread salt
tectonics, which apparently controlled most of the shallower structures
present on the eastern Brazilian margin. In the drift Il stage (Late
Cretaceous-Tertiary), continental divergence and regional thermal sub-
sidence caused open marine conditions with deposition of the Itajai-Agu

Formation. The spatial distribution of offshore clastic sedimentation in-
dicates a highly variable flux over time, potentially due to variations in
the rate of onshore erosion and changing positions of major rivers
(e.g., Cogné et al., 2012; Contreras et al., 2010; Mohriak et al., 2008).
These have important consequences for burial, maturation and preser-
vation of hydrocarbons in the basin.
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3. Materials and methods

Thirty outcrop basement samples and 30 detrital samples from eight
offshore boreholes were collected along the southeastern Brazilian
margin in the Santos Basin (Figs. 1 and 3). The locations of samples
are marked in Fig. 1, and their lithological characteristics are listed in
Tables 1 and 2. The present-day well temperatures were provided by
Petrobras (Table 2). The outcrop samples were collected along NE-SW
transects crosscutting the Mantiqueira province and the shear zones
(see Fig. 1), and one sedimentary rock (TR9SP2) from the Parana
Basin. Two deep-water offshore (F and N) and other shallow-water
boreholes were studied. AFT borehole samples consist of drill cuttings.

Apatite grains were separated using standard crushing, sieving,
magnetic and heavy liquid separation methods. Apatite aliquots were
mounted in epoxy, polished and etched for 20 s in a 5.5 M HNOj3 solution
at 21 °C to reveal the spontaneous fission tracks. Apatite samples were
dated by the external detector method (Hurford, 1990) using low-U
mica sheets as external detectors. The samples were irradiated at the
well-thermalized IPEN-CNEN Reactor, Sao Paulo, Brazil, with Durango
age standard and CN1, CN2, CN5 and NBS962 dosimeter glasses. After
irradiation, mica detectors were etched in 48% HF for 18 min at 20 °C
to reveal the induced fission tracks.

AFT analyses were performed at the Universidade Federal do Rio
Grande do Sul, Brazil, utilizing a Leica DM6000 M Microscope (1000x,
dry). We dated at least 20 grains per sample. We retained some samples
with the results without meeting these criteria (Tables 1 and 2) because
their ages broadly agree with the nearby samples that have good-
quality measurements. AFT central ages were calculated according to
the &-calibration method (Hurford, 1990). Throughout this study, fis-
sion track age errors are quoted at the 10 confidence level and were de-
rived by the conventional method (Green, 1981). The y?-squared test
(x?) was used to quantify age homogeneity; when y? > 5%, fission
track samples contain a single age population (Galbraith and Laslett,
1993). Samples from sedimentary rocks which failed the ¥ and have
an age-dispersion over 15% may reflect a mixture of different age com-
ponents. The software “RadialPlotter” (Vermeesch, 2009) was used in
order to statistically separate different age populations. In a first step,

Sample

@® This study
Gallagher et al. (1994)

Tello Saenz et al. (2003)
Hackspacher et al. (2004)
Franco-Magalhaes et al. (2010)
Hiruma et al. (2010)
Cogne et al. (2012)
Karl et al. (2013)

Franco-Magalhaes
et al. (2014)

> fe®+xnm

0* Curitiba
: ]

-

26° 4

we applied the auto mixture model. Samples which revealed only one
age component were further tested applying a two component mixture
model.

AFT lengths were measured on horizontal confined fission tracks.
Where possible, 100 natural confined tracks were measured to con-
struct an AFT length-frequency distribution, a number that was not al-
ways attained. Etch pit diameter (Dpar; Donelick et al., 2005) values
and the chemical compositions (in particular the Cl concentration)
were used as a kinetic parameter. Apatite Cl (wt%) content was deter-
mined using a CAMECA SX50 electron microprobe on an acceleration
voltage of 15 keV with 25 nA beam current and 20 pm beam diameter
at Universidade Federal do Rio Grande do Sul, Brazil.

Apatite thermal history modeling was carried out using the QTQt
software (Gallagher, 2012) with the multi-kinetic annealing model
of Ketcham et al. (2007) and CI content and Dpar values as a kinetic
parameter for the borehole and basement samples, respectively. The
priors on the general time-temperature were set to 75 + 75 Ma and
70 + 70 °C for the borehole samples. In order to derive an unbiased
inference of the thermal history from the thermochronological
data, we employed no pre-defined constraints on the inverse models
except for the present surface temperature (20 + 5 °C for the base-
ment samples, and present-day well temperature for the borehole
samples). Moreover, each borehole sample is given a specific
constraint reflecting its stratigraphic age. For thermal histories
represented in this study, each inversion was run at 100,000 Burn-
in and 100,000 Post-burn-in iterations, respectively, which are
sufficient to provide stable solutions (see discussion in Gallagher,
2012). Both samples from a given borehole are modeled together fol-
lowing the vertical profile sampling strategy adopted in Gallagher
et al. (2005) and implemented in QTQt.

The quantification of denudation and burial histories were based on
geothermal gradients measured from the data of the continental margin
of Brazil (Hamza et al., 2005). We assume a constant and linear geother-
mal gradient over geological times and suppose that the geothermal
gradient is linear (25 °C/km) for which we reconstructed the denuda-
tion and burial histories of the Santos Basin. The synoptic maps of AFT
ages and denudation rates for the different time intervals inferred

Geotectonic
Province

City

AFT age (Ma)
[_]7-23

[ 166.1-100.5
[ 1100.6-113
[ 113.1-125
N 125.1 - 145
[ 145.1 - 201
I 201.1 - 252
B 2521 - 299
B 299.1 - 359

Atlantic Ocean

100 km

45°

Fig. 3. Interpolated image of apatite fission track ages across the southeastern Brazilian margin. Sample locations for this study and previous work are indicated.
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Table 1
Summary of basement apatite fission track data.
Sample Lithology Latitude Longitude Elevation N ps Ns  pi Ni pd Nd Central +lo0 ¥ U Dpar n MTIL S.D.
(m) (x10°) (x10°) (x10°) Age(Ma) (Ma) (%) (ppm) (um) (um)  (um)
TR7RJ4 Gneiss —2245 —43.21 931 5 981 82 323 27 970 4400 157.0 350 81 133 - - - -
TR7RJ5 Gneiss —2255 —4323 620 26 1020 700 532 364 790 3177 101.8 66 94 246 268 29 1223 160
TR7RJ6 Gneiss —2259 —43.27 458 15 2030 416 14.80 302 790 3177 731 5.5 94 682 275 18 1328 1.59
TR7RJ7 Diorite —22.62 —43.29 175 26 543 402 397 294 830 4000 762 5.8 80 175 - - - -
TR8RJ8 Gneiss —2236 —44.39 541 26 448 601 7.68 1031 9.70 4400 305 1.6 70 315 206 29 1281 1.54
TR8RJ10  Gneiss —2249 —4425 510 21 1150 458 8.67 345 790 3177 704 5.0 77 400 274 37 1256 1.71
TR11RJ1  Gneiss —21.65 —42.36 120 24 382 205 3.11 167 590 2130 487 51 100 192 258 27 1225 1.82
TR11RJ2  Gneiss —2191 —42.73 102 20 799 592 7.15 530 7.98 2097 48.0 29 94 357 - 50 1293 1.39
TR11RJ3  Gneiss —22.08 —43.05 202 20 16.60 522 11.70 369 590 2130 56.1 3.8 66 726 - 61 1219 1.91
TR11RJ4  Gneiss —22.16 —4331 252 23 1340 531 946 374 6.04 2330 57.7 39 99 572 - 50 1250 1.72
TR11RJ5  Granite —2233 —4354 438 17 1220 410 964 323 798 2097 545 41 93 481 - 25 1251 1.53
TR11RJ6  Gneiss —2243 —43.74 330 22 1050 342 787 257 6.04 2330 541 4.5 98 476 - 14 1269 0.99
TR11R]7  Gneiss —2248 —4389 312 23 842 433 535 275 798 2097 675 5.2 98 85 - 31 1019 2.04
TR11RJ8  Gneiss —2249 —44.06 330 23 1090 440 545 219 970 4400 100.8 80 95 224 - - - -
TR11R]9  Gneiss —2256 —44.17 367 25 1820 863 8.80 418 800 2511 88.6 5.3 96 438 281 60 10.64 227
TR11RJ10 Gneiss —2252 —447 410 8 482 308 3.08 197 800 2511 66.2 6.5 34 153 - 8 918 0.90
TRISP2 Sandstone —23.92 —48.29 611 24 885 288 6.02 196  9.70 4400 76.5 71 100 247 263 25 11.04 212
TRISP4 Diorite —24.08 —4836 720 23 6.05 447 3.69 273 1020 4443 896 69 100 144 319 21 1286 1.67
TRISP7 Granite —24.71 —4755 5 21 559 523 537 502 8.00 2511 449 2.8 65 267 - 31 1226 245
TR10SP1  Gneiss —23.97 —48.88 650 7 11.60 72 5.65 35 1020 4443 112.0 230 68 221 317 21 1128 1.85
TR10SP14  Schist —2476 —47.89 99 11 863 179 429 89 970 4400 105.0 14.0 76 176 - 8 1160 231
TR10SP16  Granite —25.12 —48.08 32 23 6940 307 41.80 185 590 2130 658 6.1 89 2587 251 30 11.78 1.81
TR10SP17 Gabbro —2521 —48.05 21 24 6650 438 49.80 328 800 2511 574 42 100 2478 - 27 1224 231
TR10SP18  Granite —25.18 —48.07 30 20 37.00 200 70.10 379 590 2130 210 1.8 66 4337 - 30 11.77 174
TR11SP11  Gneiss —22.86 —4493 545 22 2060 744 583 211 7.98 2097 150.0 120 100 291 274 34 11.68 1.66
TR11SP12  Gneiss —2335 —46.02 581 20 816 365 5.66 253 798 2097 619 51 100 282 - 26 1250 1.22
TR11SP13  Gneiss —2341 —46.19 622 20 1060 441 7.04 294 798 2097 643 4.8 92 351 - 31 1281 2.05
TR11SP14  Granite —2347 —4643 700 21 435 829 240 457 590 2130 714 4.5 38 148 255 37 1229 246
TR11SP15 Gneiss —2438 —4749 210 20 860 565 541 355 6.04 2330 64.6 44 8 327 300 35 1329 1.72
TR11SP19  Gneiss —2429 —4744 60 21 4120 231 23.70 133 798 2097 744 81 100 1184 266 23 1248 2.06

N: number of grains analysed to determine track densities; ps: measured spontaneous track density; Ns: number of spontaneous tracks counted; pi: measured induced track density; Ni:
number of induced tracks counted; pd: track density measured in glass dosimeter; Nd: number of tracks counted in determining pd; 10: standard deviation; y%: Chi-square probability; n:
number of confined tracks lengths measured; MTL: mean track length; Dpar: mean etch pit diameter of all measured etch pits; S. D.: standard deviation of track length distribution of
individual track measurements; (-): not analysed. Note: AFT ages were calculated by S.Guedes using {-CN1 = 108.03 and {-CN2 = 135.08.

from the modeling were created by Inverse Distance Weighting (with
N = 10) interpolating the data using ArcGIS™ software.

4. Results

AFT data are applied in basement and sedimentary rocks from the
Santos Basin to evaluate the tectonic evolution of the southeastern
Brazilian margin. AFT ages and confined track length measurements
from the basement and borehole samples are presented in Tables 1
and 2, respectively. AFT radial plots of the borehole samples are present-
ed in Supplementary Material. Sample locations and interpolate AFT
ages obtained together with existing AFT ages from the literature are
presented in Fig. 3. The cooling histories for basement samples are
presented in Fig. 4 and the associated predictions in Supplementary
Material. The cooling histories with associated predictions for borehole
samples are presented in Figs. 6-13.

4.1. Basement rocks

AFT central ages measured from the basement rocks of the Santos
Basin range from 157 + 35.0 (sample TR7RJ4) to 21 4 1.8 Ma (sample
TR10SP18). Sample TRISP2 located in the Parana Basin has a central
age of 76.5 & 7.1 Ma. All AFT ages passed in the y? indicating one age
population and show no clear correlation with elevation. Few confined
tracks were observed and measured in the samples; we decided to retain
them nonetheless, because they agree with the nearby samples that do
have good-quality measurements. Mean track lengths vary between
9.18 4 0.90 pm (TR11RJ10; n = 8) and 13.29 + 1.72 um (TR11SP15;
n = 35) with track length distributions predominantly unimodal.
There is no clear relationship between the AFT age and mean track
lengths suggesting that these samples have experienced a complicated

thermal history. The Dpar values (Table 1) indicate fairly similar chemi-
cal compositions and relatively chlorine-rich apatite grains (Burtner
et al,, 1994) with a high resistance to annealing (Donelick et al., 2005).

Thermal history modeling of the samples from the Jundiuvira-
Boquira-Rio Preto shear zone show reheating through the apatite partial
annealing zone (60 °C) at 75 Ma to a maximum paleotemperature of
92 °C at 35 Ma. Thereafter, the samples were cooled to present surface
conditions (Fig. 4a).

Samples from the Além Paraiba shear zone (Fig. 4b) and northern
coast (Fig. 4c) record a reheating through the apatite partial annealing
zone (60 °C) at 175 Ma, where they appear to have resided until ca.
85 Ma with a maximum paleotemperature of 104 °C. Thereafter, the
samples were cooled to present surface conditions with an accelerated
final cooling in the last 4 Ma for Além Paraiba samples.

Samples from Cubatdo shear zone (Fig. 4d) and TR11SP14 (Fig. 4e)
register a similar cooling pattern, with a relatively slow cooling from
paleotemperatures between 106 and 98 °C at 78 Ma. For the southern
coast samples (Fig. 4f), the modeling results suggest an initial cooling
at 85 Ma and an accelerated cooling phase at 13 Ma, continuing to the
present-day.

Thermal history modeling of the TR9SP2 sample (Fig. 4g), from the
Parand Basin, indicates heating after deposition until 107 °C at
162 Ma. Thereafter, the sample was cooled to present surface conditions
with an accelerated final cooling in the last 20 Ma.

4.2. Borehole samples

4.2.1. Borehole A

Samples from borehole A yielded AFT ages that increase system-
atically with depth from 59.5 4+ 5.1 Ma at a depth of 1026 m to
97.6 + 8.6 Ma at a depth of 2615 m (Fig. 5), with no variation in



Table 2
Summary of borehole samples apatite fission track data.
Sample  Depth  Stratigraphy T N ps Ns pi Ni pd Nd Central +1o o2 U cl n MTL S.D. Group | Group I Group III
(m) Age (Ma) QY (x10%) (x10°) (x10°) Age(Ma) (Ma) (%) (ppm) (Wt%) (um)  (um)  Age (Ma) (%)  Age(Ma) (%)  Age (Ma) (%)
Borehole A
TI-A2 1026 65-39 36 30 8.40 630 5.57 418 2.36 613 59.5 5.1 2 88.3 0.11 82 8.88 2.47 45 (55) 85 (45) -
TI-A3 1273 83-65 42 30 1150 861 6.96 522 2.36 613 67.1 38 70 1103 0.10 100 9.64 2.14 - - -
TI-A4 1329 86-83 43 30 1030 771 5.73 430 2.36 613 734 5.1 27 90.9 0.10 100 8.83 1.75 - - -
TI-A5 2615 112-97 70 28 12.60 883 5.17 362 2.36 613 97.6 8.6 1 82.0 - 58 9.24 1.60 40 (3) 68 (30) 123 (67)
Borehole B
TI-B1 1410 65-39 36 22 1080 595 7.15 393 2.36 613 61.5 5.1 11 113.2 0.17 80 9.35 243 - - -
TI-B4 2947 83-65 80 30 11.70 876 5.24 393 2.36 613 88.8 6.6 7 83.0 0.13 79 7.84 2.10 - - -
TI-B5 3510 83-65 98 30 7.75 581 4.01 301 2.36 613 63.4 9.3 0 63.6 0.80 100 829 1.76 17 (19) 71 (41) 126 (40)
TI-B6 3590 83-65 99 30 1210 326 7.56 204 10.50 7259 1250 14.0 10 28.6 - - - - - - -
Borehole F
TI-F2 4544 83-65 83 30 3.85 289 6.93 520 10.50 7259 442 44 2 26.3 0.11 14 9.29 0.70 28 (40) 58 (60) -
Borehole |
TI-J1 1660 65-39 41 28 7.83 587 3.68 276 2.36 613 86.1 6.3 58 583 0.11 100  9.06 2.28 - - -
TI-J2 1705 65-39 42 30 6.55 491 5.09 382 2.36 613 52.5 38 61 80.7 0.19 100 894 2.14 - - -
TI-J3 1944 65-39 49 30 5.87 440 3.96 297 2.36 613 60.2 6.1 33 62.8 0.10 100 983 2.10 - - -
TII-J6 2942 83-65 80 30 8.72 654 4.55 341 2.29 5285 75.5 5.0 92 742 0.04 48 11.02 139 - - -
TI-J7 3350 83-65 93 30 6.49 487 431 323 2.29 5285 53.9 52 4 70.2 0.10 100 1046 1.39 37 (48) 75 (52) -
TI-J8 3405 83-65 95 30 7.83 587 5.63 422 2.29 5285 45.1 5.0 0 91.8 0.34 61 8.38 1.61 14 (15) 48 (73) 111 (12)
Borehole L
TII-L1 3225 83-65 89 30 1430 1069 9.93 745  10.50 7259  110.2 8.1 0 37.7 0.08 81 9.70 1.62 39 (6) 105 (70) 163 (24)
TI-L4 3403 83-65 95 30 4.95 513 6.47 670  10.50 7259 60.4 6.5 0 245 0.06 100 945 1.23 12 (4) 46 (56) 103 (40)
TI-L5 3485 83-65 98 30 6.67 500 6.75 506  10.50 7259 67.4 8.4 0 25.6 0.07 84 8.71 1.65 19 (18) 68 (56) 139 (26)
TII-L6 4205 86-83 123 30 0.84 63 1030 769  10.50 7259 6.5 1.1 6 389 - - - - - - -
Borehole N
TI-N1 2582 65-39 42 30 6.59 494 5.28 396 10.50 7259 97.2 7.2 63 20.0 - 15 1247 1.20 - - -
TII-N3 2836 83-65 50 30 1750 1311 7.28 546  10.50 7259  186.7 9.5 99 276 - 100 1160 1.61 - - -
TII-N4 2886 83-65 50 30 15.70 1178 5.08 381 2.29 5285 1213 7.2 76 829 0.07 31 1184 163 - - -
TII-N5 2921 83-65 52 30 16.50 1238 6.17 463 10.50 7259  208.0 11.0 70 234 0.07 96 1292 148
Borehole AH
AH1 2163 65-39 67 15 5.96 112 8.46 159 6.01 7715 74.0 12.0 7 17.9 - 26 1031 175 - - -
AH2 2459 80-65 76 30 8.98 345  15.00 577 6.01 7715 57.7 39 90 31.7 - 52 1065 1.94 - - -
AH3 3044 80-65 93 30 8.92 446  11.70 586 6.01 7715 733 5.1 30 24.8 - 53 9.30 2.19 - - -
AH4 4020 80-65 121 30 4.60 103  11.70 263 6.01 7715 39.2 53 15 24.8 - - - - - - -
AH5 4084 86-83 123 16 4.07 54 1840 245 6.01 7715 273 6.1 0 39.0 - - - - 9 (42) 47 (58) -
AH6 4496 86-83 135 25 2.74 71 9.62 249 6.01 7715 341 5.9 1 203 - - - - 4(7) 32(70) 58 (23)
Borehole Al
AI2 2597 65-39 80 26 8.57 224 8.83 231 6.01 7715 933 8.8 81 18.7 - 19 8.74 2.12 - - -
AISA 4763 86-83 142 14 5.70 34 5.03 30 6.01 7715  109.0 27.0 95 10.6 - 51 8.14 1.90 - - -

N: number of grains analysed to determine track densities; ps: measured spontaneous track density; Ns: number of spontaneous tracks counted; pi: measured induced track density; Ni: number of induced tracks counted; pd: track density measured
in glass dosimeter; Nd: number of tracks counted in determining pd; 10: standard deviation; y?: Chi-square probability; n: number of confined tracks lengths measured; MTL: mean track length; Dpar: mean etch pit diameter of all measured etch pits;
S. D.: standard deviation of track length distribution of individual track measurements; (-): not analysed. Note: AFT ages were calculated by L. Oliveira using {-CN1 = 150.31 and {-NBS962 = 345.5, and {-CN5 = 322.7 by A. Borba.
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Fig. 4. Map shows principal tectonic features and black dots indicate basement samples with temperature-time (T-t) models from different regions. T-t paths of the uppermost (blue) and
lowermost (red) samples are shown in heavy lines, together with their 95% credible intervals. The grey box highlight the stratigraphic age of the Parana Basin. (a) Jundiuvira-Boquira-Rio
Preto shear zone, (b) Além Paraiba shear zone, (c) Northern coast, (d) Cubatdo shear zone, (e) Sample TR11SP14, (f) Southern coast, and (g) Parana Basin.

mean track lengths over the same depth range. The mean track same stratigraphic age of the samples. The Cl contents of samples are
lengths are very short and similar in all samples, with a symmetrical between 0.10 and 0.11 wt%.

distribution and standard deviations. Two samples (TI-A2 and TI-A5) The model from the borehole A indicates a heating to depths equiv-
failed the ¥? and have an age-dispersion over 15%, indicating that alent to a maximum paleotemperature of 85 °C at ca. 5 Ma (Fig. 6).
more than one age component is present in the obtained single grain Thereafter, the samples were cooled to the present-day temperature
age population. The most AFT central ages (except T1-A4) have the conditions.
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Fig. 5. Relationship between AFT age and depth of the borehole samples.

4.2.2. Borehole B

Borehole B yielded AFT ages which increase systematically with
depth (Fig. 5). The mean track lengths are short and very similar in all
samples, with a symmetrical distribution and standard deviations. The
TI-B5 sample is characterized by y? values equal zero. AFT central ages
of the TI-B1 and TI-B5 samples have the same stratigraphic age, while
AFT central ages of the TI-B4 and TI-B6 samples are older than the
stratigraphic age. The Cl contents of samples range between 0.13 and
0.80 wt%.

Samples from borehole B record a reheating to depths equivalent to
a maximum paleotemperature of 90 °C at 10 Ma (Fig. 7). Following
heating the TI-B1 and TI-B4 samples record a period of rapid cooling
to the present-day temperature conditions.

4.2.3. Borehole F
AFT central age from the TI-F2 sample is 44.2 + 4.4 Ma with short
mean track length of 9.29 pm and standard deviation of 0.70 at a
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depth of 4544 m. The AFT data failed the ¥* and the age component
analysis indicates two age groups at 58 4- 9 Ma and 28 + 6 Ma. AFT cen-
tral age and age groups are younger than the deposition age suggesting
post-depositional annealing. The Cl content of the sample ranges
between 0.13 and 0.80 wt%. Immediately following deposition, the
TI-F2 sample shows a heating phase to the present-day temperature
conditions (Fig. 8).

4.24. Borehole |

Samples from borehole | yielded AFT ages which decrease systemat-
ically with depth from 86.1 4 6.3 Ma at a depth of 1660 m to 45.1 +
5.0 Ma at a depth of 3405 m (Fig. 5). The mean track lengths are short
and have a symmetrical distribution. The TII-]7 and TII-]8 samples failed
the %2 and have an age-dispersion over 15%. Only AFT central age of the
TII-J1 is older than the stratigraphic age, AFT central ages of the other
samples are younger or equal to the stratigraphic age. The Cl contents
of the samples range between 0.04 and 0.34 wt%.

The model for borehole ] registers a heating to the apatite partial an-
nealing zone (60 °C) at ca. 25 Ma, which continued to a maximum
paleotemperature of 87 °C at ca. 11 Ma (Fig. 9). An accelerated cooling
started after this period until ca. 1 Ma at 60 °C. Thereafter, TI-J1 and
TI-J2 samples were cooled while the other samples were reheated to
the present-day temperature conditions.

4.2.5. Borehole L

Samples from borehole L yielded AFT ages which decrease systemat-
ically with depth from 110.2 4+ 8.1 Ma at a depth of 3225 m to 6.5 +
1.1 Ma at a depth of 4205 m (Fig. 5), with short mean track lengths
also decreasing systematically from 9.70 pm to 8.71 um, over the same
depth range. Only TII-L6 sample passed the %2 and the AFT age is
much younger than stratigraphic age. The Cl contents of samples are
0.06 and 0.08 wt.%. Thermal history modeling of the L samples show
relative slow heating until ca. 85 °C at 5 Ma, with subsequently rapid
reheating episode after this time until to the present-day temperature
conditions (Fig. 10).

4.2.6. Borehole N

Borehole N yielded AFT ages which increase systematically with
depth (Fig. 5). All AFT central ages are older than the depositional age.
The mean track lengths are very similar in all samples, ranging between
11.60 and 12.92 um, with a symmetrical distribution and standard devi-
ations between 1.20 and 1.63 um. The Cl contents of TII-N4 and TII-N5
samples are 0.07 wt%.

The modeled thermal history from the borehole N (except TII-N1)
suggests rapid heating phase after deposition until ca. 58 °C at 58 Ma

AFT age (Ma)
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Fig. 6. Thermal history and associated prediction for borehole A. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples

are shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The
grey boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open
symbols) AFT ages and MTL versus depth.
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Fig. 7. Thermal history and associated prediction for borehole B. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples are
shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The grey
boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open symbols) AFT

ages and MTL versus depth.
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Fig. 8. Thermal history and associated prediction for borehole F. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples are
shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The grey
boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open symbols) AFT

ages and MTL versus depth.
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Fig. 9. Thermal history and associated prediction for borehole . (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples are
shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The grey
boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open symbols) AFT

ages and MTL versus depth.
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Fig. 10. Thermal history and associated prediction for borehole L. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples
are shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The
grey boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open

symbols) AFT ages and MTL versus depth.

(Fig. 11). After this time, the samples were cooled until to the deposition
of the TII-N1 sample. Following cooling the samples remained at rela-
tively constant temperatures for 35 Ma which was followed by a period
of rapid reheating to the present-day temperature conditions.

4.2.7. Borehole AH

Borehole AH yielded AFT ages of 74.0 + 12.0 Ma at adepth of 2163 m
and 34.1 4 5.9 Ma for the deeper sample at a depth of 4496 m. All AFT
ages except one (AH1) are younger than the stratigraphic age. The mean
track lengths are short and have a symmetrical distribution. The AH5
and AH6 samples failed the y? and have an age-dispersion over 15%,
revealing two age groups in AH5 and three age groups in AH6.

The modeling results from the borehole AH provide a slow reheating
to ~85 °C after deposition (ca. 55 Ma). From ca. 45 Ma, the expected
thermal history suggests that the samples have resided below the
apatite partial annealing zone until the present-day temperature
conditions (Fig. 12).

4.2.8. Borehole Al

Samples from borehole Al yielded AFT ages which increase with
depth (Fig. 5). The mean track lengths are very short and similar in
the samples, ranging between 8.14 and 8.74 um, with a symmetrical
distribution and standard deviations between 1.90 and 2.12 um. AFT
central ages are older than the depositional age.
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The Al model indicates reheating to depths equivalent to a
maximum paleotemperature of 75 °C at ca. 20 Ma (Fig. 13). After this
time, the samples were followed by a period thermal stability for 10 Ma.

5. Discussion
5.1. Tectonic-thermal evolution of the basement samples

Basement AFT ages of this study integrated with other studies (Fig. 3)
reveal a trend of increasing ages with distance of the coast, which is a
common pattern in passive continental margins (e.g., Gallagher et al.,
1994; Gallagher and Brown, 1997). However, in detail, the pattern is
more complex and AFT ages require thermal models to represent the
thermotectonic events age of the area.

Over the whole onshore area two periods seem important:
(a) during the Late Cretaceous (ca. 92-78 Ma), and (b) during the
Cenozoic. Only the Parana Basin records a cooling event during the
Late Jurassic (ca. 162 Ma), which preceded the onset of breakup of
southwestern Gondwana. The estimated amount of denudation in
Pre-rift stage (150-138 Ma) is 76 m, which yields an average long-
term denudation rate of 6.3 m/My (Fig. 14a). During the Rift and Post-
rift phase (Fig. 14b and c), the denudation was restricted to the
southern area and the rates were slow (<20 m/My). The variations in
the rate and spatial distribution of denudation over time imply substan-
tial differences in the offshore clastic sedimentation observed by
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Fig. 11. Thermal history and associated prediction for borehole N. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples
are shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The
grey boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open

symbols) AFT ages and MTL versus depth.
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Fig. 12. Thermal history and associated prediction for borehole AH. (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples
are shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The
grey boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open

symbols) AFT ages and MTL versus depth.

Contreras et al. (2010; and references therein), which can be related to
the dynamics of the drainage system.

The Além Paraiba and Cubatdo shear zones, northern and southern
coast, TROSP4, TR11SP13 and TR11SP14 samples started a cooling/
denudation event during the Late Cretaceous. This timing is consistent
with other studies in the area (e.g., Cogné et al., 2012; Gallagher et al.,
1994; Hiruma et al., 2010; Karl et al., 2013) and is linked to the uplift
and denudation of the Serra do Mar and Serra da Mantiqueira. In NE
Brazil a similar timing of cooling was inferred by Jelinek et al. (2014;
and references therein) for the Mantiqueira Province. The inferred ther-
mal histories imply substantial differences in the amount of denudation
along the area. The amount of denudation ranges from a minimum of ca.
40 m along the northern and central area to a maximum of 1500 m in
the southern area (Fig. 14d). During this time, the Paraiba do Sul drain-
age system tended to focus clastic influx into the central and southern
Santos Basin (Cobbold et al., 2001; Modica and Brush, 2004). The spatial
extent and timing of this denudational episode coincides with the Drift I
stage, and is consistent with the high rates of sediment supply in the off-
shore Santos Basin identified by Contreras et al. (2010) from seismic
studies in depositional sequences.

The most basement samples (except the samples from Jundiuvira-
Boquira Rio Preto and Parand Basin) also reached the maximum
paleotemperature during the Late Cretaceous (85-78 Ma). This maxi-
mum paleotemperature can be connected to the final breakup between
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South America and Africa. The propagation of stresses related to this
event is responsible for igneous activity along the southeastern margin
dated at ca. 90 Ma (Mizusaki et al., 1998; Thomaz Filho et al., 2000).

The post-rift or drifting phase in passive margins is typically domi-
nated by salt tectonics (Allen and Allen, 2013). In the offshore Santos
Basin, the displacement of salt occurred in the Cenomanian in the
deep portions of the basin. An important salt window was created for
the hydrocarbon accumulation (Chang et al., 2008). Other authors
(Cobbold et al., 2001; Contreras et al., 2010) related tectonic reactiva-
tion during the Turonian-Early Campanian (90-80 Ma) in the offshore
Santos Basin, where the sequences tilted by up to 20°.

During the Cenozoic event (Drift Il stage) the samples continued
cooling until the present-day temperature, with estimated amount of
denudation range from 1200 to 3600 m (Fig. 14e). The Parana Basin,
southern coast and Além Paraiba shear zone samples experienced
rapid cooling during the Neogene, after 20 Ma. This episode could be
linked to the uplift of the south area and change of the drainage system,
including the Paraiba do Sul. Cobbold et al. (2001) and Cogné et al.
(2012) suggest that during the uplift of the area, the reactivation of
the Precambrian shear zones led to the formation of a new drainage
system with continental sediment supply diverted to the northern.
The Cenozoic tectonic reactivation of onshore basement and Tertiary
basins is also suggested by other authors from thermochronological
data (e.g., Cogné et al., 2012; Hiruma et al., 2010; Karl et al., 2013).
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Fig. 13. Thermal history and associated prediction for borehole Al (a) The expected thermal history for borehole samples. T-t paths of the uppermost (blue) and lowermost (red) samples
are shown in heavy lines, together with their 95% credible intervals. The credible intervals for the lower thermal history include the uncertainty inferred for the temperature offset. The
grey boxes highlight the stratigraphic age of the samples. Insets (a-i) show burial detail of the T-t models from borehole. (b) Graph of observed (fill symbols) and predicted (open

symbols) AFT ages and MTL versus depth.
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The onshore erosional history during the Cenozoic may be linked to the
sedimentary influx in the offshore basin, with total thicknesses of the
basin fill ranging between 300 and 3000 m (Contreras et al., 2010).

5.2. Tectonic-thermal evolution of the borehole samples

All borehole thermal models (Figs. 6-13) indicate burial after
deposition, with relative increase in temperature during the Eocene.
This temperature increase is interpreted as related to the burial history
and magmatic activities in the basin, previously dated at 48.9 Ma (Ar-Ar
method; Moreira et al., 2007). This increase affected the tectonic evolu-
tion and petroleum accumulation and exploration in the basin. Most
AFT ages are equal or younger than the stratigraphic age demonstrating
that the samples experienced paleotemperatures below the apatite
partial annealing zone (60-120 °C) during burial.

The presence of more than one population of AFT ages in some
samples (see Table 2) is considered the result of partial annealing of
apatites from different sediment sources and variations in apatite
composition (e.g., Barbarand et al.,, 2003; Green et al., 1985). Different
sediment sources are supported by the presence of pre-depositional

ages and single grain ages of the samples. The variations in apatite com-
position can be observed in the standard deviation of the chlorine con-
tent of the samples (Table 2) and show no clear correlation with single
grain age. A Late Cretaceous age is present in all samples and linked to
the age of the uplift and denudation of the Serra do Mar and Serra da
Mantiqueira basement rocks. In passive margins, the sediment supply
is principally controlled by rivers eroding the continental land surface,
whereby major river systems build submarine fans that may extend di-
rectly onto oceanic crust (Allen and Allen, 2013). In onshore Santos
Basin, the Paraiba do Sul drainage system promoted the continental ero-
sion and sediment supply to the offshore basin.

The increased burial since the Paleogene caused by sediment influx
and flexural-isostatic bending described by Contreras et al. (2010) is ev-
idenced in thermal models. The progressively burial of sedimentary
layers over time in sedimentary basins causes thermal maturation
(e.g., Allen and Allen, 2013). Thermal modeling (except borehole
N) indicates that burial temperature and time residence with conse-
quently organic maturation levels were attained after deposition. The
burial of these boreholes during Paleogene was estimated around
2000-2700 m and maximum temperatures of 70-95 °C. Such estimates
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are in agreement with denudation performed from basement samples
(Fig. 14) and similar to the maximum thickness observed today
(Fig. 2). According to Chang et al. (2008), the oil generation window
of the Itajai-Aqu Formation (Late Cretaceous) in the Santos Basin started
during the Maastrichtian with a generation peak in the Oligocene. Data
from the thermal modeling suggest that the oil generation window
started at 55-25 Ma and continues until Pliocene-Pleistocene,
coincident with the apatite partial annealing zone.

The effect of the temperature indicated by fission track analysis on
oil generation depends on the organic matter type and the time-
temperature history. Heavier oil components are generally generated
first and then cracked into lighter components at higher temperatures,
resulting in an oil window between 1000 and 3000 m depth
(Hantschel and Kauerauf, 2009).

From Neogene, the offshore thermal models seem to have experi-
enced a change in the burial history. During this period, the southern
and central boreholes experienced a phase of cooling, while the north-
ern boreholes experienced a phase of reheating. This period may be
linked to the organization of the coast-parallel Paraiba do Sul drainage
system, with sediment starvation in the south and center of the Santos
Basin and continental sediment supply diverted to the northern
(e.g., Contreras et al., 2010; Modica and Brush, 2004). According to
Contreras et al. (2010), a high sediment supply increased at 15 Ma
and lower accommodation rates resulted in overall progradation in
the basin. The reheating observed in thermal models is the consequence
of the burial of the northern border. The burial depth of the boreholes
was estimated around 400-700 m. However, the northernmost bore-
hole ] shows a phase of cooling after 11 Ma (Fig. 9). We cannot exclude
the same possibility of burial in this borehole, but the data are not able
to resolve this. We suggest that this difference was due to the reactiva-
tion of the rift transfer zones. Finally, Cobbold et al. (2001) suggest
Neogene left-lateral reactivation of two main transfer zones near Cabo
Frio High, culminating in the formation of the Cabo Frio anticline.

6. Conclusions

New AFT data combined with published thermochronology data
constrain the thermotectonic evolutionary model of the basement and
offshore Santos Basin. The main results of this study are:

(1) The borehole thermal modeling indicates that the oil generation
window started at 55-25 Ma and continued until the Pliocene-
Pleistocene.

(2) A Late Cretaceous event started in the continental basement and
is linked to the uplift and denudation of the Serra do Mar and
Serra da Mantiqueira. This event is recorded in the single grain
ages of the borehole samples.

(3) The basement samples reached the maximum paleotemperature
during the Late Cretaceous, coincident with the final breakup be-
tween South America and Africa.

(4) The basement samples experienced the final cooling during the
Cenozoic, with estimated amount of denudation linked to the
burial histories of the boreholes until the Neogene.

(5) A rapid cooling during the Neogene is evidenced and linked to
the reactivation along Precambrian shear zones and changes in
the Paraiba do Sul drainage system.
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Rio Grande do Sul. Av. Bento Gongalves, 9.500, CEP 91.501-970, Porto Alegre, Brasil. E-mail:
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Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul. Av. Bento Goncalves,
9.500, CEP 91.501-970, Porto Alegre, Brasil. E-mail: andrea.jelinek@ufrgs.br.

Resumo - A margem continental brasileira denota estruturas geomorfol6gicas moldadas
durante varios episodios de atividade tectbnica iniciados no Neoproterozoico. Com o
objetivo de estabelecer um modelo de historia termotectdnica para a margem continental
brasileira, foi realizada a integracdo e reinterpretacdo dos dados tracos de fissdo em
apatita (TFA) disponiveis ao longo de toda a margem continental. As idades TFA variam
de ~385-10 Ma. Os dados TFA revelam que a margem continental foi caracterizada por
pelo menos trés eventos de resfriamento acelerado pds Ciclo Brasiliano: Cretaceo
Inferior, Cretaceo Superior e Paledgeno-Nedgeno. Os eventos sdo relacionados aos
processos de abertura do Oceano Atlantico Sul e as fases rifte e pos-rifte, com reativacGes
tectbnicas ao longo da margem. A Provincia Mantiqueira e o craton S&o Francisco
registram eventos de resfriamento mais antigos, desde o Ordoviciano e o Permiano,
respectivamente, que afetaram de modo variado diferentes partes dessas provincias como
reflexo das orogenias Famatiniana e Gondwanide.

Palavras-chave: Gondwana, rifte, resfriamento, soerguimento.

Abstract - The Brazilian continental margin shows geomorphological structures formed
during several episodes of tectonic activity initiated in the Neoproterozoic. In order to
establish a thermotectonic history model for the Brazilian continental margin, an
integration and reinterpretation of the apatite fission track (AFT) data was performed.
AFT ages range from ~385 to 10 Ma. The AFT data reveal that the continental margin
was characterized by at least three accelerated cooling events post Brasiliano Cycle: Early
Cretaceous, Late Cretaceous and Paleogene-Neogene. The events are related to the
opening processes of the South Atlantic Ocean and to the rift and post-rift phases, with
tectonic reactivations along to the margin. The Mantiqueira Province and the S&o
Francisco Craton record the oldest cooling events, from the Ordovician to the Permian,
respectively, which affected the various parts in varying ways as evidence of the
Famatinian and Gondwanide orogenies.

Keywords: Gondwana, rift, cooling, uplift.

1 Introducéo
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A margem continental brasileira denota estruturas geomorfologicas moldadas durante
varios episodios de atividade tectdnica iniciados no Neoproterozoico, sendo sua topografia e
relevo atuais semelhantes em muitos aspectos aqueles de outras margens continentais tipo
rifte ao redor do globo terrestre (p. ex., Austrélia, oeste da Africa, Noruega, india Ocidental).
Ela faz parte do sistema de riftes do Atlantico Sul, originado pela separagdo do Gondwana
Ocidental no Cretaceo Inferior, cuja abertura iniciou-se no sul e propagou-se ao norte ao
longo de reativagdes tectdnicas de antigos lineamentos (Nurnberg & Muller, 1991; Meisling
et al., 2001; Torsvik et al., 2009). A natureza da margem influenciou o desenvolvimento das
bacias sedimentares offshore e das bacias intracontinentais, sendo que os sistemas de rifte
Mesozoico-Cenozoico paralelos a costa estdo presentes também offshore. A separacdo do
paleocontinente em ~130 Ma foi afetada por rifteamento generalizado e pelo vulcanismo da
Provincia Parand-Etendeka (Zalan et al., 1991; Macdonald et al., 2003). A atividade
vulcanica relacionada a pluma causou a subida da crosta, incluindo a exposi¢cdo do
embasamento Pré-Cambriano, seguido de erosao e deposicao.

H& mais de duas décadas, a evolucdo da histéria termotectdnica da margem
continental brasileira vem sendo estudada através da técnica TFA. O método
termocronoldgico de baixa temperatura TFA é utilizado para determinar historias térmicas da
crosta superior terrestre ao longo do tempo (i.e., <150 °C em escalas de tempo de 1-500 Ma;
Gallagher & Brown, 1997) e tem sido amplamente utilizado para entender o desenvolvimento
de margens tipo rifte, quantificar taxas de exumagao e denudagéo e fornecer idades e taxas de
movimentacdo ao longo de falhas e zonas de cisalhamento (Gallagher & Brown, 1999; Raab
et al., 2005; Jelinek et al., 2014). O primeiro estudo com TFA no Brasil foi desenvolvido na
margem sudeste por Gallagher et al. (1994), e os dados foram interpretados em termos de
historia térmica e denudacdo da margem.

Neste trabalho, € apresentada uma integracdo dos dados TFA disponiveis para a
margem continental brasileira. Os dados foram interpretados no contexto de tectdnica
regional, resultando em uma historia termotectdnica da margem continental brasileira para
temperaturas abaixo de ~120 °C, em que os dados indicam que as idades de resfriamento TFA
estdo relacionadas aos eventos pré-, sin- e pos-rifte. Através do uso de uma plataforma de
Sistema de Informacdo Geografica e modelamento de dados mostramos como grandes
conjuntos de dados regionais podem ser apresentados de maneira que seus padrbes de

variagao possam ser facilmente compreendidos.
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2. Area, material e métodos

2.1 Contexto geoldgico

A margem continental brasileira resulta da ruptura do paleocontinente Gondwana e
estd assentada sobre as rochas pré-rifte do embasamento que tém uma longa historia
geoldgica. O processo de ruptura do Gondwana Ocidental e consequente abertura do
Atlantico Sul comegou na parte do sul da América do Sul durante o Triassico Superior-
Jurassico Inferior e propagou-se ao norte, alcancando a margem equatorial no Aptiano
Superior-Albiano Inferior (Nirnberg & Miiller, 1991; Meisling et al., 2001; Torsvik et al.,
2009). A abertura do Atlantico Sul foi precedida por volumoso magmatismo toleitico
induzido pela Pluma Tristdo da Cunha entre 145 e 130 Ma, originando a Provincia Parana-
Etendeka, localizada no sul da América do Sul e oeste da Africa (Zaléan et al., 1991; Meisling
et al., 2001; Macdonald et al., 2003).

As rochas do embasamento revelam uma segmentagdo ao longo da margem
continental brasileira que reflete diferentes provincias estruturais (Fig. 1). Essas provincias
foram esbocadas pela primeira vez no trabalho de Almeida et al. (1981), com base na natureza
do embasamento cristalino e da cobertura sedimentar. Recentemente, no contexto da colagem
do Neoproterozoico, Brito Neves & Fuck (2013) revisaram o conceito. A Provincia da
Mantiqueira, situada ao longo da parte sul e sudeste da costa atlantica, ocupa a maior parte da
margem, desde o estado do Rio Grande do Sul até parte do estado da Bahia, e é afetada
principalmente pelo Ciclo Brasiliano. Na parte sudeste, na area da Bacia de Santos, onde a
escarpa da margem tipo rifte € mais claramente expressa, esta provincia apresenta altitudes

superiores a 1500 m (Serra do Mar e Serra da Mantiqueira).
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Figura 1. Mapa geotect6nico das provincias da margem continental brasileira (Modificado de
Brito Neves & Fuck, 2013).

Figure 1. Geotectonic provinces map of the Brazilian continental margin (Modified by Brito
Neves & Fuck, 2013).

O craton S0 Francisco, contiguo a parte noroeste do craton do Congo na Africa
Ocidental antes da ruptura do Pangea (Neves, 2003), cobre quase todo o estado da Bahia e
grande parte do estado de Minas Gerais, e é caracterizado por uma vasta planicie interna e
alguns platdés com elevagdes entre 500 e 1000 m na parte centro-leste (Almeira, 1977,
Almeida et al., 1981). E constituido por rochas intensamente deformadas e metamorfizadas de
idade Arqueana a Paleoproterozoica, sobrepostas pelos sedimentos plataformais Meso- e
Neoproterozoico dos supergrupos de Espinhaco e Sdo Francisco e limitado por cinturdes de
dobramento Brasiliano Neoproterozoico desenvolvidos durante as orogenias colisionais que
resultaram na formacgédo do Gondwana Ocidental.

A Provincia da Borborema, localizada na margem nordeste brasileira, foi afetada pelo
intensamente pelo Ciclo Brasiliano e é subdividida em trés sub-provincias: sul, Zona
transversal (Central) e norte, limitadas pelos importantes lineamentos brasilianos de Patos e

Pernambuco (Neves, 2003; Van Schmus et al., 2011). A provincia é coberta a oeste por



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

rochas sedimentares Fanerozoicas e vulcénicas da Bacia do Parnaiba, e ao norte e leste por
depdsitos costeiros Meso-Cenozoicos. O contexto geomorfoldgico da provincia ndo exibe alto
topograficos préximo ao litoral, mas € caracterizado pelo Platdé da Borborema, que se eleva da
planicie costeira até ~1000 m ao norte do rio S8o Francisco, cuja origem epirogénica esta
relacionada com a ruptura do supercontinente Gondwana e ao magmatismo intraplaca
Cenozoico (Lima et al., 2015).

A Bacia do Parana é uma das maiores bacias intracraténicas originada do Ordoviciano
ao Cretaceo e localizada na porcdo sudoeste do supercontinente Gondwana durante o Eon
Fanerozoico (Milani, 1997). Seu relevo é constituido por altos planaltos (~1200 m) e cuestas
concéntricas drenados pelos rios Uruguai e Parana. A presenca dos maiores fluxos de lava
baséltica da Provincia Parana-Etendeka na crosta continental e dos milhares de corpos
intrusivos de diabasio associados, evidenciam uma histéria térmica incomum que resultou na

deformacéo dos estratos.

2.2 Dados

A base de dados utilizada foi constituida por uma série de dados publicados nos
ultimos 22 anos por diferentes autores (Fig. 2 e 3), resultando em um total de 742 amostras
com idades TFA e 592 comprimentos médios de tracos (MTL). As altitudes registradas para
cada amostra e 0s eventos termotectdnicos obtidos em cada trabalho também foram utilizados
no banco de dados para posterior correlacdo e interpretacdo. O conjunto de dados foi
estruturado no software ArcGis em um mesmo sistema de projecdo e datum (UTM-WGS-84).
Os mapas de contorno foram modelados utilizando o método de interpolacdo por Vizinho
Natural (Natural Neighbor), que ndo confere tendéncias e trabalha igualmente bem com

dados regularmente e irregularmente distribuidos.
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Figura 2. Mapa com a localizacdo dos dados TFA publicados na margem sul, sudeste e leste
do Brasil (Provincia Mantiqueira e Pacia do Parand).
Figure 2. Location map of the published AFTA data in the south, southeast and east Brazilian

margin ( Mantiqueira Province and Parané Basin).
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Figura 3. Mapa com a localizacdo dos dados TFA publicados na regido norte da Provincia

Mantiqueira, craton S&o Francisco e Provincia Borborema.
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Figure 3. Location map of the published AFTA data in the northern region of the Mantiqueira

Province, San Francisco craton and Borborema Province.

2.3 Método tracos de fissdo em apatita

O método TFA (Jelinek et al., 2010) baseia-se no fenbmeno de que a fissdo
espontanea dos atomos de 2*®U contido no reticulo cristalino da apatita causa danos a este
reticulo (tracos de fissdo). Estes tracos formam-se a uma taxa constante, determinada pela
constante de decaimento da fissio espontanea do ***U. O naimero de tragos presentes num
dado cristal de apatita depende tanto da concentracdo de uranio quanto do tempo que este
tracos demoraram para acumular-se. Através da contagem do numero de tracos que
interceptam a superficie interna do cristal e do seu contetdo de uranio, a idade tragos de fissdo
pode ser calculada.

A temperatura afeta significativamente a quantidade e o comprimento dos tracos de
fissdo. Quando os tracos sdo submetidos a temperaturas superiores aquelas de bloqueio para
um dado termocronémetro, >60 °C no caso do TFA, os tragos sofrem encurtamento e reducao
na densidade, processo este chamado de annealing (Jelinek et al., 2010). Portanto, os dados
de comprimento dos tracos de fissdo fornecem informacdes sobre as variacGes de temperatura
experimentadas pela rocha hospedeira, enquanto que a idade tracos de fissdo fornece
informacdes sobre a duragdo dessas variacBes. A um elevado nivel de annealing, acima de
~120 °C durante escalas de tempo geoldgico, todos 0s tragos sdo apagados e 0S Sseus
comprimentos e idade tracos de fissdo sdo reduzidos a zero. Maiores detalhes sobre o método
TFA sdo apresentados por Gleadow (1981), Green (1981), Laslett et al. (1987), Donelick et
al. (2005), Tagami & O'Sullivan (2005) e Jelinek et al. (2010).

3 Resultados

As idades TFA da margem continental brasileira variam de ~385 a ~10 Ma (Fig. 4) e
todas sdo consideravelmente mais jovens do que a idade de cristalizacdo ou metamorfismo
das rochas hospedeiras, indicando que foram expostas a temperaturas elevadas no passado e
gue muitas experimentaram temperaturas acima 120 °C, ocorrendo o total annealing das
idades. As figuras 4 e 5 mostram claramente que as idades TFA préximas a costa atual do

sudeste e nordeste brasileiro sdo relativamente jovens (20-100 Ma) e consideravelmente mais
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Figura 4. Mapa das idades TFA da margem continental brasileira.

Figure 4. AFT age map for Brazilian continental margin.
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Figura 5. Mapa de contorno das idades TFA ao longo da margem continental brasileira.

Figure 5. Contour map of AFT ages across the Brazilian continental margin.

10

Em geral, ndo ha uma clara relacdo entre a idade TFA e a altitude (Fig. 6). No entanto,

as idades TFA >200 Ma tendem a estar associadas a altitudes mais baixas (<500 m). A

maioria das amostras com idade TFA do Cretaceo e Cenozoico apresentam MTL >11,5 um

(Fig. 7). Diversos autores (p. ex., Gallagher et al., 1994, Cogné et al., 2011) interpretaram a

relacdo entre a idade TFA e o MTL na margem brasileira como um grafico boomerang. Green

(1986) demonstrou que esse padrdo cbncavo (concave-up) ocorre quando uma regido

experimenta uma fase de denudacdo acelerada, e é caracterizada por uma diminuicdo inicial

nos MTL e idade, para um comprimento médio minimo com idades intermediarias, seguido

de um aumento progressivo nos MTL com idades sucessivamente mais jovens. No entanto, a

relacdo entre as idades TFA e os MTL da margem brasileira (Fig. 7) ndo mostra um gréfico

boomerang ideal, sugerindo uma complexa histdria térmica envolvendo varios episodios de

resfriamento.
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Figura 6. Relagéo entre as idades TFA e a altitude das amostras.
Figure 6. Relationship between AFT ages and elevation of the samples.
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Figura 7. Relacéo entre as idades TFA e os MTL para todo o conjunto de dados.

Figure 7. Relationship between AFT ages and MTL for the entire dataset.

Todas as provincias estruturais (Fig. 8) apresentam longos MTL e idades AFT
associadas com a separacdo continental entre América do Sul e Africa (~135-95 Ma),
relacionados ao episodio de resfriamento e denudacéo que levou a formacgdo dessas margens.
Outro episddio de resfriamento, exceto para a Bacia do Parand, pode ser inferido durante o
magmatismo do Cretaceo Superior e do Paledgeno (Fig. 8A, 8B e 8C), e indica que as
amostras resfriaram rapidamente a partir de temperaturas de ~120 °C no momento indicado
pela idade TFA.

A Bacia do Parana registra apenas idades apos a ruptura do SW Gondwana (Fig. 8D),
com a maioria das idades datando do magmatismo Parana-Etendeka, como consequéncia da

influéncia térmica e total annealing em termos de idades tracos de fissdo. As distribuicGes dos
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233  MTL nas amostras desta provincia sdo particularmente intermediarios a curtos (<14 um, Fig.
234  8D). Tais distribuicdes de MTL podem ser qualitativamente interpretadas em termos de
235  arrefecimento prolongado, como consequéncia da lenta denudacdo ocorrida apos a ruptura.
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Figura 8. Relacdo entre as idades TFA e os MTL para as amostras da (A) Provincia
Borborema (A), craton Sao Francisco (B), Provincia Mantiqueira (C) e Bacia do Parana (D).
As trés faixas sombreadas indicam o tempo aproximado antes da ruptura do SW Gondwana
(cerca de 195 Ma), o intervalo de tempo da separacéo entre América do Sul e Africa (135-95
Ma) e 0 magmatismo do Cretacico Superior e Paleogénico (80-40 Ma).

Figure 8. Relationship between AFT ages and MTL for the samples from Borborema Province
(A), Séo Francisco craton (B), Mantiqueira Province (C) and Parana Basin (D). The three
shaded bands indicate the approximate time before of SW Gondwana breakup (ca. 195 Ma),
the spread time of South America and Africa breakup (135-95 Ma) and the Late Cretaceous

and Paleogene magmatism (80-40 Ma).

4 Discussdo dos resultados

Dados TFA fornecem importantes informacgdes termotectdnicas dos eventos ocorridos
ao longo dos ultimos 500 Ma na histéria geolégica. Em escala regional, a resposta
geomorfoldgica aos processos de rifteamento e ruptura continental, indicada pela cronologia,
variou significativamente ao longo da margem continental brasileira (Fig. 4 e 5). Os dados
TFA mostram que o desenvolvimento pos Ciclo Brasiliano da margem brasileira foi
caracterizado por pelo menos trés eventos de resfriamento acelerado: Cretaceo Inferior,
Cretaceo Superior e Paledgeno-Nedgeno. Somente a Provincia Mantiqueira e o craton Séo
Francisco registram eventos de resfriamento mais antigos desde o Ordoviciano e o Permiano,
respectivamente, que afetaram de modo variado diferentes partes dessas provincias.

Na margem extremo sul da Provincia Mantiqueira (estado do Rio Grande do Sul), as
antigas idades TFA estdo relacionadas ao resfriamento continuo e relativamente lento durante
0 Paleozoico (Ordoviciano ao Permiano), e refletem o possivel soerguimento da area em
resposta a colisdo entre o terreno Precordillera e o craton Rio de la Plata, na margem oeste do
Gondwana Ocidental durante as orogenias Famatiniana e Gondwanide (Oliveira et al., 2016).
Esta parte da margem brasileira é caracterizada por uma topografia relativamente baixa e uma
grande planicie costeira, ndo apresentando uma caracteristica morfolégica de margem
continental passiva. De modo contrario, a margem continental sudeste e leste brasileira, parte
da Provincia Mantiqueira, apresenta uma morfologia de margem continental passiva

caracteristica, com as bacias sedimentares offshore (bacias de Santos, Campos e Espirito
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Santo) separadas da regido continental elevada (Serra do Mar e Serra da Mantiqueira) por
uma planicie costeira relativamente estreita (Gallagher et al., 1994). As idades TFA refletem
esta morfologia de margem passiva, com um aumento das idades de 40-90 Ma na planicie
costeira para >300 Ma no interior continental, configurando uma maior denudagdo na
planicie, como sugerido por diversos autores (p. ex., Gallagher et al., 1994, 1995; Gallagher
and Brown, 1999; Carmo, 2005; Hiruma et al., 2010; Engelmann de Oliveira et al., 2016).

Os dados da regido sudeste do Brasil também apresentam idades significativamente
mais jovens do que a idade do rifteamento que levou a formagdo da margem continental (Fig.
4 e 8). Para a maior parte da margem, e por grande parte dos autores relacionados (Fig. 2 e 3),
o resfriamento relativamente rapido durante o Paledgeno-Nedgeno é interpretado como
resultado de episddios de aumento nas taxas de denudacdo relacionados a formacéo e
reativacdo de blocos de falha de alto angulo que se moveram em resposta as tensdes
intraplaca. Os episodios de denudacdo também sdo contemporaneos a deposicdo de rochas
sedimentares clasticas nas bacias da margem sudeste brasileira. Diversos autores (p. ex.,
Gallagher et al., 1994, 1995; Hiruma et al., 2010; Jelinek et al., 2014; Engelmann de Oliveira
et al., 2016) discutem que as altas taxas de denudacdo pos-rifte indicadas para a margem,
provavelmente refletem a geometria € 0 momento da reativacdo tectdnica pos-rifte de
estruturas intracontinentais maiores, e as taxas de denudacdo sdo correlacionaveis as
espessuras do registro sedimentar offshore nas bacias de Santos e Espirito Santo.

O Arco de Ponta Grossa, na regido de Curitiba, apresenta as idades TFA mais jovens
de toda a margem continental (Fig. 4; Franco-Magalhaes et al., 2010). A regido é um alto
topografico caracterizado por um grande nimero de diques associados ao magmatismo
Parana-Etendeka e limitado por zonas de cisalhamento NW-SE (Zalan et al., 1990). Segundo
Gallagher et al. (1994), as amostras presentes nesta regido sofreram annealing total em
termos de idade de tragos de fissdo, como consequéncia da influéncia térmica do magmatismo
a aproximadamente 130 Ma . No entanto, isso teria sido efetivamente instantaneo e seria
esperado que todas as idades TFA fossem semelhantes a idade do magmatismo. Desta forma,
Franco-Magalhaes et al. (2010) atribuem as idades mais jovens (<20 Ma) a reativacdo das
zonas de cisalhamento do Pré-Cambriano e ao soerguimento/exumacédo da area, levando a
formacdo de bacias terciarias. A reativacdo tectdnica Cenozoica do embasamento continental
e consequente formacdo das bacias terciarias também é sugerida por outros autores na
margem sudeste (p. ex., Hiruma et al., 2010; Cogné et al., 2012; Karl et al., 2013; Engelmann
de Oliveira et al., 2016).
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Ao contrario da margem sudeste, a margem nordeste, na regido do craton Séao
Francisco, registra idades TFA mais antigas e um episddio de resfriamento durante o
Permiano e Jurassico Inferior, reflexo da Orogenia Gondwanide (Jelinek et al., 2014). Esta
regido é tipica da regido semi-arida do nordeste caracterizada como um pediplano, com relevo
mondtono, vales estreitos e vertentes dissecadas, conhecida como Depressdo Sertaneja. Os
modelos de historia térmica apresentados por Jelinek et al. (2014) ndo mostram evidéncia de
resfriamento significativo durante a formacao das bacias de margem passiva nesta regido, o
que implica que a area ndo foi significativamente afetada pelos processos tectbnicos e
térmicos relacionados ao rifteamento. Os modelos s&o apoiados pela evolugdo das bacias do
nordeste, que apresentam fases essencialmente ndo-magmaticas pré-rifte e rifte (Chang et al.,
1992). O magmatismo nesta parte da margem esta registrado ao sul (banco de Abrolhos e
Royal Charlotte) e ocorreu durante o estagio pos-rifte, entre 60 e 40 Ma, relacionado ao
movimento da placa Sul-Americana sobre hotspots (Chang et al., 1992, Mizusaki et al.,
2002).

As idades TFA da Provincia Borborema sdo claramente mais jovens que as idades do
craton Sdo Francisco, sendo que a maior parte € relacionada ao evento de resfriamento do
Cretaceo (Fig. 8), correspondente & abertura do Oceano Atlantico Sul. Lima et al. (2015),
utilizando métodos sismicos, sugerem que o soerguimento do Platé Borborema foi causado
por desequilibrio térmico na crosta durante a ruptura do Gondwana e abertura do Oceano
Atlantico Sul, no periodo Cretaceo. O desequilibrio térmico e 0 magmatismo sin- e pos-rifte
(60-40 Ma) presentes ao longo da margem equatorial brasileira, na Provincia Borborema
(Mizusaki et al., 2002), influenciaram a evolucdo dessa margem e registraram esses eventos
nas idades TFA.

Esse padrdo de idades TFA e eventos de resfriamento ao longo da margem continental
brasileira ndo estdo apenas relacionados ao processo de rifteamento, mas envolvem outros
processos importantes como: (i) soerguimento isostatico em resposta a denudagdo da margem
continental e sedimentacdo nas bacias onshore e offshore, sugeridos e detalhados por
Gilchrist & Summerfield (1994) e Gallagher et al. (1994); e, (ii) magmatismo poés-rift e
reativacdo tectdnica das principais estruturas intracontinentais, que ocasionaram uma
denudacéo localmente acelerada sobreposta ao padrdo regional secular (Gallagher e Brown,
1999; Cobbold et al., 2001).
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5 Conclustes

Os dados TFA discutidos por diferentes autores ao longo dos anos e integrados neste
trabalho, permitiram estabelecer um modelo de histéria termotectdnica para a margem
continental brasileira, que é complexo e reflete controles litolégicos e estruturais. Os
principais resultados sao:

(1) As idades TFA variam de ~385-10 Ma e todas sdo consideravelmente mais jovens
do que a idade de cristalizacdo ou metamorfismo de suas rochas hospedeiras. A presenca de
um grande nimero de amostras com idades entre 135 e 66 Ma é relacionada a separacao
continental e subsequente magmatismo e reativacOes tectdnicas do Cretaceo Superior ao
Paledgeno.

(2) Os dados TFA da margem continental sudeste brasileira mostram uma tendéncia
geral semelhante a observada em outras margens do tipo rifte, com idades mais jovens em
direcdo a costa.

(3) A maioria das idades TFA da Provincia Borborema esta relacionada ao evento de
resfriamento do Cretaceo, associado a abertura do Oceano Atlantico Sul.

(4) A Provincia Mantiqueira e o craton Sdo Francisco registram 0s eventos de
resfriamento mais antigos, desde o Ordoviciano e 0 Permiano, respectivamente, que afetaram
de modo variado diferentes partes destas provincias e refletem as orogenias Famatiniana e

Gondwanide.
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