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RESUMO

O Lineamento Guapiara, localizado no limite setentrional do Arco de Ponta Grossa — sudeste
do estado de Sao Paulo, constitui uma importante feicdo morfoestrutural demarcada por
feigdes no relevo e na drenagem, na diregdo NW-SE, e que se caracteriza por forte anomalia
magnética. Demarca um corredor de fraturas preenchidas por diques de diabéasio
relacionados ao evento tectono-magmatico juro-cretaceo que seccionou a Bacia do Parana e
seu embasamento. Neste estudo, foi realizada a interpretacdo magnética-estrutural do
Lineamento Guapiara e das estruturas adjacentes, afim de aprimorar o processamento e
interpretagdo dos dados geofisicos qualitativos e semiqualitativos, através da aplicagdo de
métodos de realces de anomalias magnéticas. Os dados estruturais coletados em campo
foram integrados e correlacionados com os indices geomorficos das drenagens que ocorrem
na regido (channel steepnees index, knickpoints e chi-plots) para identificar possiveis
reativagdes tectdnicas cenozoica de estruturas na regido do Lineamento Guapiara. A
abordagem integrada da andlise magnética, o geoprocessamento por meio de imagens
ALOSPALSAR e a analise estrutural possibilitaram levantar a hipotese de que estruturas do
embasamento cristalino (NE-SW e E-W) e o Lineamento Guapiara tenham sido reativados
ao longo do Cenozoico, influenciando no rearranjo da drenagem. Os lineamentos magnéticos
do Guapiara estio sobrepostos as anomalias NE-SW e E-W (ex. Lineamento Sao Sebastido),
consideradas herangas estruturais do embasamento proterozoico. Foram mapeadas falhas
transcorrentes/transtensivas com dire¢do NW-SE, NE-SW, E-W e N-S, ¢ também falhas
normais NW-SE e NE-SW, as quais foram reativadas e nucleadas em, pelo menos, trés
pulsos tectonicos desde o Paleogeno: Pulso A SHwmax NE-SW (Paleoceno-Eoceno), Pulso B
SHwmax N-S (Mioceno-Pleistoceno) e Pulso C SHvmax WNW-ESSE (Pleistoceno-atual). Esses
dados demostram rota¢ao do campo de tensao maximos, no sentido anti-horario, os quais se
deslocaram da orientacdo NE-SW (no limite Cretaceo/Paledgeno), para N-S, NW-SE até
chegar a posicao atual WNW-ESE. Esses dados quando integrados aos indices geomorficos
mostraram que as reativagdes estdo presentes em valores de alto channel steepness index
(ksn), e expressivas anomalias de drenagem, que representam entrincheiramento de canais e

outras formas andmalas, possivelmente frutos de subsidéncia tectonica.

Palavras-chave: Arco de Ponta Grossa, Neotectonica, morfometria



ABSTRACT

The Guapiara Lineament, located at the northern boundary of the Ponta Grossa Arch in
southeastern Sao Paulo state, constitutes an important morphostructural feature marked by
topographic and drainage patterns in the NW-SE direction, characterized by a strong
magnetic anomaly. It delineates a corridor of fractures filled with diabase dykes related to
the Jurassic-Cretaceous tectono-magmatic event that dissected the Parand Basin and its
basement. In this study, a magnetic-structural interpretation of the Guapiara Lineament and
adjacent structures was performed to enhance the processing and interpretation of qualitative
and semi-qualitative geophysical data through the application of magnetic anomaly
enhancement methods. Field-collected structural data were integrated and correlated with
geomorphic indices of the regional drainage systems (channel steepness index, knickpoints,
and chi-plots) to identify possible Cenozoic tectonic reactivations of structures in the
Guapiara Lineament region. The integrated approach of magnetic analysis, geoprocessing
using ALOSPALSAR images, and structural analysis allowed the hypothesis that structures
in the crystalline basement (NE-SW and E-W orientations) and the Guapiara Lineament have
been reactivated during the Cenozoic, influencing drainage rearrangement. The magnetic
lineaments of Guapiara overlay NE-SW and E-W anomalies (e.g., Sao Sebastido
Lineament), which are considered structural remnants of the Proterozoic basement. NW-SE,
NE-SW, E-W, and N-S trending strike-slip/transcurrent faults were mapped, along with
NW-SE and NE-SW normal faults, which have been reactivated and nucleated in at least
three tectonic pulses since the Paleogene: Pulse A with NE-SW SHMax (Paleocene-Eocene),
Pulse B with N-S SHMax (Miocene-Pleistocene), and Pulse C with WNW-ESE SHMax
(Pleistocene-present). These data demonstrate a counterclockwise rotation of the maximum
stress field, which shifted from the NE-SW orientation (at the Cretaceous/Paleogene
boundary) to N-S and NW-SE orientations, finally reaching the current WNW-ESE position.
When integrated with geomorphic indices, these data show that the reactivations occur in
areas with high channel steepness index (ksn) values and significant drainage anomalies,
representing channel incision and other anomalous forms, possibly resulting from tectonic

subsidence.

Keywords: Ponta Grossa Arch, neotectonic, morphometry
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CAPITULO1

1 INTRODUCAO

O Arco de Ponta Grossa ¢ uma das fei¢des tectonicas mesozoicas mais expressivas do
sudeste brasileiro, que corresponde ao limite erosivo leste da Bacia do Parana (FERREIRA
1981; ZALAN et al., 1990). Delineado como uma mega estrutura soerguida com eixo na dirego
NW, caracterizado por quatro lineamentos estruturais-magnéticos NW-SE: Lineamentos
Guapiara, Sao Jeronimo Curiuva, Rio Alonzo e Rio Piquiri. S3o herangas do embasamento
proterozoico, que controlaram fortemente a evolugdo tectdnica regional desde o Devoniano,
com seu apice durante a Reativacdo Sul Atlantiana no Cretaceo Inferior (FERREIRA et al.,
1981; ALMEIDA, 1981; MACHADO JR., 2000; SCHOBBEANHAUS et al., 1984; HASUI,
2010).

Diversas pesquisas demonstram que as inimeras descontinuidades que compdem o
Arco de Ponta Grossa, denotam reativagdes rupteis em nivel crustal raso que perduraram desde
o Cretaceo Superior até o Quaternario. Inclui as tensdes que deformam o relevo atual que
indicam de forma mais evidente o carater ndo passivo da margem brasileira (FERREIRA et al.,
1981; ZALAN et al., 1990; MACHADO JR., 2000; RICCOMINI et al., 2004; STRUGALE et
al., 2007; FRANCO-MAGALHAES et al., 2010).

Os estudos sobre a evolugdo do Arco de Ponta Grossa, a partir de andlises
termocronologicas por traco de fissdo em zircdo e apatita, tém identificado manifestacdes
tectonicos no Cenozoico que proporcionaram a reativagao tectonica de alinhamentos, assim
como a exumagcdo do Arco de Ponta Grossa (KARL et al., 2013; FRANCO-MAGALHAES et
al., 2010; ENGELMANN DE OLIVEIRA et al., 2016, 2017). Pesquisas mostram um quadro
tectonico ruptil significativo que deformam tanto o embasamento proterozoico, como as rochas
basalticas Serra Geral e as alcalinas do Cretaceo Superior e formagdes sedimentares da Bacia
do Parand, sendo responsavel pelo basculamento do relevo e pela reorganizagdo da rede de
drenagem (FERNANDES e AMARAL, 2002; SALAMUNI et al., 2003; CHAVEZ-KUS e
SALAMUNI, 2008; MORALES et al., 2001, 2003; RICCOMINI et al., 2004; ZALAN e
OLIVEIRA, 2005).

Com isso, decidimos analisar as possiveis reativagdes tectonicas que ocorreram na
regido do Lineamento Guapiara (Fig. 1), limite setentrional do Arco de Ponta Grossa que se
propaga para a por¢ao offshore do Oceano Atlantico, como zona de transferéncia na Bacia de

Santos, uma das mais importantes bacias petroliferas do Brasil. Com o objetivo de ampliar o
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conhecimento a respeito do seu possivel quadro neotectonico e demonstrar o controle tectonico
na paisagem.

Neste estudo, realizamos a interpretagao magnética-estrutural do Lineamento Guapiara
e das estruturas adjacentes, afim de aprimorar o processamento e interpretagdo dos dados
geofisicos qualitativos e semiqualitativos, através da aplicacdo de métodos de realces de
anomalias magnéticas. Integramos os dados estruturais coletados em campo e correlacionamos
com os indices geomorficos das drenagens que ocorrem na regido (channel steepnees index,
knickpoints, perfis longitudinais dos rios) para a identificagdo dos indicadores tectonicos no
sistema relevo-drenagem da area de estudo, conforme principios de Ouchi (1985), Schumm et
al. (2000), Kirby e Whipple (2012); Whipple e Dibase (2011); Perron e Royden (2013), Gallen
e Wegmann (2017).

1.1 Area de Estudo

Dentro do contexto do Arco de Ponta Grossa a area de estudo - onde se insere o
Lineamento Guapiara - abrange as unidades pré-cambrianas associadas a por¢ao meridional da
Faixa Ribeira (Provincia Mantiqueira) e as sequéncias sedimentares paleozoicas e mesozoicas
e rochas vulcanicas Serra Geral da Bacia do Parana. A regido se localiza a sudeste do estado de
Sao Paulo juntamente com uma pequena porg¢ao do nordeste do Parana (Fig. 1), totalizando uma

area de 42.182 km?

1.2 Hipotese

A hipétese da pesquisa versa sobre a provavel da ocorréncia das reativagdes tectdnicas
cenozoicas que teriam influenciado o sistema relevo-drenagem da area de estudo ao longo do

Lineamento Guapiara e na regido do seu entorno.
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Figura 1 Mapa de localizacdo da area de estudo, mostrando o contexto geoldgico da regido.

1.3 Objetivos

O objetivo principal da pesquisa € investigar possiveis reativacdes do Lineamento Guapiara
por meio da tectonica e da evolugdo da paisagem e, assim, ampliar o conhecimento a respeito
do seu possivel quadro neotectonico regional. Para que o objetivo principal seja atingido
objetivos secundarios foram determinados:

e realizar a interpretagdo magnética-estrutural da area de estudo, afim de aprimorar o
processamento e interpretagdo dos dados geofisicos qualitativos e semiqualitativos locais.

e caracterizar a morfometria e em consequéncia a geomorfologia tectonica da area de

estudo;

e caracterizar a geometria e a cinematica das principais falhas e consequente determinacao

dos paleotensores que as controlaram,;

e definir os processos morfotectonicos e a cronologia relativa dos eventos deformacionais.
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CAPITULO 11

2  FUNDAMENTACAO TEORICA

Estudos sobre geomorfologia tectonica baseiam-se na aplicacdo de uma série de equagdes
morfométricas dos indices geomorficos, que sdo consideradas ferramentas para andlise de
evidencias de atividade tectonica (HOWARD et al., 1967; KELLER e PINTER, 2002; BISHOP
et al. 2005, CROSBY et al. 2005; CROSBY ¢ WHIPPLE 2006). Os indices geomorficos siao
utilizados para o entendimento da evolugdo tectonica e ndo tectonica da paisagem, natureza da
deformacao, soerguimento e erosdo. Os indicadores sdo sensiveis a uma série de variaveis,
como resisténcia das rochas, mudangas climaticas e processos tectonicos. Com isso, 0s
resultados mostram a extensao da 4rea afetada pela atividade tectonica e também a extensao da
aceleragdo dos processos geomorfologicos de erosdo e deposicdao. Os indices aplicados nesta

pesquisa foram a hipsometria, a declividade, a analise de anomalias de drenagem, os perfis

longitudinais dos rios, os knickpoints, o indice de inclina¢do do canal (Ks,) € os perfis y (Chi).

1.4 Modelagem Knickpoints

Segundo Gardner (1983) knickpoint ¢ uma anomalia ingreme no perfil longitudinal fluvial
que reflete a incisdo localizada do leito do rio. O termo knickpoint refere-se ao local, do rio que
separa a por¢do reajustada de um canal da topografia residual. Representa uma mudanga
morfoldgica abrupta no gradiente da drenagem que cria uma convexidade local, em um perfil
ideal concavo, resultando na formagao de cachoeiras e corredeiras (CROSBY ¢ WHIPPLE
2006). As rupturas de declive sdo consideradas como chave para o entendimento do processo
da geomorfologia tectonica, pois significa que hd mudangas de jusante para montante na rede
de drenagem (BISHOP et al. 2005, CROSBY et al. 2005).

Whipple (2001) comentou que a incisdo do canal de um rio ¢ uma resposta comum as
perturbagdes que afetam os sistemas fluviais, rebaixando seu perfil ao longo do tempo. A
resposta do aumento ou a diminui¢do da taxa de erosdo ¢ refletida ao longo do perfil
longitudinal. Desse modo, o perfil longitudinal de um rio reflete os diversos efeitos como a
variagdo litologica, climatica, tectonica e mudancas do nivel de base, sendo considerado uma

assinatura topografica-chave aos efeitos dessas variagdes, como uma importante ferramenta
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para o entendimento dos processos geomorfoldgicos que ocorrem na paisagem (SINHA e
PARKER,1996, PHILLIPS e LUTZ, 2008).

Uma variedade de modelos de incisao fluvial tem sido elaborada ao longo dos anos, com
objetivo de descrever os processos fisicos de incisd@o. O modelo mais usado ¢ o modelo stream
power, ou de erosdo (E) (HOWARD et al., 1994) que ¢ amplamente utilizado em pesquisas
geomorficas, a fim de prever padroes de deformagdo tectonica a partir da inversao de perfis
longitudinais ou para modelar a migragao a montante de knickpoints € a evolugao das paisagens

erosivas ao longo do tempo (LAGUE, 2014). O modelo ¢ representado pela seguinte equagao:
E =KA™S™ (Equagdo 1)

O modelo stream power assume que a taxa de incisdo dos rios de leito rochoso (E) ¢ uma fungao
exponencial da area de drenagem (A), da declividade dos canais fluviais (S) e de um coeficiente
de erodibilidade (K)) que incorpora tanto a resisténcia das rochas expostas frente aos processos
erosivos, quanto parametros climaticos e hidrologicos (KIRBY e WHIPPLE, 2012). As
variaveis m e n sdo coeficientes positivos empiricos, que dependem da hidrologia da bacia,
geometria dos canais fluviais e dos processos de incisdo fluvial dominantes (WHIPPLE e
TUCKER, 1999; KIRBY e WHIPPLE, 2012). O melhor entendimento das relacdes gerais
assumidas entre as variaveis acimas € representado pelas equacdes 1 a4 e 6 a 9 em Snyder et
al. (2000).

Segundo Snyder et al. (2000), o coeficiente de erodibilidade pode ser mantido constante
em regioes onde a rocha ¢ uniforme, fazendo obrigatoriamente com o que o gradiente do canal
seja a Unica variavel que ird se ajustar as taxas de soerguimento. Entretanto, a andlise da
variacdo das taxas de erosdo pode auxiliar no estudo dos efeitos tectonicos nos perfis
longitudinais.

Com base no modelo stream power e assumindo o principio de conservacdo da massa
(HOWARD et al., 1994), a evolucao da topografia de uma area ao longo do tempo, ou seja, a
taxa de mudanca de elevacdo (z) pelo tempo (t), ¢ descrita como a diferenga entre a taxa de
soerguimento em relacdo ao nivel de base (U) e a taxa de incisdo vertical do leito fluvial (E),

gerando a equacao:

dz
== U—E=U-KA™S™" (Equagio 2)

No caso de uma paisagem em estado estacionario (dz/dt=0), onde o nivel de base, a taxa
de incisdo, clima e litologia ndo variam, entdo U ¢ igual a E em todos os lugares da paisagem

(KIRBY e WHIPPLE, 2012), com isso a equagdo 2 pode ser reescrita da seguinte forma:
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1

U\n .
S = (E) A~™/™ (Equacio 3)
A equagao 3 pode ser reescrita da seguinte forma:

S = K;A™9 (Equagio 4)

onde ks ¢ referente ao indice de inclinacdo do canal (channel steepness index), ¢ uma
medida do gradiente do canal normalizado para uma determinada area de drenagem e 0 ¢ o
indice de concavidade do canal (concavity index), ¢ uma medida da taxa de variacdo do
gradiente do canal com a é4rea de drenagem, indicando quao concavo um perfil €. A equagdo 4
representa o power law ou seja, a relagdo entre a declividade (S) e a area de drenagem (A), onde
o gradiente do canal diminui sistematicamente em dire¢@o a jusante, ou seja, em funcdo da area
de drenagem (FLINT, 1974; HACK, 1973; HOWARD e KIRBY, 1983).

O indice de concavidade geralmente estd no intervalo ente 0,4 - 0,6, pois 0 se mostra
insensivel a variagdes de soerguimento e erosdo, clima e litologia (desde que as litologias sejam
uniformes ao longo do comprimento do canal). Diferente do indice de inclinagao (ks) que varia
com esses fatores (TUCKER e WHIPPLE 2002; WOBUS et al. 2006; KIRBY ¢ WHIPPLE,
2012). A relagio power law ocorre a partir do intervalo de 0,1 — 5 km? a jusante de uma 4rea de
drenagem (WOBUS et al., 2006). Nesse intervalo ocorre a transi¢do de canais coluviais que sao
dominados por fluxo de detritos, pois estdo localizados nas encostas do relevo, para canais
fluviais (STOCK e DIETRICH, 2003). Essa area de transi¢ao ¢ reconhecida através da nao
variagdo da declividade (S) com o aumento da area de drenagem, sendo que a declividade
diminui sistematicamente a jusante (WOBUS et al. 2006).

A jusante dessa transicdo, onde power law se mantém, pode ocorrer mudangas abruptas
espaciais e temporais litologicas, climaticas ou na taxa de soerguimento que podem levar ao
desenvolvimento de um canal fluvial segmentado (KIRBY e WHIPPLE, 2012). Geralmente
cada segmento exibe relacdo semelhante a equagdo 4, porém os valores de ks e 0 variam. As
caracteristicas e a distribui¢do espacial de tais segmentos pela paisagem e em canais fluviais de
diferentes tamanhos e orientagdes sao a chave para decifrar a evolu¢ao do soerguimento do
relevo (KIRBY e WHIPPLE, 2012).

Com isso, se faz necessario determinar o indice de concavidade (@) e indice de
inclinagdo (ks), esses pardmetros podem ser obtidos por regressdo linear na relacdo entre a
declividade (S) e a area de drenagem (A) em um grafico log (S)-log (A) (KIRBY a WHIPPLE,
2012). Entretanto, existe uma covariabilidade entre 0 e Ks, pois pequenas variacdes e incertezas

no 0 pode levar a grandes variagdes no indice de inclinagdo (ks). Com isso, primeiramente
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precisa-se calcular um indice de inclinagdo normalizado (ksn) que represente essa correlagdo.

Ha dois métodos para se obter o ksn a partir da equacao 4:

1.4.1 Indice de concavidade fixo (0ye)

Nesse método para calcular o ksn ¢ preciso definir um indice de concavidade de
referéncia fixo (Oref) para quantificar o indice de inclinagdo do canal normalizado (Ksn). Esse
método permite a comparagdo eficaz de rios com areas de drenagens amplamente varidveis
(WOBUS et al, 2006, KIRBY e WHIPPLE, 2012). Portanto, o ksn representa a inclinagao local
do canal fluvial corrigida para a sua area de drenagem. Quando a autocorrelagdo entre 0 e ks €

levada em considera¢do, tém-se a equacao 5:
S = K,A97¢f (Equacdo 5)
1.4.2  Método integral de determinacdo da inclinagcdo do canal (Perfil x)

Através do método integral de determinagdo da inclinacdo do canal, proposto por

Royden et al. (2000), que se calcula integral em ambos os lados da equacao 4:
X 0

Ao
(—) dx (Equacgdo 6)

z(x) = z(xb) + f A

xb

Por convengao estabelecida por Royden e Perron (2013) e Perron e Royden (2013), Ao
¢ uma area de drenagem de referéncia para nao dimensionar os termos referentes a area de
contribui¢do (A e Ao), determinando, assim, que os perfis longitudinais transformados a partir

do método chi sejam caracterizados por unidades de comprimento em ambos 0s €ixos:

z(x) = z(xp) + <f—59> (Equagao 7)

o

onde a coordenada longitudinal chi ¢ definida como:

X = j: (%)9 dx (Equagao 8)

X
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De maneira geral, rios que obedecem as equagdes 7 e 8 sdo caracterizados por uma linha
reta em um grafico referido como chi plot, onde inflexdes nessa reta representam os knickpoints
(NEELY etal., 2017) (Fig. 2.2). A inclinagao da linha fornece o valor do ks (indice de inclinagao
do canal) ou Ksn, entdo se faz necessaria a analise dos valores de ksn a montante e a jusante das
inflexdes para que se observe a assinatura do knickpoint. Rios que ndo obedecem as equagoes,
ou seja, segmentos nos quais nao ha uma relagao clara entre o gradiente a area de drenagem, ou
o indice de concavidade ¢ diferente do valor de 0 referéncia, serdo representados por segmentos
curvos (ROYDEN e PERRON, 2013; PERRON ¢ ROYDEN, 2013).

Nesse método o parametro chave que se deve obter antes do célculo da coordenada
longitudinal (Y) e a extragdo do ksn € 0 indice de concavidade escolhido para a rede de drenagem

analisada. O valor numérico de ksn € diretamente influenciado pela escolha do 0, de modo que,
para um mesmo trecho fluvial, maiores valores de 6 podem resultar em maiores magnitudes de
ksn (MUDD et al., 2018; GAILLETON et al., 2018). Embora os valores de referéncias entre
0,4-0,6 sejam amplamente utilizados para a determinacdo do ksn, estudos indicam que a
determinagdo correta do melhor ajuste de @ permite alcancar resultados mais precisos de ksn €
analise chi, assim maximizar a co-linearidade entre os tributarios e o rio principal em um chi

plot (MUDD et al., 2018).

A abordagem Chi () para representar os perfis normalizados pode servir como um

método alternativo para explorar a relagao slope-area numa rede de drenagem. O Chi () integra

informagdes sobre a drea de drenagem, exigindo menos suavizagao e agrupamentos se comparar
com as plotagens no log (S)-log (A). Essa abordagem tem sido amplamente utilizada em estudos

recentes, como Perron e Royden (2013), Mudd et al. (2014), Neely et al. (2017), entre outros.
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Figura 2 (a) Perfil longitudinal de dois rios (b) Chi plot mostrando a representacdo em reta de ambos os
rios, onde a inflexdo dos segmentos indica a presen¢a de knickpoints (modificado de Royden e Perron,
2013).
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CAPITULO 111

3 MATERIAIS E METODOS

1.5 Materiais

A base cartografica utilizada no presente trabalho encontra-se listada abaixo:
. Folhas topograficas digitalizadas do projeto Cartas Geoldgicas do Brasil ao
Milionésimo (IBGE, 1979): (i) Folha Curitiba (SG-22), (ii) Folha Iguape (SG-23), (iii) Folha
Paranapanema (SF-22) e (iv) Folha Rio de Janeiro/Vitoria (SG-23/24).
. Mapas Geologicos dos estados do Parand e de Sdo Paulo, na escala 1:750.000,
elaborados a partir da compilacdo das folhas da Carta Geologica do Brasil ao Milionésimo que
compdem o Sistema de Informagdes Geograficas do Servico Geoldgico do Brasil (CPRM,
2004). Mapas de Geodiversidade dos estados do Parana e Sao Paulo nas escalas 1:1.000.000 e
1:750.000, respectivamente.
. Imagens ALOS-PALSAR (Advanced Land Observing Satellite, instrumento Palsar)
com resolucdo espacial de 12,5m.
. Imagens do Google Earth, concernentes a area de estudo, foram georreferenciadas no
software ArcGis 10.3®
. Foram utilizados os seguintes projetos de levantamentos geofisicos: série 1000 — projetos
conduzidos pelo Departamento Nacional da Produgao Mineral (DNPM) e CPRM - Servigo
Geologico do Brasil. Série 4000 — projetos conduzidos pelo Conselho Nacional do Petroleo

(CNP) e pela PETROBRAS.

. Foram utilizados os seguintes softwares, disponiveis no Nucleo de Geoprocessamento
da UFPR (NUGEO):
. ArcGis v. 10.3 (Esri Inc. 2005): confec¢do de mapas tematicos, atualizacdo e

organizagdo dos bancos de dados.

. Oasis Montaj 8.3: andlise geofisica da area de estudo.

. MatLab R2018a (Matrix Laboratory): dados morfométricos, elaboragao dos perfis
longitudinais dos rios e mapa de distribuicdo dos knickpoints.

. Wintensor v.5.8.4 (DELVAUX e SPERNER, 2003) e Stereonet32: confec¢do de

diagramas de paleotensores e projegoes estereograficas e diagramas de roseta.
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1.6 Métodos

1.6.1 Levantamento Bibliografico

Para o conhecimento geologico-estrutural da area de estudo as bibliografias referentes
a evolugdo tectonica e caracterizagdo do Lineamento Guapiara foram consideradas essenciais.
Assim como estudos sobre a caracterizacao e evolugao tectonica do Arco de Ponta Grossa e
evolucdo tectono-estratigrafica da Bacia do Parand, e também sobre a caracterizagdo do sistema

de riftes (ou grabens) no sudeste do Brasil.

1.6.2  Dados aeromagnetométricos e seu processamento

A érea de estudo ¢ delimitada, na por¢ao da Bacia do Parana, pela sub-bacia hidrografica
do rio Paranapanema, enquanto no embasamento cristalino estd delimitada pela regido do baixo
vale do rio Ribeira . Com isso, os dados aeromagnetométricos da area de estudo foram
compostos por cinco levantamentos geofisicos oriundos de projetos aerogeofisicos da base de

dados da CPRM (www.geosgb.cprm.gov.br), cujas especificagdes sdo apresentadas na Tabela
01.

Tabela 01. Dados dos levantamentos acromagnéticos

Espaco Altura  Intervalo da Linhas Area do
Contratado Projeto Ano Linha do voo amostragem (Total km) Projeto
(m) (m) (m) (km?)
crrv SeRAOMAr 055000 150 60 49.880 48.600
CPRM SP-RJ 1979 1000 150 100 52.436 58.000
Area SP
Petrobras Botucatu 1980 2000 450 100 25.745 46.000
Petrobras Parana- 1980 2000 400 100 37.610 67.000
Paranapanema
Petrobras Rio Ivai 1981 2000 450 66 25.726 48.840

Os dados foram submetidos a rotinas de micronivelamento (MINTY,1991) visando a
extragdo de sinais de alta frequéncia relacionados as diregdes das linhas de voo. Esta técnica
inclui uma combinag¢ao dos filtros cosseno direcional e butterworth por meio do modulo
Magmap do software Geosoft Oasis Montaj 8.3. Para constru¢do da base acromagnetométrica

unificada, os projetos Serra do Mar Sul, SP-RJ e Parana-Paranapanema foram continuados para
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cima até 450 m, sendo entdo nivelados aos levantamentos dos projetos Botucatu e Rio Ivai. Na

sequéncia os dados foram interpolados pelo método bidirecional com tamanho de célula 500

m.
Tabela 02. Parametros para Redug¢do ao Polo
. Data . . . . . -
Projeto c .o~ Latitude Longitude Inclinacio Declinacio
Aquisi¢cio
Se”as‘lil‘l’ Mar 30/11/1975 26.13° -49.10° -13.94° 27.28°
SP-RJ 01/02/1979 24.02° 49.11° 2557 1552
Area SP
Botucatu 31/07/1980 22.99° -50.01° 24.28° -14.66°
Paran- 31/05/1980 23.00° -50.00° 23.54° -14.74
Paranapanema
Rio Ivai 31/05/1981 23.49° -50.00° 226.64° -14.77°

A redug@o ao polo foi realizada para cada projeto de acordo com suas localizagdes
geograficas e datas de aquisi¢ao, uma vez que ambos os parametros influenciam no calculo do
IGRF e nos valores de declinacao e inclinagdo magnética relacionados as fontes geologicas
(Tabela 02). Posteriormente, os cinco levantamentos aeromagnéticos foram agrupados
utilizando a rotina de sutura do médulo Grid Knitting do software Geosoft Oasis Montaj 8.3.
As incompatibilidades de dados detectadas ao longo das linhas de levantamento foram
normalizadas em relacdo aos valores médios dos pares correspondentes, proporcionando um
ajuste suave entre as malhas de voo. Um filtro de continuagdo ascendente de 2000 m foi
aplicado aos dados de Campo Magnético Anomalo de polos reduzidos para minimizar sinais
extremamente fortes e rasos e remover ruido de alta frequéncia espacial. Esta abordagem
permitiu-nos destacar fontes mais profundas e obter um melhor delineamento do quadro
magneto-estrutural regional

O processamento qualitativo consistiu na utiliza¢do de técnicas de realce das anomalias
magnéticas no Campo Magnético Anomalo Reduzido ao Polo continuado para cima a 2000m.
Com o objetivo de interpretar o arcabou¢o magnético-estrutural da area de estudo foram usadas
técnicas de Horizontal Gradiente (Gx, Gy- CORDELL E GRAUCH, 1985), Vertical Gradient
(Gz — EVIEN, 1936), Analytic Signal Amplitude (ASA- NABIGHIAN, 1972; ROEST et al.,
1992), Total Horizontal Derivative (THDR — CORDELL E GRAUCH, 1985), Tilt Angle
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(TDR— MILLER E SINGH, 1994), Total Horizontal Derivative of the Tilt Angle (TDR-THDR—
VERDUZO et al., 2004) e Tilt Angle of Horizontal Gradiente (TAHG — FERREIRA et al. 2010,
2013). As equagdes utilizadas para cada técnica estao apresentadas na Tabela 03. A delineagao
do arcabouco magnético-estrutural foi realizada no mapa TAHG. Para melhor entendimento da
relacdo das orientacdes das estruturas do embasamento cristalino com o Lineamento Guapiara
(NW-SE) foi aplicada a técnica TAHG somente no projeto SP-RJ (SP-area). Este produto foi
gerado a partir do Campo Magnético Andomalo Reduzido do Polo e posterior continuagdo para

cima para 450m

Tabela 03. Equacdes de técnicas de realce para anomalias aeromagnéticas

Equacoes de técnicas de realce para anomalias aeromagnéticas

am . . »
Gx = = M ¢ anomalia magnética
X
dm . .
Gy = d_y M ¢ anomalia magnética
dm . . »
Gz = rr M ¢ anomalia magnética
z
2 2 2 M ¢ anomalia magnética
ASA = (d_M> + (d_M) + (d_M) dx e dy sdo derivadas horizontais e dz ¢
dx dy dz derivada vertical.
dM\? dM\? M ¢ anomalia magnética
THDR = (a) + (d_y) dx e dy sdo derivadas horizontais
Gz Gz ¢é gradiente vertical
— -1
TDR = tan (THD R) THDR ¢ gradiente total horizontal
dTDR\> dTDR\* 12 TDR Angulo de inclinagéo
TDR THDR = ( dx ) + ( dy dx e dy sdo derivadas horizontai
dTgDR Combinagao entre o gradiente total
TAHG = tan™?! Z horizontal (THDR) e o angulo de inclinagao
(dTHDR)Z dTHDR)Z (TDR).
dx dy

Os métodos semiquantitativos incluiram a Deconvolucao de Euler (THOMPSON, 1982;
REID et al. 1990) e o Espectro de Poténcia Radial (SPECTOR E GRANT, 1970), usados para
validar o arcabou¢o magneto-estrutural e estimar as profundidades das fontes magnéticas. A
Deconvolucao de Euler fornece estimativas de localizacao e profundidade da fonte, foi aplicada
ao Campo Magnético Anomalo obtido a partir das malhas de voo integradas. A Analise
Espectral foi realizada por meio da aplicagdo da abordagem Fast Fourier Transform (FFT) para

estimar a profundidade. A deconvolucao de Euler assume um modelo geologico simples que se
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relaciona com um indice estrutural particular (REID et al. 1990; REID E THURSTON, 2014).
Foram utilizados indices estruturais de 0, 0,5, 1, 2, 3 (Tabela 04), com tolerancia maxima de

profundidade de 15% e tamanho de janela espacial 10 vezes o tamanho da célula.

Table 04. Indice estrutural para modelos geoldgicos simples usados para estimativas de profundidade.

indice estrutural Modelo Geoldgico
0 Contato
0,5 Falha
1 Sill/dique
2 Cilindro horizontal
3 Esfera

A andlise espectral dos dados aeromagnéticos foi aplicada aos dados do campo
magnético andmalo usando o software Geosoft Oasis Montaj 8.3. Uma revisao dos métodos
desta analise foi publicada por Kelemework et al. (2021). Ao utilizar o espectro para determinar
a profundidade das fontes de magnetizacao, a area de estudo foi dividida em 30 blocos de
dimensdo 60x60 km, porém, apenas 06 blocos (Bloco01-06) que cobrem o Lineamento
Guapiara foram analisados. O método do espectro de poténcia de Spector e Grand (1970) foi
aplicado a cada bloco. Posteriormente, foi realizado em toda a area de estudo. As profundidades
das fontes magnéticas profundas e rasas foram calculadas de acordo com as quebras de
inclinagdo da fungdo espectral, para gerar mapas de fontes profundas e rasas, com filtros passa-

baixa e passa-faixa e passa-baixa, respectivamente.

1.6.3  Analise Geomorfologica
Para identificar possiveis indicadores de reativagdo tectonica cenozoica e cronologia de

deformacao relativa na regido do Arco de Ponta Grossa, associamos estudos geomorfoldgicos,

morfométricos e geoldgicos estruturais na area de estudo.

1.6.3.1 Andalise dos elementos topograficos

Para avaliar a influéncia do Lineamento Guapiara e outras estruturas na topografia,

foram extraidos lineamentos topograficos na escala 1:200.000. Reconhecido e obtido pela
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combinacdo dos azimutes solares 45°, 90°, 225° ¢ 315° gerados a partir das imagens do Modelo
Digital de Elevagao (DEM) com 12,5m de resolugdo espacial.

Os diques do Lineamento Guapiara estdo representados assim como feigdes
topograficas marcadas a NW. Os lineamentos litoestruturais dos diques foram comparados e
posteriormente mesclados com os diques ja extraidos pelo CPRM (2010) na escala 1:750.000,
para complementar a base de dados. A extracao de lineamentos topograficos foi associada a
observacdo de outros elementos topograficos, que representam areas de escarpas, vales e
interflavios, alinhamentos topograficos. O tratamento estatistico dos lineamentos e a geracao
dos diagramas cumulativos de comprimento e frequéncia de rosas foram obtidos para cada
compartimento geologico através das ferramentas AzimuteFinder (QUEIROZ et al., 2014) e
Stereo32 (ROLLER e TREPMANN, 2003).

Mapas de relevo e declividade, bem como perfis de faixa foram obtidos usando a
ferramenta SwathProfiler no ArcGis 10.3 (PEREZ-PENA et al., 2017). Na dire¢io N-S foi
atribuido a faixa de 10 km de largura, considerando o enquadramento geomorfologico.
Quarenta bandas, uniformemente espagadas e paralelas a uma linha central, foram geradas,

mostrando elevagdes altimétricas minimas, médias € maximas para a area estudada

1.6.4 Andlise de drenagem e aplicagdo de indices geomorficos

Para avaliar se as estruturas reativadas controlam ou ndo a paisagem, foram analisadas
cinco sub-bacias do rio Paranapanema. Os padrdes de drenagem foram reconhecidos de acordo
com os conceitos de Howard (1967) que apresenta a classificagdo dos padrdes e define a estreita
relacdo entre os diferentes tipos de padrdes de drenagem e as caracteristicas geologicas do
terreno. Enquanto as anomalias de drenagem foram reconhecidas segundo os conceitos de
Ouchi (1985) e Schumm et al. (2000) mostram que a atividade tectonica e as mudangas no nivel
de base podem gerar feicdes andmalas na rede de drenagem, como inflexdes fluviais, pontos de
estrangulamento, vales suspensos, capturas fluviais e vales assimétricos.

A rede de drenagem e seus atributos foram obtidos automaticamente a partir das
imagens ALOS-PALSAR, utilizando-se a ferramenta Hydrology do ArcGis na escala
1:200.000. As principais diregdes das drenagens de 1* e 2* ordem foram geradas e tratadas
estatisticamente com os softwares ArcGis e Stereonet© (ALLMENDINGER, 2011),
respectivamente.

Uma métrica amplamente utilizada para identificar controles tectonicos ou litologicos

sobre a inclinacdo da topografia do rio ¢ o ks (indice de inclinagdo do canal) (KIRBY e
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WHIPPLE, 2012). Para gerar o mapa do indice de declividade do canal (ksn) para a rede de
drenagem, usamos a relacdo empirica, reconhecida pela primeira vez por Hack (1957), que
expressa a declividade (S) em funcdo da declividade do canal (ks) e da area de drenagem (A),
conhecida como a relagdo da lei de poténcia da area de inclinagdo (FLINT, 1974; HOWARD e
KERBY, 1983):
S=KA"?

onde 0 ¢ o indice de concavidade. Estudos empiricos sugerem que o indice de
concavidade esta geralmente na faixa entre 0,3-0,6 independentemente das taxas de
soerguimento e erosao, ao contrario do indice de inclinac¢ao (ks) que varia com esses fatores
(KIRBY ¢ WHIPPLE, 2001; TUCKER ¢ WHIPPLE, 2002; WOBUS et al., 2006). Para uma
comparagdo eficaz entre rios com areas de drenagem muito variadas, ¢ definido um indice de
concavidade de referéncia (Oref):

S = K,A97eS

onde ksn ¢ 0 mesmo que ks, mas normalizado para a concavidade de referéncia.

O ks ¢ afetado pela escolha do Oref, quanto maior o Oref maior o ken (WOBUS et al.,
2006; KIRBY e WHIPPLE, 2012). Alguns autores mostraram que o indice de declividade tem
uma relacao positiva com a resisténcia da litologia a erosdo, quanto mais resistente a litologia
a erosdo, mais ingreme sera o canal para manter a mesma taxa de erosdo, ou seja, manter o
equilibrio com o soerguimento (KIRBY e WHIPPLE, 2001; TUCKER e WHIPPLE, 2002;
WOBUS et al., 2006). Por outro lado, onde a resisténcia da rocha e o clima sdo relativamente
uniformes, o padrdo espacial de ksn reflete variagdes no soerguimento local. Nesse caso, canais
com alto ksn podem indicar maior elevacdo tectonica ou taxas de incisdo (WOBUS et al. 2006;
KIRBY e WHIPPLE, 2012; WHIPPLE et al. 2013). A regido intraplaca ¢ caracterizada por uma
baixa taxa de deformacdo tectonica, resultando em uma baixa faixa de valores de ksi. No
entanto, na area de estudo, as variacdes de ksn 20-40 m0,9 sao significativas. Para calcular o ksn
neste estudo, usamos 0 DEM com processamento via MATLAB usando a regressdo automatica
inclinagdo-area no Topographic Analysis Kit (TAK) (FORTE e WHIPPLE, 2018), para o mapa

ksn usamos 0,45 para o valor de 0.

1.6.4.1 Distribui¢ao Knickpoint

Para identificar os controles litologicos e estruturais sobre a topografia fluvial, usamos

x (chi) — graficos de elevagdo seguindo (PERRON e ROYDEN, 2013) y ¢ calculado como:
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X Ao 0
£ -/;cb (A(x)) ax

Onde, Ao=1 (area de drenagem de referéncia) ¢ assumida, A(x) ¢ a area de drenagem
na distancia x do nivel de base xb (PERRON e ROYDEN, 2013). Os canais fluviais de
equilibrio sdo tragados como uma linha reta no grafico de elevacdo chi, e quaisquer inflexdes
representam pontos de knickpoints, e a inclinagdo da linha fornece o valor ksn (PERRON e
ROYDEN, 2013). Mudd et al. (2018) demonstraram que o indice de concavidade influencia a
retiddao do canal no espago de elevagao Chi. Neste estudo, calculamos o indice de concavidade
para cada bacia usando a ferramenta de razdo m-n do Topotoolbox (SCHWANGHART e
SCHERLER, 2014). Os chi-plots foram gerados usando a ferramenta ChiPlot da Topotoolbox

com a geologia associada. Os knickpoints foram determinados automaticamente usando a

ferramenta knickpointfinder do Topotoolbox (SCHWANGHART e SCHERLER, 2017).

1.6.5 Analise Estrutural

A analise estrutural consistiu em reconhecer estruturas frageis considerando os
indicadores cinematicos presentes nas superficies de falha como subestruturas de degraus
congruentes e incongruentes, seguindo Doblas (1998). A andlise de falhas em diques
mesozoicos associados ao Lineamento Guapiara foi priorizada para mapear os processos de
ativacdo e reativagao tectonica. Na analise da deformacao fragil, os dados estruturais foram
divididos em conjuntos de acordo com o dominio geoldgico (embasamento cristalino, Bacia
Sedimentar do Parana e diques mesozoicos) em que as falhas foram observadas. A relacdo
temporal das falhas foi realizada pelas relagdes transversais. A distribuicdo e orientacdo das
estruturas tectonicas foram plotadas em diagramas de rosa e contorno usando o software
Stereonet© (ALLMENDINGER, 2011). As medigdes cinematicas de falhas foram analisadas
usando o software WinTensor v.5.8.4 (DELVAUX e SPERNER, 2003) para determinar os

campos de tensao.
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CAPITULO IV

4 CONTEXTO GEOLOGICO

4.1 Contexto Geologico Local

O contexto geologico no qual a area de estudo estd inserida compreende as unidades
litologicas pré-cambrianas associadas a por¢do meridional da Faixa Ribeira, sequéncias

sedimentares paleozoicas e mesozoicas, € rochas vulcanicas Serra Geral da Bacia do Parana.

(Fig. 3).

4.2  Cinturao Ribeira

O Cinturao Ribeira ¢ caracterizado por um largo segmento crustal paralelo a linha
costeira do sudeste brasileiro, tendo sido amalgamado, deformado e metamorfizado durante a
Orogenia Brasiliano-Pan Africana (Neoproterozoico ao inicio do Paleozoico) (BRITO NEVES
et al., 1999). Consiste em um complexo ordgeno colisional relacionado as colisdes obliquas
entre os cratons Paranapanema, Sdo Francisco e Congo e a consolidagdo do continente
Gondwana Ocidental (CAMPANHA e BRITO NEVES, 2001; FUCK et al., 2008). Teve sua
estruturagao principal controlada por um sistema de cisalhamento transcorrente tardio paralelo
ao orogeno (SADOWSKI, 1991; CAMPANHA et al., 2002; EGYDIO-SILVA et al., 2002;
CAMPANHA ¢ BRITO NEVES, 2001; FALEIROS et al., 2007, 2010). E tipicamente
caracterizado por uma rede entrelacada de zonas de cisalhamento transcorrentes na dire¢do NE-
SW e ou ENE-WSW, predominantemente destrais (CAMPANHA et al., 2002).

O Cinturao Ribeira engloba rochas de embasamento arqueanas a paleoproterozoicas,
suites de rochas sedimentares e vulcanossedimentares mesoproterozoicas € neoproterozoicas,
suites graniticas intrusivas neoproterozoicas, interpretadas como associagdes de arcos
magmaticos, sequéncias sedimentares de margens passivas e granitos tardi-cinematicos
(CAMPOS NETO e FIGUEIREDO, 1995; CAMPANHA e SADOWSKI, 1999; JANASI et al.,
2001; HEILBRON e MACHADO, 2003)
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Figura 3 (a) Localizacdo da area de estudo no contexto Arco de Ponta Grossa (lineamento 01). (b) Mapa geoldgico representando
diques de diabasio na diregdo NW-SE, conforme Zalan et al. (1990). (Fonte: CPRM, 2010).

4.2.1 Faixa Ribeira Meridional

A porc¢ao meridional do Cinturdo Ribeira ¢ caracterizada por dominios de dire¢ao NE-
SW, compostas predominantemente por rochas supracrustais meso a neoproterozoicas, de fraco
amédio de grau metamodrfico (CAMPANHA, 2002; BASEI et al., 2008). Tais rochas compdem
dominios limitados por expressivas zonas de cisalhamento cavalgantes ou transcorrentes
destrais (FIORI 1992; HACKSPACHER et al., 2000; CAMPANHA ¢ SADOWSKY 1999,
BASEI et al., 2008, HEILBRON et al., 2008) (Fig. 4).

Entre as principais estruturas sdo destacadas: as zonas de cisalhamentos Lancinha-
Cubatao; os linecamentos de Morro Agudo, Quarenta - Oitava e Figueira; Itapirapua.

(CAMPANHA, 2002). Destaque ¢ dado a zona de cisalhamento Lancinha — Cubatio, que
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representa o principal limite tectdnico entre terrenos distintos, o qual separa as associa¢des
tipicas da Faixa Ribeira a Norte (Terreno Apiai) dos Dominios Curitiba e Luis Alves a Sul
(BASEI et al., 1992; CAMPANHA, 2002).

O Terreno Apiai ¢ constituido por sequéncias metavulcanosedimentares meso e
neoproterozoicas, rochas dos nicleos do embasamento paleoproterozoico e maci¢os graniticos
neoproterozoicos, cuja associacdo compde compartimentos tectonicos delimitados por
expressivas zonas de cisalhamento transpressivas (FIORI 1990, 1992; CAMPANHA e
SADOWSKI 1999; CURY 2009; HEILBRON et al., 2008; SIGA JR. 2010).

O Terreno Curitiba é composto por gnaisses-migmatiticos do Complexo Atuba
(Paleoproterozoico), sobrepostos por uma sucessao metassedimentar de margem passiva
representada pelos metassedimentos das sequéncias Capiru, Setuva e Turvo-Cajati, os quais
foram afetadas por um episodio metamorfico a 600 Ma (HEILBRON et al. 2008; CURY, 2009).
O limite do Terreno Curitiba com Apiai, a noroeste, ¢ definido pela Zona de Cisalhamento
Lancinha (BASEI et al. 1998).

O Terreno Luis Alves ¢ constituido predominantemente por gnaisses granuliticos,
metamorfisados em médio a alto grau (BASEI et al., 1992 ¢ 1998). Ocorrem subordinadamente
rochas migmatiticas e graniticas, basicas e ultrabasicas, além de gnaisses calciosilicaticos,
kinzigitos, formagdes ferriferas e quartzitos (CURY, 2009). Sato et al. (2003), indicam para
estas rochas idades entre o Arqueano (c.a. 2,7 — 2,5 Ga) e o Paleoproterozoico (2,2 — 1,8 Ga).

O terreno Embu esta limitado por espessas zonas de cisalhamento destrais, a norte pela
zona Caucaia-Rio Jaguari e a sul pela zona de cisalhamento Cubatio. O arcabouco
paleoproterozoico alongado e inserido nas zonas de cisalhamento ¢ constituido por ortognaisse
orosiriano e caracterizado pela féacies anfibolito como o metamorfismo principal. A
supraestrutura metassedimentar que ocorre no terreno corresponde ao Complexo Embu

(HASUL, 1975).
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Figura 4 Faixa Meridional Ribeira mostrando a por¢ao sul da area de estudo (obtido de CPRM, 2019).

4.2.2  Bacia Sedimentar do Parana

A Bacia do Parand perfaz uma 4rea de aproximadamente 1,5 milhdo km?, localizada a S-
SE do territorio brasileiro. O processo de sedimentagdo teve inicio do Neo-Ordoviciano até
Juro-Cretaceo, quando se instalou o evento magmatico de expressdo continental (Provincia
Magmatica do Parand), associado ao processo de ruptura do Gondwana no Mesozoico. Parte
das rochas vulcanicas foram cobertas por um evento de sedimentagdo no Neo-Cretaceo relativo
a formacao da Bacia de Bauru (MILANI et al., 1998; ZALAN, 1999; MILANI et al. 2007). Na
fase seguinte de evolucdo na Bacia do Parana, o magmatismo alcalino se processou em
estruturas soerguidas marginais ou transversais as bordas da bacia, em duas fases: basaltos pré-
Aptiana e alcalinas Aptiana-Eocénica (ALMEIDA, 1986; MIZUSAKI e THOMAZ FILHO,
2004).

O arcabougo estratigrafico da Bacia € caracterizado por seis unidades paleoestratigraficas
(MILANI 1997 e 2004), subdivididas como as seguintes supersequéncias (Fig. 5): Rio Ivai

(Ordoviciano-Siluriano) que engloba, da base para o topo, as formagdes Alto Gargas, lapo e
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Vila Maria, que compdem o Grupo Rio Ivai (ASSINE et al. 1994), supersequéncia Parana
(Devoniano) consiste nas formacdes Furnas e Ponta Grossa, do Grupo Parand; Gondwana I
(Carbonifero-Eotriassico) sao representadas por sucessdes sedimentares, que definem grandes
ciclos transgressivo-regressivos ligados a oscilagdes do nivel relativo do mar no Paleozoico,
composta da base para o topo, pelos grupos Itararé, Guata e Passa Dois; supersequéncia
Gondwana II (Meso a Neotriassico) corresponde a Formagao Santa Maria, que ocorre restrito
ao Estado do Rio Grande do Sul; Gondwana III (Neojurassico-Eocretaceo) engloba a Formagao
Botucatu e as rochas basalticas da Provincia Magmatica Serra Geral, do Grupo Sdo Bento e

Bauru (Neocretaceo) que correspondem a sedimentos continentais e rochas igneas associadas

(MILANI et al. 2007).

4.2.3  Supersequéncia Parana

A Supersequéncia Parana ¢ representada pelo Grupo Parand e constitui as formagdes
Furnas e Ponta Grossa, depositadas entre o Eo ¢ Neodevoniano (MILANI et al., 2007). A
Formacao Furnas ¢ representada por uma sucessao de arenitos quartzosos brancos, médios a
grossos, caulinicos e exibindo estratificacdes cruzadas de varias naturezas (MILANI et al.,
2007). A Formacao Ponta Grossa, por sua vez, ¢ uma unidade predominantemente pelitica, de

ambiente marinho plataformal.

4.2.4 Supersequéncia Gondwana I

A Supersequéncia Gondwana I (MILANI, 1997) inclui os pacotes sedimentares
individualizados no Grupo Itararé e Formagao Aquidauana, Grupo Guaté, Grupo Passa Dois e
formacdes Pirambdia e Sanga do Cabral, estando posicionada entre o Neocarbonifero e o
Eotridssico.

O Grupo Itararé corresponde a por¢do inferior da Supersequéncia Gondwana 1 ¢
representada por depdsitos ainda diretamente ligados a fase de degelo, correspondendo a
pacotes conglomeraticos (FRANCA e POTTER, 1988). O Grupo Guata corresponde as
formagoes Rio Bonito, Palermo e Tatui. A Formag¢ao Rio Bonito corresponde arenitos finos,
siltitos e siltitos carbonosos, que intercalam camadas de carvao, tendo pacotes peliticos em
areas pontuais (BORTOLUZZI et al., 1987). A Formagao Palermo ¢ constituida por siltitos e

siltitos arenosos, cinza-amarelados, ocorrendo, localmente, arenitos finos em corpos de
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geometria lenticular e estratificacdo do tipo hummocky (MILANI et al., 2007). A Formagao
Tatui é cronocorrelata as formacdes Rio Bonito e Palermo reconhecidas nos estados do sul do

Brasil, compondo em conjunto o Grupo Guata segundo concepgao de Gordon Jr. (1947).

O Grupo Passa Dois corresponde a formagdes Irati, Serra Alta, Teresina e Rio do
Rasto. A Formagao Irati corresponde a carbonatos e evaporitos na por¢ao norte ¢ folhelhos
betuminosos na por¢do sul da bacia (MILANI et al., 2007). A Formagdo Serra Alta registra
pacotes de folhelhos cinza-escuros finamente laminados, oriundos da decantacdo de argila em
ambiente marinho de baixa energia (GAMA JR., 1979). A Formacao Teresina ¢ constituida de
depositos dominantemente peliticos, com estruturas sedimentares ligadas a acdo de marés
(MILANTI et al., 2007). A Formagdo Rio do Rasto corresponde a lobos deltaicos, pelitos

lacustres, arenitos eolicos e depositos fluviais (LAVINA, 1988).

4.2.5 Supersequéncia Gondwana II1

E amplamente distribuido pela Bacia do Parana, estando constituida pelos sedimentos
eolicos da Formacao Botucatu (ALMEIDA, 1954) e rochas vulcanicas cretaceas da Provincia
Magmatica Serra Geral (SCHNEIDER et al., 1974). A Formagao Botucatu ¢ constituida quase
que totalmente por arenitos de granulacdo fina a média, uniforme, que exibem estratificagdo
cruzada tangencial de médio a grande porte (MILANI et al., 2007).

A Provincia Magmatica Parana-Etendeka (PMPE) representa uma LIP (Large Igneous
Province), corresponde a rochas vulcanicas e sub-vulcanicas da Provincia Magmatica do Parana
(PMP) e da Provincia Magmatica de Etendeka (Africa). Sua génese possui relagio com o
processo distensional do rifteamento e abertura do oceano Atlantico, cujas extensao e alivio de
pressao que precederam a quebra do Gondwana resultaram em altas taxas de fusao do manto,
sendo responsaveis pela geracao dos derrames (TURNER et al. 1994, STEWART et al. 1994,
ARIOLI e LICHT, 2010).
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Trés principais enxames de diques estao associados ao magmatismo da PMP, o Enxame
Serra do Mar (NE-SW), o enxame do Arco de Ponta Grossa (NW-SE) e o Enxame
Florianopolis, orientado N-S (HAWKESWORTH et al. 2000, FLORISBAL et al. 2014).
Evidéncias da extensdo que levou a ruptura do continente Gondwanico, estes enxames sao
considerados como resultado de uma possivel juncao triplice, a partir do qual a abertura do

Atlantico Sul (DECKART et al. 1998).

4.3  Corpos Intrusivos

4.3.1 Corpos Alcalinos

Estdao condicionados ao Lineamento Guapiara: os Complexos Alcalinos Jacupiranga e
Juquié (relativas a primeira fase de reativagdo - Jurassico Superior e Cretaceo Inferior, pré-
Aptiano) e Registro e Pariquera-Acu contemporaneas aos derrames basalticos (manifestacdes
sub-aflorantes do vulcanismo alcalino e alcalino-ultrabasico) (FERREIRA ¢ ALGARTE,
1979). As intrusdes alcalinas compreendem associacdes plutonicas de rochas maficas-
ultramaficas alcalinas com peridotitos, piroxenitos, ijolitos, nefelina sienitos, alcali gabros e

nucleos carbonatiticos (ALMEIDA, 1983).

4.3.2 Diques e sills

Os diques de diabasio que ocorrem na area de estudo integram o Lineamento Guapiara,
sdo associados cronologicamente e geoquimicamente aos derrames da Formagao Serra Geral
(MACHADO JR., 2000) e estdo orientados preferencialmente para NW-SE Os diques sao
representados, predominantemente, por basaltos, constituidos essencialmente por plagioclasio,
piroxénios (augita e pigeonita), titano-magnetitas e, subordinadamente, pirita e calcopirita
(MACHADO JR., 2000). Os sills de diabasio ocorrem em sua maior extensdo, proximo ou

sobre a zona axial do Lineamento, como por exemplo o si// de Fartura e Taquarituba.

4.3.3  Coberturas Cenozoicas

Na porcao sudeste da area de estudo ocorre concentragdo de coberturas cenozoicas,

estendendo-se de modo descontinuo, desde o litoral até o médio vale do rio Ribeira de Iguape
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(MACHADO JR., 2000). Em conjunto, ocorrem sedimentos de natureza variada: fluviais,
lacustres, fluvio-marinhos e marinhos, depositados de modo intermitente e localizado,
possivelmente, desde o Oligoceno, acompanhando pulsos da atividade tectonica (MELO,
1990). Boa parte dos depdsitos mais antigos esta encoberta pela sedimentagdo fluvial recente
(MELO, 1990).

Asrochas da Formacao Pariquera-Ag¢u (Mioceno) acompanham grosseiramente o flanco
sul do Lineamento Guapiara. A unidade compreende depositos continentais imaturos, pouco
espessos, acumulados em niveis de paleoterracos esculpidos sobre rochas do embasamento pré-
cambriano no baixo do Rio Ribeira do Iguape e alguns de seus principais afluentes (MELO,
1990). O estilo das deformacdes tectonicas da Formagdo Pariquera-Acu foi definido por
Riccomini et al. (1987), que vinculou esta unidade ao RCSB. Segundo Melo (1990), a
reativagdo de falhas WNW-ESE paralelas ao Guapiara no Neogeno, sob acdo de esforgos
distensivos na direcdo E-W, acarretou basculamentos de blocos e barramentos de
paleodrenagens, resultando na acumulacdo da Formagao Pariquera-Acu.

O Graben de Sete Barras coincide com a ampla planicie aluvionar do rio Ribeira do
Iguape (Melo et al. 1989) e esta orientado segundo a zona de cisalhamento Lancinha-Cubatao.
E preenchido pela Formagio Sete Barras, constituido por depdsitos com espessura maxima de
200m (MELO, 1990).

Na area da Planicie Costeira Cananéia - lguape ocorrem dois baixos gravimétricos, um
deles ¢ o Graben de Cananéia por Souza (1995) e o outro ¢ o Graben de Iguape, separados por
um alto gravimétrico coincidente com a zona axial do Lineamento Guapiara (MACHADO JR.,
2000). O Graben Cananéia ¢ encoberto por sedimentos quaternarios, a espessura maxima dos
sedimentos ¢ de 400m (SOUZA, 1995) e seu interior estd basculado para NW, enquanto o
Graben de Iguape esta basculado para SE.
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CAPITULO V

5 CONTEXTO GEOTECTONICO

5.1  Arcabougo estrutural Faixa Ribeira

O Cinturao Ribeira ou Faixa Ribeira (ALMEIDA et al. 1973), na porcao central da
Provincia Mantiqueira, € caracterizado por uma faixa de dobramentos e empurrdes de direcao
NE-SW, com aproximadamente 1400 km de comprimento, localizado ao longo do sudeste do
Brasil (HEILBRON et al. 2000, 2004). Heilbron et al. (2008) sintetizam o Cinturdo Ribeira
como um conjunto de terrenos tectono-estratigraficos limitados por falhas de cavalgamento ou
por zonas de cisalhamento transpressivas. Sua por¢ao meridional € caracterizada por dominios
NE-SW, compostos predominantemente por rochas supracrustais meso a neoproterozoicas
(CAMPANHA, 2002; BASEI et al,.2008).

O sistema mais evidente ¢ transcorrente predominantemente destral, de natureza ductil
e/ou ductil-raptil. As faixas de deformacdo associadas as zonas de cisalhamento individuais
podem possuir extensdes de até centenas de quilometros, e larguras da ordem de centenas ou
mesmo milhares de metros, delimitadas por varios tipos de rochas miloniticas (HEILBRON et

al. 2000, 2004).

5.2  Arco de Ponta Grossa

O Arco de Ponta Grossa, tal como se apresenta hoje, ¢ uma grande estrutura soerguida,
com eixo na direcdo NW-SE, que adentra a Bacia do Parana entre os estados de Sao Paulo e
Santa Catarina. O embasamento exposto no nucleo da estrutura, ¢ constituido por rochas
retrabalhada no pré-cambriano, com estruturacdo aproximada de NE-SW (ALMEIDA, 1983).

A érea crustal em que se situa o Arco de Ponta Grossa ja manifestava tendéncia ao
soerguimento desde o Devoniano (ALMEIDA, 1983; FERREIRA, 1982), com possiveis
reflexo na litologia da Formagcao Ponta Grossa (FULFARO, 1970). No Permiano essa estrutura
passou a se configurar mais claramente como 4area positiva separando as sub-bacias de Sao
Paulo e Santa Catarina. Entretanto, no Tridssico-Jurassico o Arco de Ponta Grossa tornou-se
mais pronunciado separando ainda mais as duas sub-bacias onde foram acumulados sedimentos
continentais das Formagdes Piramboia, na sub-bacia de Sao Paulo, e Rosario do Sul, na sub-

bacia de Santa Catarina (ALMEIDA, 1983). Asmus (1981) admitiu a hipotese que o
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soerguimento do Arco tenha iniciado no Tridssico. No Jurassico-Cretaceo, com o advento do
processo tectono-magmatico da Reativagdo Wealdeniana definido por Almeida (1967) ou
Ativagdo Mesozoica por Almeida (1972) ou evento Sul-Atlantiana por Schobbeanhaus et al.
(1984) e Ativagao Pos-Paleozoica por Almeida e Carneiro (1987), o Arco de Ponta Grossa se
soergueu e adquiriu a configuracdo que hoje apresenta (FERREIRA, 1982).

O climax desse soerguimento ocorreu no Jurassico-Cretaceo Inferior, juntamente com o
evento tectono-magmatico, responsavel pelo vulcanismo da Bacia do Parand e das bacias
costeiras de Santos e Campos. Nesse intervalo ocorreu a reativacao de grandes fraturas e falhas
paralelas ao seu eixo (NW) e, portanto, transversais as estruturas do embasamento e que
propiciaram as intrusoes dos diques basicos e dos corpos alcalinos. O soerguimento e a extrusao
dos basaltos da Provincia Magmatica Serra Geral, sdo fendmenos sincronicos e geneticamente
relacionados (ALMEIDA, 1986).

Ferreira (1981, 1982) através da interpretacdo das anomalias magnéticas, comprovaram
a existéncia de alinhamentos estruturais-magnéticos NW-SE que constituem o Arco, ja referido
por Vieira (1973) e Algarte (1972), denominando-os de lineamentos Guapiara, Sdo Jerdnimo

Curiuva, Rio Alonzo e Rio Piquiri.

5.3 Lineamento Guapiara

O limite sententrional do Arco de Ponta Grossa ¢ representado pelo Lineamento Guapiara
(VIEIRA, 1973) e considerado como uma das principais fontes de extravasamento das lavas
basicas da Bacia do Parand. Constitui uma extensa feicdo tectonica de aproximadamente 600
km de comprimento e largura entre 20km e 100km. Inicia-se sob os sedimentos litoraneos da
regido de Iguape (SP), atravessa os terrenos pré-cambrianos onde coincide com denso enxame
de diques de diabésio e penetra na Bacia do Parana até a confluéncia dos Rios Verde e Parana.

A associacdo de centros alcalinos e diques foram apontados por Almeida (1983) como
integrante do Lineamento Guapiara, sugestivo de estar condicionada a uma zona de distensao
crustal orientada a NE, no Cretaceo Inferior. Dentro do contexto de tectonismo estdo
condicionados ao Lineamento Guapiara as intrusdes de Jacupiranga, Juquid, Registro e

Pariquera-A¢u (FERREIRA e ALGARTE, 1979).
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5.4 Evolugao Lineamento Guapiara

O Lineamento Guapiara teve importante papel no condicionamento de boa parte da
deposi¢ao das sequéncias paleozoicas da Bacia do Parana, constituindo este ultimo como limite
tectonico da Bacia Bauru. Contudo, as rochas proterozoicas do embasamento distribuem-se na
direcdo NE-SW, quase sem interferéncias desta estrutura transversal (MACHADO JR., 2000).

O Lineamento ja se constituia como um alto estrutural por ocasido da implantagdo da
Bacia do Parana no Devoniano, com a sedimentagdo do Grupo Parana (FERREIRA et al.,
1982). Durante o Carbonifero Superior e Permiano Inferior a Médio, o Guapiara teve um
comportamento tectonicamente inverso, apresentando-se como uma estrutura deprimida e
acumulando até 700 m de sedimentos nas proximidades de seu eixo. A atuagdo tectonica do
lineamento pos-Formacdo Ponta Grossa explica as diferengas facioldgicas entre o Grupo Itararé
e a Formagao Aquidauana (FERREIRA et al., 1982).

O comportamento do Lineamento como um alto proporcionou um acumulo de
aproximadamente 100 m de sedimentos e controlando a sedimentacdo no depocentro de
Dourados. A atuagdo do Guapiara pos-Itararé ¢ um fendmeno tectonico importante pois alterou
as condi¢cdes deposicionais na area do embaciamento de Sdo Paulo, influenciando a
sedimentacdo e o vulcanismo.

A atividade tectonica do Lineamento Guapiara controlou a sedimentagao no depocentro
de Alto Gargas. Comportando-se como uma barreira responsavel pelo desenvolvimento da
sedimentacdo a sudoeste. Durante o Stephaniano e Permiano Inferior/Médio o Arco de Ponta
Grossa teve atuacdo positiva destacada, afetando a sedimentagdo da Formagdo Palermo
(FERREIRA et al., 1982).

Durante o Permiano Superior até a metade do Mesozoico, a Bacia do Parana passou por
um periodo tectonicamente calmo, onde foram insignificantes as contribuigdes do Lineamento
Guapiara. No Triassico-Jurdssico a Bacia do Parand assistiu a um processo generalizado de
levantamento epirogenético, sustando a sedimentacdo e permitindo a atuagdo de fendmenos
erosivos extensivos. O Arco de Ponta Grossa e o Lineamento Guapiara mantiveram um carater
positivo, resultando numa maior separa¢do das sub-bacias Sdo Paulo e Santa Catarina
(ALMEIDA, 1983). Toda area entre os lineamentos Guapiara e Rio Piquiri foi soerguida,
implantando o Arco de Ponta Grossa. Cujo arcabougo estrutural seria posteriormente utilizado
pelo maior evento tectdbnico da Bacia do Parand: a Reativacdo Sul Atlantiana

(SCHOBBEANHAUS et al. 1984).
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Segundo Machado Jr. (2000) durante 0 Mesozoico até o final do Juréssico, o Lineamento
Guapiara nao mostrou ter passado por periodos de atividade tectonica significativa, devido a
falta de registro sedimentar mais expressivo. Somente no Cretdceo Inferior que apresenta
comportamento ativo, quando associado regionalmente ao tectonismo distensivo, magmatismo
alcalino e fissural toleitico.

Os efeitos tectonicos da Reativagao Sul Atlantiana sdo evidentes ao longo do Lineamento
Guapiara. Na primeira fase, entre o fim do Jurédssico e o Cretaceo Inferior pré-Aptiano, o
Lineamento serviu como fonte de magmas basicos, favorecendo a injecdo de diques de diabasio
e alojando rochas alcalinas. Associado a esse magmatismo, desenvolveu-se um intenso

tectonismo que gerou estruturas menores como horsts € grabens, além deestruturas domicas.

5.5 Arcabougo estrutural da Bacia do Parana

O arcabouco estrutural da Bacia do Parana ¢ dividido em dois principais conjuntos de
estruturas tectonicas, de direcoes NW-SE e NE-SW, ocorrendo, ainda, algumas estruturas de
dire¢io E-W (ZALAN et al., 1990). As dire¢des NW-SE e NE-SW sio as mais importantes e
representam heranga do embasamento (ZALAN et al., 1987). Soares et al. (1982) concluiram
que o padrdo estrutural desses grupos ¢ diferente, pois durante o evento tectonico Juro-Cretaceo
do Gondwana, os lineamentos NW-SE foram reativados e condicionaram o alojamento de
diques e soleiras de diabasio. Enquanto, as falhas NE-SW teriam permanecido inativas nesse
momento, e possuem significativa auséncia de diques (STRUGALE et al., 2007). As zonas de
falhas Guaxupé, Jacutinga, Sdo Sebastido e Lancinha-Cubatdo sdo as principais estruturas dessa
direcdo a seccionar a area de estudo.

Os picos alternados de atividades dos grupos de falhas NW-SE e NE-SW sdo devido a
provaveis diferencas nos campos de tensdes atuantes durante o Paleozoico, ligados aos eventos
colisionais que afetaram o Gondwana (ZALAN et al., 1990). A estruturagdo E-W estaria ativa
provavelmente a partir do Trissico. Apesar de menos marcantes (ZALAN et al. 1990), diversos
trabalhos mostram que o trend E-W influencia na dire¢ao das drenagens de diversas regioes do
sul e sudeste do Brasil (RICCOMINI, 1989; SALVADOR e RICCOMINI, 1995; SALAMUNI,
1998; CHAVEZ-KUS ¢ SALAMUNI, 2008).

5.6 QGrabens de Sete Barras e Cananéia
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O graben de Sete Barras localizado no vale do Ribeira do Iguape (Sao Paulo) ¢ uma
depressao alongada na direcao N50E, com cerca de 19km de comprimento e Skm de largura,
formada na intersecdo da Zona de Cisalhamento Cubatdo-Lancinha com o Alinhamento
Guapiara, durante fase de esforcos distensivos na direcdo WNW-ESSE, contemporaneos a
sedimentacdo da Formacao Sete Barras (MELO et al., 1989). O arcabouco estrutural indica que
¢ um graben assimétrico com bloco abatido para SE, preenchido por depositos de leques
aluviais e lascustres, que afloram em colinas na area da depressdo. Melo et al. (1989)
correlacionaram a geometria do graben e a natureza de seu preenchimento sedimentar as bacias
tectonicas do Eoceno-Oligoceno do Sistema de Rifte Continental do Sudeste Brasileiro.

Diques de diabasio concordantes com os limites do graben indicam que o graben ja se
comportava como uma dire¢ao de fraqueza durante a ativacao tectono-magmatica mesozoica.
Tanto o embasamento proterozoico como os diques de diabdsio e o preenchimento sedimentar
mais antigo apresentam planos de falhas normais, relacionados principalmente com a fase de
esfor¢os distensivos que geraram a depressao (MELO et al., 1989). Ocorre de forma comum
falhas inversas ou com rejeito direcional desenvolvidas sobre as estruturas preexistentes
sugerindo a ocorréncia de uma fase de esfor¢os compressivos posterior ao abatimento do
graben. A ocorréncia de algumas planicies aluvionares descontinuas e barramentos de
drenagem sugerem que alguns movimentos tectonicos possam ser recentes.

A regido da Planicie Costeira entre Cananéia e Iguape foi detalhada por gravimetria por
Souza et al. (1996), que identificaram dois baixos gravimétricos, um denominado como Graben
de Cananéia. Estes se acham separados por um alto gravimétrico coincidente com a zona axial
do Alinhamento Guapiara, que corresponde a uma zona de transferéncia, com falhas
transcorrentes destrais (MACHADO JR., 2000). A SW deste alto localiza-se o baixo
gravimétrico de Cananéia, coincidente com o graben homdnimo e encoberto por sedimentos
quaternarios. Sua borda oeste coincide com a falha normal de dire¢do N45E que segue até o
Macico de Pariquera Agu (SOUZA et al., 1996). A NE do alto gravimétrico, o baixo existente
corresponde ao Graben de Iguape (MACHADO JR., 2000), sua espessura sedimentar maxima
¢ de 400 m, estando basculado para SE. Souza et al. (1996) associaram as falhas normais com

basculamento dos blocos para NW-SE, relacionadas com reativagdes cenozoicas do RCSB.
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CAPITULO VI

6 EVENTOS TECTONICOS CENOZOICOS

6.1 Eventos tectonicos Rifte Continental do Sudeste Brasileiro

Riccomini (1989) definiu uma sequéncia de quatro eventos tectonicos responsaveis pela
formagdo e deformacao do Rifte Continental do Sudeste Brasileiro, ratificados posteriormente
por diversos autores. O primeiro evento tectonico € caracterizado por um regime distensivo
NNW-SSE (Eoceno-Oligoceno) que resultou na formacao da depressao original do rifte e
preenchimento sedimentar e vulcanico e reativou antigas zonas de cisalhamento proterozoicas
como falhas normais. Ferrari (2001) considerou que este evento controlou a implantagcdo do
Graben da Guanabara. O segundo regime tectonico, possui idade Oligoceno-Mioceno, ¢
caracterizado por um regime transcorrente sinistral E-W com compressao NE-SW e distensao
NW-SE, que afetou corpos alcalinos neocretaceos do sul de Sao Paulo e o Graben da
Guanabara. Autores como Mello (1997) e Sarges (2002) que estudaram o vale do rio Doce
(MG) observaram esse regime tectonico, assim como, Mancini (1995) estudando a bacia de
Taubaté (SP), Salvador (1994) regido estrutural de Queluz (SP/RJ), Silva e Mello (2011) zona
de cisalhamento Rio Paraiba do Sul, entre outros.

O terceiro evento tectonico corresponde a uma fase transcorrente destral (E-W) com
compressao NW-SE, de idade Pleistoceno-Holoceno. Este evento ¢ o mais representativo na
regido do sudeste (SILVA, 2006), sendo reconhecido por diversos autores como Salvador
(1994), Salvador e Riccomini (1995), Mello (1997), Sarges (2002), Ferrari (2001), Silva e
Mello (2011), entre outros. O quarto evento tectonico, ativo no Holoceno, possui regime
distensivo com direcao NW (WNW) — SE (ESE) afetando depdsitos preservados em terragos
baixos, foi observado por Salvador (1994), Salvador e Riccomini (1995), Sarges (2002), Silva
e Mello (2011), Mancini (1995), entre outros.

Salvador (1994) e Salvador e Riccomini (1995) estudando a regido do Alto estrutural de
Queluz (SP), identificaram um quinto evento tectOnico, caracterizado por um regime
compressivo de direcdo E-W (Holoceno), associado a familias de juntas conjugadas de diregdo
ENE-WNW (MELLO,1997, SARGES, 2002, SALVADOR, 1994, MANCINI, 1995).

Ao estudar a Bacia de Curitiba (PR) Salamuni (1998) caracterizou dois eventos tectonicos
que ocorreram na bacia. O primeiro evento (D1) de carater extensional (Oligoceno-Mioceno),

com ol posicionado na vertical e 63 com direcao aproximada ENE-WSW. Este regime foi
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responsavel pelo desenvolvimento de falhas normais NE-SW. O segundo evento (D2)
compressional, com tensao maxima orientada (c1) entre E-W e NW-SE, instalado desde o
Mioceno até o fim do Pleistoceno.

Diversos autores consideram que os eventos tectonicos do Holoceno sdo consequéncia de
um campo de tensdo principal (o1) aproximadamente na direcdo E-W (ENE-WSW at¢ WNW-
ESE) e extensdo N-S. E compativel com o campo de stress E-W a WNW-ESE incidente na
borda leste da Placa Sul- Americana no Quaternario, conforme sugerido pelas falhas desta idade
registradas em quase todas as provincias brasileiras (RICCOMINI e ASSUMPCAO, 1999,
SALAMUNI et al. 2004, ASSUMPCAO et al. 2006, entre outros). Embora todo continente
Sul-Americano encontre-se sob tensdo, a alternancia nos esfor¢os pode ser explicada por
Chavez e Salamuni (2008) por meio de fases de alivio de tensdo da Placa Sul-Americana
resultando na alternancia do posicionamento do 61 de E-W para a dire¢do N-S, sendo a direcao

E-W, em geral, a dire¢cdo de compressao dominante.

6.2 Eventos tectonicos Arco de Ponta Grossa

Strugale et al. (2007) caracterizaram dois eventos tectonicos associados ao Arco de Ponta
Grossa, responsaveis pela geragdo e reativagdo das estruturas rupteis nas rochas da Formacao
Piramboia, Formagao Botucatu e nas rochas vulcanicas da Provincia Magmatica do Parana. O
primeiro evento (D1) atuou no Eocretaceo, apresentando um regime tectonico extensional (63
NE-SW), com componente direcional destral nas falhas com diregdo NW-SE. Foi responsavel
pelo controle da intrusdo dos diques e pelo soerguimento da parte central do arco como blocos
e falhas em tesoura de dire¢ao NW-SE. O segundo evento (D2), com intervalo de atuagao do
Neocretaceo ao Paledgeno, sendo caracterizado por um regime transtensional com o1 variando
entre NE-SW e ESE-WNW, responsavel pela reativagdo das estruturas registradas nas paredes
dos diques e nas bandas de deformagdes em arenitos. Tais eventos foram observados também
por Trzaskos (2006) ao estudar o Grupo Itararé na Bacia do Parana. Franco-Magalhaes et al.
(2010), por tracos de fissdo em apatitas, analisaram a exumagdo tectonica e a reativagdo dos
paleoalinhamentos no Arco de Ponta Grossa e concluiram que o Arco de Ponta Grossa apresenta
uma evolucdo recente, destacando dois importantes periodos: o limite Cretdceo Superior -

Paledgeno e o limite Pale6geno-Nedgeno.
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6.3  Eventos Tectdnicos Baixo Vale do Ribeira do Iguape

Segundo Melo (1990) a evolugdo tectonica do vale baixo do Ribeira do Iguape ¢
compativel com o quadro evolutivo do Rifte Continental do Sudeste Brasileiro e compreende
quatro esforcos tectonico. O esforco distensivo WNW-ESE no Paleogeno, originou o Graben
de Sete Barras, delimitado por falhas normais N5SOE, superimpostas a Zona de Cisalhamento de
Cubatao, na intersec¢do desta com o Alinhamento Guapiara; nesse periodo ocorreu a deposicao
da Formacdo Sete Barras, preenchendo o graben. Posteriormente, no Neogeno ocorreu o
esforgo distensivo E-W reativando principalmente as falhas normais WNW-ESE (paralelas ao
Alinhamento Guapiara) e subordinamente estruturas ENE-WSW (paralelas a Zona de
Cisalhamento de Cubatdo), a componente normal destes deslocamentos acarretou o
basculamento dos blocos para SE e barramentos da drenagem, com a consequente acumulagao
da Formacao Pariquera-Acu junto as falhas, sobre as por¢des rebaixadas dos blocos basculados.

O prosseguimento da fase distensiva E-W até o Pleistoceno Inferior foi
progressivamente atenuada, através de pulsos intermitentes, com o soerguimento relativo do
bloco a SW do Alinhamento Guapiara. Segundo o autor, duas fases de clima seco concomitantes
a fases de relativa estabilidade tectonica e estabilizagdo do nivel de base regional teriam
resultado na elaboragdo de niveis de terracos erosivamente escalonados. A ultimas fases dos
esforcos distensivos E-W teriam sido contemporaneos aos depositos coluvios-aluviais. No
Pleistoceno Inferior, esfor¢os compressivos NE-SW deformaram os mais antigos depositos
coluvios-aluviais e a provavel retomada dos esforcos distensivos WNW-ESE no Quaternario
resultou no continuo soerguimento relativo do bloco a SW do Alinhamento Guapiara.

Machado Jr. (2000) analisando afloramentos da regido do baixo rio Ribeira, concluiu
essa regido evoluiu no Neogeno através de um regime transtensional de orientagdo EW-ENE,
que resultou no abatimento de blocos, devido a presenga favoravel de falhas NE-SW. Essa
movimentagdo foi facilitada pelas fraturas NW-SE e NE-SW preexistentes, delimitando
pequenos blocos abatidos em uma area sedimentar mais ampla. Vedovello (2017) ao investigar
esforcos neotectonicos no Lineamento Guapiara na regido do médio e baixo vale do Rio Ribeira
de Iguape, identificou trés esforgos tectonicos, porém sem uma cronologia definitiva. O mais
antigo teria sido o pulso distensivo NW-SE correlato a sedimentagdo da Formagdo Pariquera
Acgu e a formagao do RCSB, associado falhas normais NE-SW presentes nos sedimentos
cenozoicos da regido. A distensdo NW-SE foi reconhecida nos diques mesozoicos, por meio

das falhas normais NE-SW e falhas transcorrentes sinistrais NW-SE.
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O segundo pulso distensivo NNW-SSE, marcado principalmente por falhas sinistrais
NNE-SSW que deformam os diques do linecamento Guapiara, onde foi observado essas
estruturas deformando sedimentos nedgenos na regido. O pulso mais recente teria direcao NE-
SW que englobam falhas que deformam a Formagdo Pariquera-Agu e sedimentos aluvionares

na margem do rio Ribeira de Iguape.
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Abstract

The Guapiara Lineament located on the northern edge of the Ponta Grossa Arch, southeast Sao
Paulo state, Brazil, is an important morphostructural feature defined by topographic and
drainage anomalies oriented in NW-SE direction. It also corresponds to a strong magnetic
anomaly related to a set of fractures that were filled by dolerite dykes in the Juro-Cretaceous
major tectono-magmatic event that affected the Parand Basin and its Precambrian basement.
The main objective of this work is to investigate pulses of Cenozoic reactivation of the Guapiara
Lineament and NE-SW and E-W basement structures and their potential influence on drainage
rearrangements and landscape rejuvenation by integrating aeromagnetic data with
ALOSPALSAR images and structural analysis. Aerogeophysical techniques included
qualitative and semiquantitative approaches (Euler Deconvolution and Radial Power Spectrum)
for an in-depth magnetic-structural characterization that was further correlated with the
geological-structural interpretation on the surface. We have also applied the Total Horizontal
Gradient of the Analytical Signal (TDY), Enhanced Horizontal Derivate (EHD), Analytic
Signal Amplitude (ASA), Tilt angle (TDR) and Tilt Angle of the Horizontal Gradient (TAHG)
to improve our interpretations of the regional framework. The magnetic trends of the Guapiara
Lineament are superimposed on the NE-SW (e.g.: Lancinha- Cubatdo Lineament) and E-W
(e.g.: Sao Sebastido Lineament) anomalies, which are considered structural inheritances of the
Proterozoic basement. We report a set of reactivated N40-70W strike-slip faults showing the
same orientation as the dolerite dykes and also E-W strike-slip faults deforming these dykes
near the Sao Sebastido Lineament as key evidence of episodic tectonic reactivation in the region

during the Cenozoic. Additionally, a segment of the NE-SW- trending magnetic anomaly of the
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Cubatao Shear Zone overlaps the Guapiara Lineament and coincides with the Sete Barras

Graben, a structure contemporary to Paleogene sedimentation in the area.

Keywords: Guapiara Lineament, Aeromagnetic data, Tectonic reactivation

8 Introduction

Pioneering analysis of magnetic data in S3o Paulo state (southeast Brazil) carried out by
Moraes & Ferreira (1980) and Ferreira & Ferrari (1980) have identified the Guapiara Lineament
from a series of rectilinear, short-wavelength, large-amplitude magnetic anomalies which align
forming ridges and valleys in the magnetic topography. Ferreira & Algarte (1979) also used
aeromagnetic surveys to identify the Cretaceous alkaline intrusive bodies of Jacupiranga,
Juquia, Registro and Pariquera-Agu, also structurally controlled by the Guapiara Lineament.
According to Ferreira et al. (1981) and Machado Jr (2000), the Guapiara Lineament is a large,
rectilinear, NW-SE-trending magnetic anomaly approximately 600 km long and 20-100 km
wide that extends from the coastal region of S3o Paulo state to the border of Mato Grosso state.
Dykes with NW-SE direction related to the Ponta Grossa Arch constitute its northern boundary.
With axis oriented in the NW-SE direction, the arch is formed by four subparallel magneto-
structural lineaments: Guapiara, S0 Jerénimo-Curitiva, Rio Alonzo and Rio Piquiri, which
have exerted great influence on regional tectonic evolution since the Devonian (Ferreira et al.,
1981), but especially during the South Atlantian Reactivation in the Lower Cretaceous (Ferreira
et al., 1981; Machado Jr., 2000; Schobbenhaus et al., 1984) (Fig. 01).

Geophysical studies conducted in the region of the Guapiara Lineament in the 1980s and
early 2000s have not applied any enhancement techniques for qualitative analysis of magnetic
data, with the exception of Machado Jr. (2000) which used only the Analytic Signal Amplitude
(ASA) (Nabighian, 1972). The effectiveness of these techniques was evaluated and confirmed
by Pilkington and Tschirhart (2017), since they allow geoscientists to highlight features in the
resulting data that may have gone previously unnoticed, thus improving the qualitative
geological interpretation of magnetic features. Most of these techniques are based on vertical
or horizontal derivatives of magnetic anomalies or even combinations of them (Weihermann et
al., 2017), the most commonly used being the Analytic Signal Amplitude (ASA- Nabighian,
1972; Roest et al., 1992), Tilt Angle (TDR— Miller e Singh, 1994), Total Horizontal Derivative
of the Tilt Angle (TDR-THDR- Verduzo et al., 2004), the Tilt Angle of the Horizontal Gradient
(TAHG — Ferreira et al. 2010, 2013), Total Horizontal Gradient of the Analytical Signal (TDY -
Nasuti and Nasuti, 2022), Enhanced Horizontal Derivate (EHD — Fedi and Fiori, 2001). In



63

addition, semiquantitative methods are now used to estimate the depth and width of magnetic
sources, such as the Euler Deconvolution (Thompson, 1982) and the Radial Power Spectrum
(Spector and Grant, 1970).

Our work proposes a reinterpretation of pre-existing aeromagnetic data from the Guapiara
Lineament due to its expressive tectonic influence in southern and southeastern Brazil,
propagates to offshore portions as transfer fault zones in the Santos Basin, considered one of
the most promising petroleum exploration areas in Brazil (Ferreira et al., 1981; Zalan et al.,
1990).

Despite being situated in the interior of the South American Plate, the Guapiara Lineament
and its associated structures occur in a region marked by successive tectonic reactivations from
the Cretaceous to the Quaternary (Zalan et al., 1990; Machado Jr., 2000; Riccomini et al., 2004;
Strugale et al., 2007; Franco-Magalhaes et al., 2010). In this context, combining aeromagnetic
analysis with geoprocessing techniques are key to develop high-quality geophysical models for
pre-existing geological-structural maps in southern and southeastern Brazil, especially as a
guide for structural analysis. The relationship between deep magnetic anomalies and changes
in geomorphological features (e.g.: topography, drainage network) identified through Digital
Elevation Models (DEM) has been used to support tectonic studies mainly related to fault zone
reactivations (Strugale et al., 2007; Carreira-Araujo, 2012; Jacques et al., 2014).

Therefore, we propose an integrated approach of qualitative and semi-quantitative
analysis of regional magnetic data combined with structural analysis obtained from
ALOSPALSAR - DEM images with a spatial resolution of 12.5 m. Our main objective is to use
enhanced aeromagnetic data to improve geological-structural models of the studied area,
providing important knowledge on post-Cretaceous deformation within the Ponta Grossa Arch.
Therefore, we seek to expand the understanding of brittle tectonic processes and their influences
on landscape evolution, thus including the study of regional geomorphic features at the
intersection of the Guapiara Lineament with the offshore sedimentary basins on the southeast

Brazilian coast.
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9  Tectonic context of the Guapiara Lineament

The Guapiara Lineament is recognized as one of the main sources of extrusion of Mesozoic
lavas in the Parana Magmatic Province (Ferreira et al., 1981) (Fig. 01a). The magmatism related
with the Guapiara Lineament corresponds to the Juro-Cretaceous tectono-magmatic event
following the Gondwana break-up (Milani, 2004), reaching its maximum activity between 130
and 133 My. (Thiede and Vasconcellos, 2010; Rocha et al., 2020). This event promoted
reactivation of NW-SE tectonic structures, many of which became fissure zones that hosted
dolerite sills and dykes (Ferreira et al., 1981, 1989) and were linked to the extensional tectonics
that took place in the Early Cretaceous under a NE-SW-oriented maximum horizontal stress
field (Riccomini et al., 2004; Strugale et al. 2007). The ancient NE-SW structures of the
crystalline basement, however, remained tectonically inactive (Schobbenhaus et al. 1984).
Ussami et al. (1991) when studying the magnetic detectability of the dykes of the Arco de Ponta
Grossa, through terrestrial magnetometry and rock magmatism, detected that the magnetic
susceptibility of the dykes of the Guapiara Lineament varies between 0.0022-0.0064 (107 SI).

The Guapiara Lineament sections both crystalline basement rocks (Ribeira Belt) and those
associated with the Paran4 Basin (Fig. 01b). The Ribeira Belt is characterized by Meso- to
Neoproterozoic supracrustal rocks, of low to medium metamorphic grade, which are limited by
expressive thrust and right-lateral strike-slip fault zones with NE-SW direction (Campanha,
2002; Basei et al., 2008; Hackspacher et al., 2000). In this context, we highlight the Agudos
Grande, Quarenta-Oitava, Figueira, Itapirapua and Cubatdo shear zones (Campanha, 2002). As
summarized by Zalan et al. (1990), the structural framework of the Parana Basin is composed
of linear tectonic features which were inherited from the crystalline basement and can be
grouped in two main sets according to their orientation: NW-SE (e.g.: the Guapiara Lineament)
and NE-SW (e.g.: the Guaxupé¢ and Jacutinga Lineaments). In the context of the Parana Basin,
the Guapiara Lineament exerts influence as a structural high since the Devonian (Ferreira et al.,
1981; Machado Jr., 2000), while the E-W lineaments (e.g.: Sdo Sebastido Lineament) relate to
the first Triassic opening of the South Atlantic and have been strongly influencing the structural

framework of the Parand Basin since then (Zalan et al., 1990).



Li Lo g a 400w 48w b
‘%l%{ara ineamen g GL - Guaxupé Lineament L]

Curitiva Lineament JL - Jacutinga Lineament
] 03 Rio Alonzg Lineament . SSL -S&0 Sebastiio Lineament

; & FSZ- Figueira Shear Zone
CaSZ- Caucaia Shear Zone
CSZ- Cubatao Shear Zone
ItSZ - ltapirapud Shear Zone
ISZ- Ivaporunduva Shear Zone
ESSZ- Espirito Santo Shear Zone
AGSZ- Agudos Grandes Shear Zone
L QOSZ - Quarenta Qitava Shear Zone

| Cities

@ \Dike - Guapiara Lineament

n

o~

" PBL Parana Basin- Basement -
Limit Shear Zone {SZ)

syL Sedimentary- Volcanic rocks — and lineaments (L)

limit- Parana Basin (Zalan et al. 1987}

Stratigrafic Units

Cenozoic Covers

i Permocarboniferous Pre-cambrian/Eopaleczoic
(T Juquia I A
L @2 | Cenozoic Covers @D v Guata Group Basement
Mesozoic - Pariquera-Agu _ PP Palermo Formation Ribeira Belt
Parana Basin : v . . .
Carand tasin Permian \_Prb | Rio Bonito Formation fi-Npe )Embu Terrain
Séo Bento Group Passa Dois Group . —
i i ftararé Group @ Apiai Terrain
Serra Geral Formation [ Ptr ) Rio do Rasto Formation —— . 2 P

§ Cpi ] Itararé Group

(UK Botucatu Formation (Pt | Teresina Formation ry— ( Npm ) Cl.lrlltlba Terrain .
{_P3T | Pirambéia Formation ((Psa ) serra Alta Formation  Parana Group @ uis Alves Terrain
i i @'“, is] : Neoproterozoic
Alkaline Intrusives - Irati Formation . Bf ] Furnas Formation - Granitoids
: Jacupiranga - Tatui Formation { Dpg | Ponta Grossa Formation

Figure 1 (a) Location of the study area in the context of the Ponta Grossa Arch (lineament 01). (b) Geological map
depicting NW-SE-oriented dolerite dykes associated with the Guapiara Lineament, according to Zalan et al. (1990).
(Source: CPRM, 2010).

9.1 Cenozoic tectonics

The transtensive tectonic event that occurred between the Paleogene and Neogene in the
south and southeast Brazil was responsible for the reactivation of shear zones of the crystalline
basement and formation of grabens and taphrogenic basins (Riccomini et al., 2004; Zalan et al.
Oliveira, 2005), also influencing the Cenozoic context of the Ponta Grossa Arch (Fig. 0la).
According to Franco-Magalhdes et al. (2010), these tectonic movements resulted in the
exhumation and reactivation of lineaments during two main periods: Upper Cretaceous-
Paleogene and Paleogene-Neogene. Strugale et al. (2007) identified a transtensive event with a
NE-SW to ENE-WNW SHwmax (Neocretaceous to Paleogene) responsible for the reactivation of

the structures recorded in the walls of the Ponta Grossa Arch dykes.
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The Guapiara Lineament played an important role in the tectonic evolution of the lower
valley of the Ribeira do Iguape River, south of the study area (Fig. 01b), whose tectonics is
compatible with the evolutionary framework of the Continental Rift of Southeast Brazil
(Riccomini et al., 2004). In the Paleogene, WNW-ESE extensional stresses developed the Sete
Barras Graben at the intersection of the Guapiara Lineament with the Cubatdo Shear Zone,
(Melo et al., 1989). In the region, the Guapiara Lineament represents the preferential zones of
NW-SE weaknesses, reactivated in the Miocene due to the transtensive tectonics responsible
for the formation of topographic depressions in the area (Machado Jr., 2000). In the Neogene,
E-W stresses led to the reactivation of WNW-ESE structures as normal faults along the
Guapiara Lineament, promoting topography tilting and drainage beheading (Machado Jr.,
2000).

While investigating neotectonic stresses in the Guapiara Lineament in the middle and lower
valleys of the Ribeira de Iguape river, Vedovello (2017) identified three main tectonic pulses,
although without a definitive chronology. Strike-slip, normal and reverse faults were described
in all recognized events. The oldest consists of a distensive NW-SE stress field which
reactivated NE-SW structures as normal faults. The intermediate pulse comprises an NNW-
SSE compressive and a distensive WSW-ENE stress marked by left-lateral NNE-SSW faults
deforming the dykes. Finally, the most recent pulse is a NW-SE compressive associated with
the regional neotectonic framework, encompassing right-lateral and left-lateral strike-slip

faults, as well as reverse and normal faults, the latter indicating a distensive NE-SW axis.

10 Materials and Methods

10.1 Processing aeromagnetic data

In the Parand Basin domain, the study area is delimited by the Paranapanema River
catchment, while in the crystalline basement it is bounded by the lower Ribeira River valley
(Fig. 01). Aeromagnetic data were obtained from five aerogeophysical surveys from the CPRM

database (Source: www.geosgb.cprm.gov.br) (Fig. 02a), whose specifications are presented in

Table O1.



Table 01. Data specifications from the selected aeromagnetic surveys.
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Line

Flight

. . . Sampling Lines Project

Contractor Project Year Spacing  Height Interval (m) (Totalkm) Area (km?)

(m) (m)
CPRM Se”as‘lil‘l’ Mar 1975 1000 150 60 49.880 48.600
CPRM SP-RJ 1979 1000 150 100 52.436 58.000
Area SP
Petrobrés Botucatu 1980 2000 450 100 25.745 46.000
Petrobras Parana- 1980 2000 400 100 37.610 67.000
Paranapanema

Petrobras Rio Ivai 1981 2000 450 66 25.726 48.840

The data were submitted to microlevelling procedures (Minty, 1991) for removal of high

frequency signals related to the flight line directions. This technique includes a combination of

the directional cosine and Butterworth filters through the Magmap module of the Geosoft Oasis

Montaj 8.3 software. To construct our unified aecromagnetic database, the Serra do Mar Sul, SP-

RJ and Paranéa-Paranapanema projects were continued upwards to 450 m and then leveled with

the Botucatu and Rio Ivai surveys. Subsequently, the datasets were interpolated using the

bidirectional method with a cell size of 500 m.

Table 02. Parameters for Reduction to the Pole.

Project Achl)lzl‘StlJlOll Latitude Longitude Inclination Declination

Se”as‘lil‘; Mar 50111975 26.13° 49.10° 13.94° 27.28°
SP-RJ 01/02/1979 24.02° 49.11° 25570 15520

Area SP

Botucatu 31/07/1980 -22.99° -50.01° -24.28° -14.66°

Parani- 31/05/1980 23.00° -50.00° -23.54° -14.74
Paranapanema

Rio Ivai 31/05/1981 23.49° -50.00° 226.64° -14.77°

Reduction to the pole (RTP) was carried out for each project according to their geographic

locations and dates of acquisition, since both parameters influence the calculation of the IGRF

and the values of magnetic declination and inclination related to the geological sources (see

Table 02). Subsequently, the five acromagnetic surveys were grouped using the suture routine

of the Grid Knitting module from the Geosoft Oasis Montaj 8.3 software (Fig. 02b). Data
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mismatches detected along the survey lines were normalized with respect to the mean values of
the corresponding pairs, providing a smooth fit between the flight meshes. A 2000m upward
continuation filter was applied to the pole-reduced Anomalous Magnetic Field data in order to
minimize exceedingly strong, shallow signals and remove high spatial frequency noise. This
approach allowed us to highlight deeper sources and obtain a better delineation of the regional

magneto-structural framework.

Botucatu
SP-RJ (Area SP
Parana

nT
189.9
132.0
105.2
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¥ 5. suay 22
&" Area g5
Figure 2 (a) Distribution of the five aerogeophysical surveys carried out by CPRM and Petrobras. (b) Map of the

pole-reduced Anomalous Magnetic Field and continued upwards to 2000m prepared from the integration of the
individual projects. The study area is hatched in the figure.

The qualitative processing of magnetic data encompasses the use of enhancement
techniques to highlight the magnetic anomalies in the pole-reduced Anomalous Magnetic Field
continued upwards to 2000 m (Fig. 03a). For a more detailed interpretation of the magneto-
structural framework of the study area, techniques such as Horizontal Gradient (Gx, Gy-Cordell
and Grauch, 1985), Vertical Gradient (Gz — Evjen, 1936), Analytic Signal Amplitude (ASA -
Nabighian, 1972; Roest et al., 1992), Total Horizontal Gradient of the Analytical Signal (TDY-
Nasuti and Nasuti, 2022), Enhanced Horizontal Derivate (EHD — Fedi and Fiori, 2001), Tilt
Angle (TDR — Miller and Singh, 1994), Total Horizontal Derivative of the Tilt Angle (TDR-
THDR — Verduzo et al., 2004) and Tilt Angle of the Horizontal Gradient (TAHG — Ferreira et
al. 2010, 2013).
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Accordingly, Cella, Fedi, Florio (2009) these techniques are applied when most of the
anomalies refer to sources at the same average depth, which is the case of the Guapiara
Lineament dykes. The techniques are not depth sensitive, unlike the Enhanced Horizontal
Derivative method — EHD (Fedi and Florio, 2001), which is based on the total horizontal
derivative of a sum of vertical derivatives of increasing order. The low order terms represent
the deep-seated sources or the largest scale effects, the highest order terms will better account
for the small scale and shallowest field components (Fedi, 2002). In this research, we obtain
large-scale EHD (lower resolution) from the selection of first — and second-order vertical
derivatives. While, short-scale EHD (high-resolution) was obtained by selecting second-third-
fourth-fifth order vertical derivatives. Although the peaks in the EHD values are located over
the source of the boundaries, the amplitudes vary as a function of the depth to the source.

The TDR equalizes the signal amplitudes, but the peak of the transformed data is positioned
directly over body’s center (Ferreira et al., 2013). The TDY resolves the shapes of the anomalies
and delineate hidden anomalies in the TDR map, facilitating more quantitative interpretation of
the potential field data maps (Nasuti et al., 2018).

The signal amplitude analysis (ASA) was performed to establish the boundaries and centers
of magnetic-anomaly bodies (Zhu and Lu, 2021). In this study, we conducted signal amplitude
analysis using the magnetic data with RTP, and upward continuation procedures with different
continuation heights (2500m, 5000m, 10000m) of the magnetic anomaly with RTP. According
Zhu and Lu (2021), the upward continuation procedure performs a transformation on magnetic
data to make it appear as though they were collected at a greater height than was actually the
case. The transformation can weaken high-frequency signals and obtain low-pass filtering of
magnetic data. The equations used for each technique are shown in Table 03.

Semiquantitative methods included the Euler Deconvolution (Thompson, 1982; Reid et al.
1990) and the Radial Power Spectrum (Spector and Grant, 1970), used for validating the
magneto-structural framework and estimating the depths of magnetic sources. Spectral Analysis
was performed through the application of the Fast Fourier Transform (FFT) approach to
estimate depth.
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Table 03. Equations of enhancement techniques for acromagnetic anomalies.

Equations of magnetic anomaly enhancement techniques

am . .
Gx = — M is magnetic anomaly
dx
Gy = am Mi i 1
y= dy is magnetic anomaly
dm . .
Gz = ' M is magnetic anomaly
z

asa= (S0 (@) (2o

M is magnetic anomaly
dx and dy are the horizontal derivatives and dz is
the vertical derivative

TDY = tan~| k AS, AS1 is the amplitude of the first-order
(d_M)2 analytical signal
dz
Gz Gz is vertical gradiente
- -1
TDR = tan (THD R) THDR is the total horizontal gradient
dTDR\>  (dTDR\?]"" TDR is tilt angle
TDR THDR = ( dx ) + ( dy ) dx and dy are the horizontal derivatives
dTHDR
dz Combination of the total horizontal derivate

TAHG = tan™!

J (dTHDR)Z N (dTHDR)Z

dx dy

(THDR) and is tilt derivative (TDR)

dpm™ 2+ o™
dx ady

EHD(x,y) = z \/

n

)]

According Fedi and Florio (2001) and Fedi
(2002)

P (xy,20)=f(xy,20)+ w1 f D (xy,20)+
Wy f(z)(x,y,zo)+...+ Wi £(m) (X,¥,Z0)-

f(x,y,Zg) may be any order derivative of the
magnetic potential.
f, .., £ are instead, the m-order derivatives
of fand wy, ..., wy, a set of weights.
Where,

w;=k' i=0,....m
We choose k=2

The Euler 2D deconvolution algorithm was developed with the purpose of estimating depths

of magnetic sources or magnetic bodies. Developed by Thompson (1982), this technique is

based on the homogeneous differential equation of Euler, considering the cartesian coordinates

X, y, z and the function described by T (x, y, z). It allowed T (x, y, z) to be a homogeneous

function of degree n, if:
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oT aT aT
(x_xO)a_x+ =0 )6_y+ (z— 2z )E: nT

The equation expresses the anomaly of the total field OT (x, y, z) created by a three-
dimensional point source situated by the xo, yo, zo coordinates of the Cartesian System which is
subjected to a decrease in intensity at a rate n, distanced between the source and the measured
point (Thompson, 1982). The structural index 7 is an indication of the geometry of the source
(or magnetic body) generating the observed magnetic field.

Reid et al. (1990) implemented Thompson's (1982) 2D algorithm for magnetic
interpretation in three dimensions based on Euler's homogeneous equation described in the

|0lIIlI
(x X() ) I ()‘ )() ) I ( ) - N B 1

where (xo, yo, Zo) 1s the position of the magnetic source, T is the total field defined by (x, vy,
z), B is the regional value of the total field and N is the degree of homogeneity or index
structural.

Euler 3D solutions were obtained, according to the Reid et al. (1990) sequence, from the
gridded of the anomalous magnetic field reduced to the pole. Structural index that is linked to
the geometry of the source causing the anomaly and interferes directly in the decay of the
magnetic field relative to the plane measured according to the assumed model (Table 04). The
region contains a swarm of dykes and shear zones, so we used the structural index 0, 0.5, 1,
according to Reid et al. (1990) and Whitehead and Musselman (2008), which corresponds to
the geological model contact, fault and sill/dyke, respectively (Table 04), with a maximum
depth tolerance of 15% and a spatial window size 10 times the cell size. We also used the Euler

software (Cooper, 2020) to observe the Euler 2D solutions in profile (SW-NE).

Table 04. Structural index for simple geologic models used for depth estimations (Reid et al. 1990; Whitehead
and Musselman, 2008.; Roy et al. 2000).

Structural index Geological model
(ShH (Magnetic field)
0 Contact
0,5 Fault (large step)
1 Sill/Dyke
2 Horizontal cylinder

3 Pipe/sphere
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Spectral analysis of the aeromagnetic data was applied to the anomalous magnetic field
data using the Geosoft Oasis Montaj 8.3 software. A review of the methods of this analysis was
published by Kelemework et al. (2021). When using spectral to determine the depth of the
magnetization sources, the study area was divided in 30 blocks of dimension 60x60km,
however, only 06 blocks (Block01-06) that cover the Guapiara Lineament were analysed. The
Spector and Grand (1970) power spectrum method was applied to each block. Subsequently, it
was carried out in the entire study area. Deep and shallow magnetic source depths were
calculated according to the slope breaks of the spectral function, to generate maps of deep and

shallow sources, with low-pass, band-pass and low-pass filters, respectively.

10.2 Geophysical and Topographic Lineaments

In order to identify the magnetic anomalies that correspond to the Guapiara Lineament
dykes and other structures. The geophysical lineaments were manually traced based on the Tilt
Angle of the Horizontal Gradient map - TAHG (Fig. 03f) in the Geosoft Oasis Montaj 8.3, using
the maximum values as a reference, which helped in the magnetic-structural framework
characterization of the area. The maximum values accurately indicate the position of the
boundaries of the bodies, even considering multiple sources of interference. Also, for a more
detailed understanding of the relationship between the orientations of the crystalline basement
structures and the Guapiara Lineament (NW-SE), the TAHG technique was applied only to the
SP-RJ (SP-area) project (Fig. 7a). The resulting map was generated from the pole-reduced
Anomalous Magnetic Field posteriorly continued upwards to 450 m.

Topographic lineaments were extracted at a scale of 1:200,000 in order to analyse the
relationship between the geophysical and the topographic lineaments that occur in the region.
The topographic lineaments traces were obtained by combining the solar azimuths of 45°, 90°,
225° and 315° of a Digital Elevation Model (DEM) derived from ALOS PALSAR (Advanced
Land Observing Satellite - Phased Array type L-band Synthetic Aperture Radar) images with a
spatial resolution of 12.5 m. The statistical treatment used for obtaining rosette diagrams of the
lineament frequency and length was carried out in the RockWorks software.

In order to complement the already existing database and to analyze the correspondence
of dykes with geophysical anomalies on the TAHG map. We traced the lineaments of the
Guapiara Lineament dykes in the hillshade map, which are represented as well-marked NW

morphostructures in the topography, compared them with those traced by CPRM (2010) at a
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scale of 1:750,000 and with the lineaments of the magnetic anomalies corresponding to the
dykes on the TAGH map (Figs. 12a-c).

Furthermore, lineaments were traced based on the observation of linear geomorphological
features in the topography (e.g.: scarp zones, mountain ridges) and in drainage networks (e.g.:
river valleys, interfluves) (Figs. 06d-13). Subsequently, compared with the TAHG map, to

analyze the correspondence of the topographic lineaments with magnetic anomalies (Figs. 14).

10.3 Structural analysis

Structural data (faults and fractures) were collected in the study area in order to identify
the groups of structures affecting the dykes, to analyse processes of reactivation of ancient shear
zones and, finally, to establish the Cenozoic tectonic regime. Kinematic analysis of structures
in the field were based on the kinematic indicators present along the fault planes and structures,
according to Doblas (1998). Structural data was plotted in stereograms and contour diagrams
were generated using the Stereonet© 10.4.6 software. Finally, analysis of drainage networks
was performed in order to estimate the influence of tectonic structures on landscape

configuration.

11 Results

11.1 Aeromagnetic analysis

The integration of the five aerogeophysical surveys resulted in the pole-reduced magnetic
map (Fig. 03a), in which enhancement techniques were applied (Figs. 03b-g). In these products,
we highlight the strong magnetic expression of the Guapiara Lineament (NW-SE), represented
by the values of greater amplitudes showing the same direction (Figs. 03b-g). The following
alkaline complexes associated with the Lineament were also delineated, being represented by
circular anomalies (Figs. 03b-i): Jacupiranga (#1), Pariquera-A¢u (#2) and Registro (#3)
complexes. The Juquia Alkaline Complex (#4) corresponds to a strong anomaly with inverted
polarity that circumscribes a less intense anomaly with normal polarity (Fig. 03a). The
techniques also highlighted sets of NE-SW and E-W structures that are not filled with

magnetized material from the dyke swarm.
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In addition to enhancing the axial zone of the Guapiara Lineament, the techniques ASA,
TDR-THDR, TDY, TDR, TAHG and EHD (Figs. 03b-g) highlighted numerous NW-SE
magnetic anomalies parallel to the Lineament covering the entire study area.

Thus, the ASA map (Fig. 03b) shows that the Guapiara Lineament is well delineated by
a strong magnetic signature in the central part of the study area, even if in some portions the
signal is attenuated. It is characterized by sets of long and parallel anomalous segments,
concentrated in a central band defined by a greater occurrence of dykes. Away from the main
anomaly, smaller, parallel and more spaced segments occur. In the crystalline basement, the
circular anomalies of the alkaline bodies show maximum amplitude (0,0000082 nT/m), while
lower amplitudes correspond to the NE-SW major fault, especially the Caucaia (CaSZ) and
Cubatdo (CSZ) shear zones (Fig. 3b). The anomalies become gradually more homogeneous and
are distributed along NW-SE direction with increasing upward continuation height, which
correspond to the Guapiara Lineament (Figs. 04a-d).

The TDR-TDHR map (Fig. 03c) shows the Guapiara Lineament as a segmented and
diffuse anomaly, where the amplitude of the NE-SW and ENE-SSW structures in the basement
are attenuated. It was not possible to clearly observe the circular anomalies associated with the
alkaline bodies. The TDY map (Fig. 03d) delineates magnetic bodies better in the NW-SE
direction compared to TDR (Fig. 03e). TDY highlights the axes of the Guapiara Lineament
dykes both in the crystalline basement and in the Parana Basin, with a maximum continuous
extension of 45km for a single anomaly. It can be seen, in the basement, the Serrinha shear zone
(NE-SW) overlapping the NW anomalies.

The TDR map (Fig. 03e), in the basement, the NE-SW anomalies do not show large
extensions, being the Quarenta-Oitava (QOSZ) and Agudos Grandes (AGSZ) shear zones
represented by magnetic anomalies with attenuated amplitudes. Portions of the Serrinha (SSZ)
and Cubatdo (CSZ) shear zones cut the main magnetic structure with NW-SE direction (Fig.
03f). In addition, a discrete ENE-WSW-oriented anomaly displaced by the Guapiara Lineament
anomaly occur near the Jacupiranga alkaline body (#1-Fig. 03e). This displacement can also be
observed in the ASA map (Figs. 03b).

The TAHG (Fig. 03f) maps show a good response from the magnetic sources of linear
structures (lineaments with NW-SE, NE-SW and E-W directions) that occur in the region. The
TAHG enhancement method portrayed anomalies more clearly and thus are preferable for
structural interpretation.

We computed the EHD (Figs. 03g-h) that allows the location of areas where a strong

lateral contrast of magnetization occurs. A first map at a slightly lower resolution was obtained



However better delimits the boundaries of the Guapiara Lineament dykes.
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by building EHD taking the first and second-order vertical derivatives of the data (Fig. 03g).
The map evidences the persistency and the high density of the positive magnetic anomalies
related to the Guapiara Lineament. Shows magnetic anomalies that represent Caucaia (CaSZ),
Agudos Grande (AGSZ) and Cubatio (CSZ) shear zones in the basement. Unlike the large-

scale EHD map (Fig. 3h), where the magnetic anomalies of the shear zones are not evident.
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Figure 3 (a) Magnetic Anomaly map upward continued to 2000 m; (b) Analytic Signal Amplitude map (ASA); (c) Total Horizontal
Derivative of the Tilt Angle map (TDR-THDR); (d) Total Horizontal Gradient of the Analytical Signal (TDY); (e) Tilt angle map
(TDR); (f) Tilt Angle of Horizontal Gradient map (TAHG); (g) Large-Scale Enhanced Horizontal Derivate (EHD) of the anomalies
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of the anomalies obtained by selecting first- second- third- fourth- fifth order derivatives of the magnetic field.
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Figure 4 Analytic signal amplitude analysis of the RTP map (a), and upward continuation processed RTP maps
with different heights of (b) 2500m, (c) 5000m, (d) 10000m.

The Sao Sebastido Lineament consists of a remarkable magnetic anomaly with E-W
direction segmented by the NW-SE anomalies in the TDHR map (Fig. 5a). On the surface, this
anomaly is represented by a morphostructural lineament oriented in the same direction and possibly
related to the entrenched pattern of the Cabeceira River to the east (Fig. 5b). In this sector, the
meandering main channel has an approximately N-S direction with a truncation to E-W, with short

and confined stretches where quaternary alluvial sediments accumulate (Fig. 5).
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Figure 5 (a) Detail of the magnetic anomaly associated with the Sdo Sebastido Lineament segmented by the NW-SE structures in
the TDHR map (b) Detail of the area showing the Sdo Sebastido (indicated by the white arrows) and Guapiara Lineaments in the
DEM image. Figure (c) shows an entrenched portion of the Cabeceira River with accumulation of Quaternary sediments (Q2)
(image from Google Earth©).

The magneto-structural map of the study area was obtained from the map of the Tilt
Angle of the Horizontal Gradient (TAHG) (Fig. 06a). In this product, a set of NW-SE-directed
and subparallel magnetic segments can be observed, with a maximum width of 80 km. It
sections both the Parand Basin domain and the crystalline basement, being delimited in the
latter by the circular anomalies of the Pariquera-Acu (#2) and Registro (#3) alkaline bodies
(Fig. 06b). Structures with E-W and NE-SW orientation are segmented by the NW-SE Guapiara
Lineament. In the area of influence of the Guapiara Lineament, we also identified rectilinear
segments of 1%tand 2" order drainages oriented in the NW-SE direction. The main channels of
the Taquiri and Verde Rivers show an abrupt inflection to NW-SE in their middle courses,
followed by another sharp inflection of the Taquiri River to the N-S direction (Figs. 06d-¢),

evidencing the presence of structural controls on the drainage network.
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Figure 6 (a) Tilt Angle of Horizontal Gradient (TAHG) map (b) Interpretation of magnetic-structural lineaments
of the TAHG map. (¢) NW-SE-oriented 1% order drainage, indicated by the red lines (d) Inflection of the main
channels of the Taquiri and Verde Rivers to the NW-SE direction (indicated by the red circles). The symbols
represent: (#1) Jacupiranga Alkaline Complex; (#2) Pariquera-Acu Alkaline Complex; (#3) Registro Alkaline
Complex; and (#4) Juquia Alkaline Complex.

For a better understanding of the relationship between the crystalline basement
structures and the Guapiara Lineament, an analysis of the TAHG map of the SP-RJ project (SP-
area) was performed (Fig. 07a). This product was generated from the pole-reduced Anomalous
Magnetic Field map with an upward continuation filter of 450 m. Many of the extensive
magnetic anomalies showing NE-SW and ENE-WSW direction coincide with the crystalline
basement main shear zones (Cubatdo, Agudos Grande, Caucaia, Espirito Santo, Serrinha),
demonstrating the positive magnetic response of these structures. In the same way that these
structures are cut by the Guapiara Lineament, some portions also truncate NW-SE magnetic
anomalies, such as the Lancinha, Serrinha and Agudos Grande shear zones (Fig. 07b). In
addition, a portion of the Cubatdo shear zone coincides with the Sete Barras Graben, near the

lower valley of the Ribeira do Iguape River (Fig. 07¢).
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Figure 7 (a) TAHG map of the SP-RJ project (SP-area); (b) Map showing the structural interpretation of the crystalline
basement based on the TAHG map of the SP-RJ project. (¢) Part of the Google Earth© image showing in detail the intense
meandering of the Ribeira do Iguape River associated with the Sete Barras Graben, developed near the Cubatdo Shear Zone.
The symbols represent: (#1) Jacupiranga Alkaline Complex; (#2) Pariquera-Agu Alkaline Complex; (#3) Registro Alkaline
Complex; and (#4) Juquia Alkaline Complex.

11.2 Semiquantitative analysis

The Euler Deconvolution was applied structural index 0, 0.5 and 1 in the Anomalous
Magnetic Field (Fig. 03) to identify possible depths of contacts, faults and dykes. The Euler
deconvolution of the aeromagnetic data in of 0 (Fig. 08a) shows few clusters and does not cover
the NW-SE magnetic anomalies that occur in the region, does not efficiently show the contact
between the dykes and the host rocks. Meanwhile, the solutions of the structural index 0.5 (Figs.
08b-c), correspond to faults, show clusters indicating depths greater than 2km, like the Sao
Sebastido Lineament which has depths that vary from 500m to values greater than 2km. In the
basement, the NE-SW trend represents the basement structures adjacent to the basin, as
highlighted in Fig. 6b. The dykes tend predominantly NW-SE as observed when the solutions
of index 01 are superimposed on the TAHG map (Figs. 08d-e), which correspond to the
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Guapiara Lineament, with depths greater than 1,5km. The Euler 2d data, generated in the profile

(SW-NE) above the NW magnetic anomaly, corroborates the interpretation of the dyke depths

varying between 1km and values greater than 3km (Fig. 09). Moreover, it shows the slope of

fault structures and dykes (indicated by arrows in Fig. 09).
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Figure 8 The figures (a), (b) and (c) show Euler's solutions for the index , 0,5, 1. The figure (d) show Euler
solutions for the index 1 superimposed on the TAHG map.
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data of profile (SW-SE) are plotted in black (structural index =0), red (structural index =0,5) and blue (structural
index = 1).

The Radial Power Spectrum was generated from the pole reduced residual magnetic
map (Fig. 10a). Spectrum generated for the entire study area shows that the depth of deep
sources (low spatial frequency signals) is 11,5km, while shallow sources (high spatial frequency
signals) have a depth of 2,6km. We noticed in the deep and shallow source maps (Figs. 10c-d)
that dykes occur more frequently at shallow depths, while anomalous zones become more
defined and restricted in area on the map with deeper sources, similar to ASA data with upward
continuation with heights 5000m and 10000m (Fig. 04). At the same time, there is an

attenuation of anomalies generated by shallower magnetic sources.
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Figure 10 (a) Power spectrum plots of aeromagnetic data of entire study area. (b) Power spectrum plots of
aeromagnetic data of entire study area (c) Map of the deep magnetic sources (d) Map of the shalow magnetic

sources.

The Guapiara Lineament magnetic anomaly becomes continuous and wider at deeper

levels, presenting itself as a high, extensive and prominent magnetization zone (Fig. 10c). For

a more detailed investigation on the depths of the sources corresponding to the Guapiara

Lineament (NW), we analyzed 06 blocks (Block 01-06) with a dimension of 60x60km. As

shown in Fig. 11, the depths of deep sources range from 2,5km to 5,0 km, while those of shallow

sources range from 0,7km to 1,5km.
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Figure 11 Power spectrum plots of acromagnetic data of parts of the study area (Blocks 01-06).

11.3  Morphostructural and geophysical lineaments

120000

Figures 12a-b show the dykes’ lineaments traced at a scale of 1:750,000 from the CPRM
database (CPRM, 2010) and the dykes mapped at a scale of 1:200,000, respectively. We noticed

a clear similarity between both maps, especially in the basement domain. The outcropping

dykes of the Guapiara Lineament consist of strong, elongated morphostructural traces with

kilometric extensions. In contrast to the correspondent set of magnetic lineaments which behave

as a single magnetic body in depth, the outcropping dykes are concentrated in two main portions

(Fig. 12¢): (1) southeast of the study area, where they section the basement units; (2) and

northwest, at the boundary between the sedimentary units of the Parana Basin and the Serra

Geral Formation (SVL) (Figs. 12d-f). The rosette diagrams of frequency and length of the dykes

show little angular variation in their orientation (Fig. 12g). In the basement domain, the dykes
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have N60W direction, while in the Parana Basin their main directions are N50W and
secondarily N4OW and N60OW.

The morphostructural lineaments that occur in the region are represented by aligned hills,
scarps and fractures (Figs. 13a-d). Lineament analysis shows the predominance of N40-60W,
N40-60E, E-W, and subordinately N-S directions. In terms of accumulated length, the main
orientations are N50-60E, N50-60W and E-W (Fig. 13e).

The NE-SW to ENE-WSW lineaments were described as prominent and pervasive
features in the topography (Figs. 13a-b). In the Parana Basin, they correspond to the interference
areas of the Guaxupé and Jacutinga shear zones (N60E to N70E direction), inherited from the
Precambrian basement (Zalan et al., 1990) and represented on the surface by aligned valleys
and scarps. In the basement domain, these lineaments have a main N40-60E direction,
corresponding to the extents of major right-lateral shear zones and associated NE-SW and ENE-
WSW faults (Heibron et al., 2008; Basei et al., 2008) (Fig. 13b).

The NW-SE morphostructures related to the Guapiara Lineament (N50-60W) correspond
to lineament clusters well distributed throughout the area (Fig. 13c). Affecting both the
basement units and the Parana Basin, the orientation of the NW-SE lineaments varies between
N40-60W. In terms of accumulated length, structures with N50-60W direction are predominant
(Fig. 13e). The E-W lineaments form a band in the central portion of the study area
corresponding with the Sdo Sebastido Lineament, while the N-S features are scarce and mostly

dispersed in the topography (Fig. 13d).



‘UO0I391 oY) Ul SULLINOD0 SOYAP Y} J0J UOINQLISIP [BpOWIUN Y} SUIMOUS SWeISeIp 9139501 Aouanbaiy pue
3ud] parenundIy (8) {(Smoire MO[[oK) SAJ[[eA PIIOSSIP AQ PAIUSAIAI SQUOZ JBAYS A\ S-N Y} PUE SJUdWERAUI] HS- AN U} udamiaq digsuone[ar jnod-ssox) (§) odeospue|
ur SOYAp JL19[0p Y} Jo 10adsy (9) {(dS) eInureq Jo uoIgal ‘oFewl JOI[AI POPeYS B Ul SOYAP HS-MN Y UM Paje[al sjudwedul] oy} Jo 193dsy (p) “uosweour] ererdenn
o Jo sarjewoue dndudew oy Jurmoys dejy (9) 9[edS 00000 1 e paden saAp Jo dely (q) (0107 TAALD :991n0S) 9[.dS 000°0SL:T ¥ SOAp Jo dey (e) 1 dInSig

Jybuaq

aosusanbalig

2042 006

o012
o .\

o086

wbua]
. ol0LZ nom

aauanbaig

o042

wBua

DQNN DOQ

aosuenbalig

o022

yBua
o0

aauanbaig

e

_a0LZ

2042006
[ I

I
3

L

20 0
So%Ip 31 JO
SJUSWESU]| 810

o0

ujSeg eueieg
$Y301 AIejUsWIpas - sayig

ujseq gueigd
$)201 JIUBD[Op - ST

JUswiasey -saqig
soyAQ padelL

ol

¢y

U — . 000°002°1 W — Gty
jJusluesur eseidens) // 07 o@ 0 \& % sweaur] eieideng / o e 0 = ) 000°052:4 (0102) WHdD
sjuawesul [ensAydoany & \ e, sayAq peoeil ,z - .VM juaweau eieidens - sayAg
~ i - Py,
sy W S K SOHD m . san 0
51 eBuendnobpe.s - i 2 e 1310 ]
puabe m ; puabaTd s J)N m:m.__a pusBsT 3

a\»ﬁ.@w@k SR

jusweseq -ujseg eueled 1dd

uiseq eueled -}wWi| S)o04 —
s1uesjop -Aieyuswuipsg S

M8

B
Judwaseq -wiseg pueed 18d

uiseg BURIE -JIWI| SY201
suedjop -Aiejusipeg NS

MoBY Mokl

o e R
soyuung

Hwrs

Juswiaseq -uiseg eueled 18d

uiseg BUBIRg JWI| SHO01 —~
aluesjop -Aieyuswipag S

ot

MoBY




86

a ‘ 50°W 49°W 48°W Shear Zone{ZC)

@ Shear Zone(ZC) || (Zalan et al. 1987)

2 (Zalan et al. 1987) || of — Morphostructural

= — Morphaostructural ||; lineaments
lineaments

12455

0 10 20,

pB1 Basin Parana- Basement
— Limit

FSZ- Figueira Shear Zone

GL - Guaxupé Lineament CaSZ- Caucaia Shear Zone AGSZ - Agudos Grandes Shear
JL - Jacutinga Lineament CSZ- Cubatéo Shear Zone Zone

-‘.&/{_ Sedimentary - Volcanic rocks ItSZ - ltapirapud Shear Zone QOSZ- Quarenta Qitava Shear
pgy arana Basin Limit ISZ- Ivaporunduva Shear Zone Zone

__— Basin Parana- Basement Limit ESSZ- Espirito Santo Shear Zone 8SZ- Serrinha Shear Zone

c| sow 49°W 48°W d] sow 49°W 48°W

Lineaments (L) Lineaments (L)

(Zalan et al. 1987)

(Zalan et al. 1987)

o0 o
By — Morphostructural ||& — Morphostructural
lineaments lineaments
g: [72]
S E
0
0
SSL - S&o Sebastido Lineament
SVL Sedimentary - Volcanic rocks SVL Sedimentary - Volcanic rocks
’PEI-. Parana Basin Limil o ~" Parana Basin Limit
__~— Basin Parana- Basement Limit f/_ Basin Parana- Basement Limit
e Total Lineaments Lineaments - Basement Basement Lineaments- Sedimentary rocks Lineaments- volcanic rocks

Parana Basin ,. o Parana Basin,,

2o’ Frequency %™ |ength °* m‘“ Frequency 9“ zm Length °" ¥ Frequency Length Frequency Length
Figure 13 (a) shows the correspondence between NE-SW lineaments and the main existmg shear zones; (b) detail
of the NE-SW morphostructural elements in the southeast region of the study area; (c) shows NW-SE lineaments
coinciding with the main trace of the Guapiara Lineament; (d) shows lineaments traced in the E-W and N-S
directions. (e) cumulative length and frequency rosette diagrams for all extracted lineaments. Note the bimodal
distribution marked by the NW-SE (dykes) and NE-SW (ancient shear zones) structures both in the basement and
in the Parana Basin domains. The predominance of E-W lineaments in both domains can also be observed

The correlation of the TAHG map with the interpreted morphostructural lineaments can
be seen in Figure 14. There is, in general, good correspondence between the geophysical
lineaments and the NE-SW, NW-SE and EW morphostructural lineaments (Figs. 14a- c).
Similarly, we noticed a fair correspondence when comparing the clustered pattern of the NW-
SE magnetic anomalies with the set of outcropping dykes mapped at 1:200,000 scale (Figs. 15a-

b). The magnetic anomalies related to the dolerite dykes occur in greater quantity parallel to the

Guapiara Lineament.
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The NW-SE magnetic lineaments are independent of the geological compartment into
which the dykes intrude, whether outcropping or not (Fig. 15a). In addition, they show good
direct correlation with topographic morphostructures and 1% order drainage channels (Figs 15b-
¢). In the crystalline basement, the magnetic anomalies related with the Guapiara dykes have a
main N50-60W trend, their accumulated length being oriented in the same direction (Fig. 15d).
In the sedimentary rocks of the Parana Basin, the magnetic lineaments have a N40-60W
direction, whilst in the volcanic rocks the N50-70W orientation range is more prominent. In

both cases, the accumulated lengths also show the same direction (Fig. 15¢).
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Figure 15 (a) Dyke traces superimposed on TAHG magnetic lineaments. (b) and (d) Relationship between the
NW-SE magnetic lineaments and the outcropping dykes in the Parana Basin and in the basement, respectively. (c)
Detail of the Parana Basin domain, showing NW-SE topographic lineaments coincident to drainage channels. (e)
Frequency and length rosette diagrams showing the main directions of the dyke-related magnetic lineaments.
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11.4 Structural analysis

In order to understand the regional deformation process and its correlation with the
magnetic anomalies, we focused the structural analysis on the geological faults that cut the
dykes of the Guapiara Lineament (Fig. 16). Sub-vertical to vertical right-lateral and left-lateral
strike-slip faults prevail, followed by normal faults with medium to high dip angles (Fig. 16a).
It was not possible to observe cross-cut relationships between the faults. Although discrete, the
faults were recognized in several outcrops and have mostly planar and/or curviplanar geometry,
often filled with manganese oxide and altered clays. The slickenlines, present on most faulted
surfaces, are frequently well marked in these fault-filling minerals. The striations show medium

to horizontal rake, characterizing pure or oblique directional kinematics.
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Figure 16 (a) Map of the visited outcrops (numbered circles) and respective stereograms of the observed fault planes; (b)
Synoptic diagrams of the faults sectioning the outcropping dykes, in the form of rosettes and contour diagrams. Left-lateral
strike-slip (blue planes), right-lateral strike-slip (red planes) and normal faults (purple planes) were described.

The main kinematics of the strike-slip faults that are concordant with the dykes
(N5O0W/856NE) is left-lateral, while those of right-lateral kinematics are scarce (Fig. 16b).
Main directions of strike-slip faults are NW-SE (N47W/84NE right-lateral, NSOW/86NE left-
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lateral) and NE-SW (N44E/82NW right-lateral, N38E/89SE left-lateral), followed by the E-W
(N88W/85NE right-lateral, NSOW/80SW left-lateral) and N-S (N12E/88NW right-lateral,
NI14E/89NW left-lateral) (Fig. 16b). Normal faults are mainly oriented in the NE-SW
(N43E/86NW) and NW-SE (N45W/45NE) directions.

Figure 17 (a) E-W right-lateral strike-slip faults sectioning a dolerite dyke. (b) N88E/85SE right-lateral strike-slip
fault plane with N082/10 slickenlines. (c¢) Kinematic indicator (R fractures) in the fault plane. (d) Fault cutting a
dolerite dyke. (¢) NW-SE left-lateral strike-slip fault (N4OW/80NE) with N136/23 subhorizontal slickenlines also
developed on the manganese oxide filling. (f) WNW-ESE normal fault (N82W/75NE) with N66/63 slickenlines
marking the manganese oxide filling.

Near the Sao Sebastido Lineament (point 18, Fig. 16a), the E-W right-lateral strike-slip
faults (N88E/85SE) (Fig. 17a) cutting the dykes have sub-horizontal slickenlines (N082/10)
with dips ranging from 5° to 10° (Fig. 17b). Strike-slip faults planes with N35E/80SE direction
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and N042/20 slickenlines represent R-type shear fractures, indicating right-lateral kinematics
(Fig. 17c). The strike-slip faults cutting the most extensive dolerite dykes in the northwest
portion of the study area (point 10, Fig. 16a) present left-lateral kinematics, NW-SE direction
(N40W/80ONE) and sub-horizontal striations (N136/23) marking the iron oxide filling (Fig.
17e). Left-lateral fault planes with NISW/85NE attitude and N350/10 slickenlines were also
described. An example of normal fault is shown in Fig. 17f, showing WNW-ESE-oriented
(N82W/75NE) fault planes and N66/63 slickenlines well-marked on manganese oxide filling.

12 Discussions

The first and major aecrogeophysical surveys carried out on the Guapiara Lineament and
the related dyke swarm date back to the 1980s and early 2000s (Ferreira et al. 1981; Ferreira
1982; Machado Jr. 2000). The possibility of applying enhancement techniques on geophysical
data, such as the ASA, TDR-THDR, TDY, TDR, TAHG and EHD (see Fig. 03), allowed results
to be reinterpreted, thus improving the qualitative geological interpretation of regional magnetic
anomalies.

In addition to enhancing the axial zone of the Guapiara Lineament, the ASA, TDY, TDR,
TAHG and EHD techniques highlighted numerous NW-SE magnetic anomalies parallel to the
Lineament - which covers the entire study area - and allowed a better visualization of the edge
and centre of the structure (see Fig. 03). The techniques also accentuated Precambrian structures
of the crystalline basement with high magnetic amplitudes, even the ones not filled with
intruded mafic material. This is due to the possible crystallization of iron minerals in the fault
planes, or the physical discontinuities related to block tectonics — when active faults place
blocks of different magnetic properties side by side, generating magnetic susceptibility
contrasts (Dransfield et al., 1994). In the basement, these structures correspond to the right-
lateral strike-slip shear zones, such as the Cubatao (SZC), Agudos Grandes (SZAG), Caucaia
(SZC), and Serrinha (SZS); in the Parana Basin, to the Jacutinga (JL) and Guaxupé (LG) shear
zones (Fig. 03).

Deviations in the main direction of the geophysical anomalies of the Guapiara Lineament
in the basement (N40W) compared to the Parana Basin (N40-60W in sedimentary units and
N50-70W in volcanic rocks) reflects the different lithological competences of the rocks into
which they intrude, as discussed by Machado Jr. (2000). By means of the aeromagnetic analysis,

most of the linear features characterized in this work were interpreted as in-depth, non-
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outcropping dykes. We observed clear geometric and spatial similarities between these
magnetic lineaments and the outcropping dykes mapped through aerial images (see Fig. 15).

The Euler Distribution solutions are consistent with the qualitative interpretation and
indicates that the Guapiara Lineament is related to a swarm of shallow structured dykes, with
different depths of values less than 500m and greater than 1,5km (Fig. 08). The Guapiara
Lineament appears in the map of deep magnetic sources as an extensive and prominent zone of
high magnetization (see Fig. 10c). This can be explained by the interpretation that surface or
subsurface dykes are connected to deeper mafic bodies (Ferreira et al., 1982; Fernandes et al.,
2013; Motta et al., 2015). During the Juro-Cretaceous tectono-magmatic event that reached the
Parand Basin and its basement, the Guapiara Lineament acted as one of the major magmatic
conduits of the Parand Magmatic Province, resulting in the reactivation and nucleation of the
NW-SE structures under an extensional regime. These structures were filled by numerous
dolerite dykes and also accommodated the intrusion of the alkaline bodies (Ferreira et al. 1982;
Ferreira et al., 1989; Machado Jr. 2000; Fernandes et al., 2013).

The Radial Power Spectrum shows the depths of the deep sources of the entire study area
are 11 km (Fig. 10b), while in the blocks they have a maximum of 5 km (Fig.11). Figure 11
shows deep sources have greater depths in the crystalline basement region (Blocks 01 and 02
in Fig. 11) compared to deep sources over the sedimentary formations of the Parand Basin
(Blocks 03 and 04 in Fig. 11). This can be explained by the arcing of the Parana Basin during
the intrusion of the Parand Magmatic Province, which made the dykes in the Basin shallower
than in the basement. This coincides with the region where the greatest expression of
outcropping dykes occurs (Fig. 12d).

The circular magnetic anomalies corresponding to the highlighted alkaline bodies are all
associated with the NW-SE anomalies (Fig. 03), indicating that the NW-SE fractures that
developed due to the reactivation of the Guapiara Lineament in the Late Cretaceous acted as
important magma reservoirs in the study area. Previous works have carried out an in-depth
study of these bodies, such as Marangoni and Mantovani (2013), which identified the NNW-
SSE orientation of the main axis of the Jacupiranga complex (131+£3 Ma, Amaral, 1978), as it
can be seen in Fig. 03.

From gravimetric data, Rugenski et al. (2001) stated that the main orientation of the
Pariquera-Agu Alkaline Complex (130 to 96 Ma, Comin-Chiaramonti and Gomes, 1996)
coincides with the direction of the Guapiara Lineament, with NE-SW structures cutting the
body (see Fig. 07a). Mantovani et al. (2005) was the first to identify the anomaly of the Registro

complex using gravimetric data and to associate it with the NW-SE structures. In this study, we
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provided a more detailed characterization of the body in-depth using the EHD, ASA, TDR,
TDR-THDR and TAHG maps to highlight the anomaly (Fig. 03). Ferreira and Algarte (1979)
also associated the emplacement of the Juquia complex (130 to 135 Ma, Slavec et al., 2001) to
the NW-SE structures of the Guapiara Lineament. Fig. 03a shows the anomaly with inverted
polarity, indicating an intense remaining magnetization related to the pyroxenites from the body
(Marangoni and Mantovani, 2013).

The morphostructural lineaments obtained from the DEM images present good
correspondence with the main magnetic features (see Fig. 14). In the ASA, TDR, TAHG and
EHD maps, we observed that the magnetic traces of the Guapiara Lineament overlap the NE-
SW and E-W anomalies, interpreted as basement inheritances, thus confirming the
chronological order of dyke intrusions in the Early Cretaceous.

In this study, we present various evidence of tectonic reactivation in the Guapiara
Lineament during the Cenozoic: the numerous N40-70W strike-slip faults concordant with the
orientation of dykes along the Guapiara Lineament, that is, post-Eocretaceous faults; the
relationship of the structure with the Sete Barras Graben (Paleogene); and indications of
younger reactivation observed in the lower valley of the Ribeira do Iguape River (Vedovello,
2017).

The Guapiara Lineament represents an important range of fractures, subjected to episodic
tectonic reactivations of different kinematics in the Cenozoic, along which the fractures -
whether joints or faults - played an important role assimilating regional tectonic stress. In the
surface, tectonic processes led to the development of topographic and drainage anomalies, such
as rectilinear 1** and 2™ order drainage channels with NW-SE orientation (see Fig. 06d) and the
inflection of the main channels of the Taquiri and Verde Rivers towards the same direction (see
Fig. 06e). In the Parand Basin, the magnetic anomalies of the Guapiara Lineament cut the Sao
Sebastidao Lineament (E-W) (see Fig. 05), indicating that the latter is a structure formed prior
to the Lower Cretaceous. Thus, it corroborates with the hypothesis that the E-W lineaments of
the Parand Basin began to develop in the Triassic concurrently with the South Atlantic evolution
(Zalan et al., 1990).

On the other hand, there are indications of Cenozoic tectonic reactivations along the Sao
Sebastido Lineament due to the presence of E-W strike-slip faults deforming the dykes,
suggesting that these tectonic deformations are post-Cretaceous. Hasui, (2010) and Morales et
al. (2001) considered these faults as very relevant structures in the context of Cenozoic tectonics
in southeast Brazil. Another element that corroborates this interpretation is the conditioning of

the downstream portion of the Cabeceira River by the Sdo Sebastido Lineament (see Fig.05 and
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Fig.15), increasing sinuosity and leading to accumulation of Cenozoic alluvial deposits (Ouchi
et al., 1985 and Schumm et al., 2000). Our findings also support the ideas of Hasui (2010),
Salamuni et al. (2003), Chavez-Kus and Salamuni (2008), which proposed that the fault
corridors and E-W fractures that occur in the Parana Basin were tectonically reactivated in the
Neogene and Quaternary, deforming topography and causing drainage anomalies. The
Paranapanema Lineament, another important structure also oriented E-W and located north of
the study area, consists of a tectonized band, marked by strike-slip faults and mainly neotectonic
activity and represented on the surface by sets of topographic and drainage lineaments along
the Paranapanema River valley (Hasui, 2010).

In the crystalline basement, we reported NE-SW magnetic structures cutting the Guapiara
Lineament (see Fig. 7b), representing reactivated faults affecting the dykes. The transtensive
tectonic regime that occurred between the Paleogene and Neogene in the south and southeast
Brazil was responsible for the reactivation of the NE-SW shear zones of the crystalline
basement and consequent formation of the numerous taphrogenic basins and graben structures
(Riccomini et al., 2004; Zalan and Oliveira, 2005). This interpretation is supported by the
occurrence of strike-slip faults and NE-SW normal faults (N30-60E) affecting the dykes, which
are reactivated both in the basement and the Parana Basin domains (see Fig. 16).

An example is the magnetic anomaly related with the Serrinha Shear Zone (SSZ), that cuts
the magnetic lineaments interpreted as dykes, thus indicating reactivation of the structure after
the Lower Cretaceous. Similarly, the NE-SW Cubatdo Shear Zone (CSZ) overlaps the NW
Guapiara Lineament (see Fig. 07b), implying reactivation of the NE-SW structure. This feature
coincides with the Sete Barras Graben (see Fig. 07c), a tectonic depression oriented N5SOE
which developed at the intersection of the Cubatdo Shear Zone (CSZ) with the Guapiara
Lineament under a WNW-ESE extensional tectonic regime, contemporary with the
sedimentation of the Sete Barras Formation in the Paleogene (Melo et al., 1989; Riccomini et
al., 2004).

Along the graben, a portion of the Ribeira de Iguape River is dominated by numerous
meandering channels and abandoned meanders, indicating successive adjustments of the
channels in response to tectonic deformation, as shown by Ouchi (1985) and Schumm et al.
(2000) in tectonically active regions. The superposition of faults in the study area, as well as
the recognition and description of regional tectonic events (Machado Jr., 2000; Riccomini et
al., 2004; Strugale et al., 2007; Franco-Magalhaes et al., 2010; Vedovello, 2017) indicate the
reactivation and nucleation of faults caused by a sucession of tectonic events that took place

after the Eocretaceous.
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The hypothesis that the NW-SE Guapiara Lineament, the E-W lineaments, and the NE-
SW shear zones were reactivated after the Eocretaceous is strongly supported by magnetic and
structural data, being also confirmed by Franco-Magalhaes et al. (2010), which reported an
Oligocene-Miocene (26+3Ma and 14+£2Ma) tectonic event responsible for the youngest
reactivation of NW-SE fault zones in the region of the Guapiara Lineament.

Based on our results, it is possible to affirm that the geological evolution in depth and the
morphotectonic processes on the surface both result from discrete reactivations of ancient fault
zones, mostly aseismic, which were demonstrated by the provided aerogeophysical analysis of
linear patterns that overlap each other and are responsible for important landscape changes —

especially on drainage networks.

13 Conclusions

The use of qualitative (EHD, TDY, ASA, TDR, TDR-THDR and TAHG) and
semiquantitative analysis (Euler Solutions and Radial Power Spectrum) on magnetic data led
to substantial improvements in the pre-existing geological-structural models of the Guapiara
Lineament. Such enhancement techniques allowed us to minutely identify, characterize and
interpret anomalous data in the regional magnetic-structural framework. The Guapiara
Lineament represents a range of rectilinear, kilometric magnetic anomalies delineated by
magnetic dipoles with normal polarity and characterized by a set of subparallel magnetic
lineaments with NW-SE direction.

The Guapiara dykes are predominantly deformed by NW-SE, E-W, NE-SW strike-slip
faults, and secondarily by N-S-oriented strike-slip faults, coinciding with the directions of the
magnetic and morphostructural lineaments extracted from magnetic maps and DEM images. It
is also shown that the NE-SW (e.g.: Cubatdo and Serrinha shear zones) and E-W (ex. Sao
Sebastido Lineament) structures, inherited from the crystalline basement, were probably
reactivated during the Cenozoic and have strongly influenced regional topography and drainage
networks.

Our results and interpretations of the geophysical alignments allowed us to conclude that
the Guapiara dyke swarm is much more extensive in depth than observed in surface
cartography. Furthermore, our findings imply that they are not only intruded in a reactivated
fracture corridor but are also sectioned by faults that were subsequently reactivated in post-

Cretaceous events.
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The conclusions support the hypothesis that tectonic activity occured in the Guapiara
Lineament region during the Cenozoic, and is effectively contributing to the modification of
the landscape and influencing structural changes. The better resolution of the magnetic
anomalies of the Guapiara Lineament, can corroborate for a better understanding of offshore
portions in the Santos Basin (Atlantic Ocean), considered one of the most promising petroleum

exploration areas in Brazil
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Abstract

Intraplate settings far from tectonic plate boundaries are normally thought to be tectonically
inactive regions in which the landscape evolves via the slow downcutting of fluvial systems.
Whenever found, tectonic reactivations are thought to be of too low an amplitude to cause any
change in the landscape. Furthermore, in the absence of datable markers of tectonic
deformation, the landscape can be used as a marker of intraplate tectonic activity. In this study,
we investigate the northern boundary of the Ponta Grossa Arch in southeastern Brazil. We
mapped and studied the spatiotemporal relationships between brittle structures and geomorphic
markers of changes in base level. The structural data suggest that different reactivations of both
the Proterozoic (Guapiara, Guaxupé and Jacutinga Lineaments) and Mesozoic (Sdo Sebastido
Lineament) ancient basement ancient structures occurred. Transcurrent/transtensive NW-SE,
NE-SW, E-W and N-S direction faults were mapped, as well as NW-SE and NE-SW normal
faults, which were reactivated and nucleated in at least three tectonic pulses since the
Paleogene: Pulse A NE-SW SHmax (Paleocene-Eocene), Pulse B N-S SHmax (Miocene-
Pleistocene) and Pulse C WNW-ESE SHumax (Pleistocene-Present). These data demonstrate
counterclockwise rotation of the maximum stress field, which moved from NE-SW orientation
(at the Cretaceous-Paleogene boundary) to N-S, NW-SE to reach the current WNW-ESE
position. Quantitative geomorphic analyses using channel steepness index and chi-plots
revealed that the locations where structures were reactivated coincide with high channel
steepness index (ksn) values and drainage network anomalies such as channel entrenchment,
understeepened reaches, meanders, right-angle bends, underfit rivers and other anomalous
forms possibly due to structural subsidence. The analysis reveals that regional tectonic stresses
can disturb landscapes in the interior of plates even with slow tectonic activities when compared

to active tectonic edges.

Keywords: tectonic reactivations, Ponta Grossa Arch, tectonic pulses
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15 Introduction

Landscapes in areas far from tectonic plate boundaries can be pushed out of equilibrium
by a variety of external factors, some of which are wholesale uplift (i.e., Gallen et al, 2013), the
long-lived response to incision through variable lithologic strata (i.e., Beeson et al, 2017;
Gallen, 2018), reactivation of pre-existing structures in intraplate settings far from active
tectonic boundaries (i.e., Calegari et al, 2021; Marques et al, 2021). In the latter case, the
detection of tectonically-driven landscape disequilibrium is challenging due mainly to the lack
of temporal control of fault reactivation (Salamuni et al., 2021; Santos et al., 2019a; 2019b;
Sanches, 2018; Vedovello, 2017). Given that both variable rock types and intraplate
reactivations might coevally affect landscape evolution, determining what factors caused
landscape equilibrium to begin with remains a challenge.

Different rock types with variable resistance to erosion influence geomorphic indices,
equilibrium topography, and river network configuration (e.g., Gallen, 2018; Bernard et al.,
2021). Thus, the outcropping of complex lithologic distributions can yield complex geomorphic
responses (Forte et al., 2016) and, importantly, mask the perturbations caused by reactivated
faults, especially if they have a strong strike-slip component (e.g., Duvall and Tucker, 2015).
Without a comprehensive knowledge of the distribution of faults and their cross-cutting
relationships to review their relative timing of activity, distinguishing between fault reactivation
and lithologic influences on landscape disequilibrium in an intraplate setting is virtually
impossible.

Importantly, how Cenozoic tectonic reactivations affected landscape evolution in the
Brazilian southeast is largely unconstrained (Morales and Hasui, 2001; Salamuni et al., 2003;
Riccomini et al., 2004; Chavez-kus and Salamuni, 2008; Hiruma et al., 2010; Peyerl et al., 2018;
Santos et al., 2019a). Since the Eocene, at least five tectonic reactivations which accompanied
changes in the orientation of compressive stresses are preserved as structural features in the
rock record along hundreds of kilometers in the Brazilian southeast (Riccomini et al., 2004).
This spatiotemporal complexity of intraplate tectonic activity hinders the use of landscape
features as proxies for fault reactivation through the correlation of topographic and structural
lineaments. Thus, on its own, the geomorphic analysis provides a limited view of intraplate
fault reactivation.

In this study, we seek to decipher the tectonic and lithologic contributions to landscape
evolution in the Ponta Grossa Arch to constrain the landscape response to slow, progressive

tectonic deformation in southeast Brazil. Located on the passive margin of southeastern Brazil



103

(Fig. Ola), this arch is an example of a disequilibrium landscape in an intraplate setting
(Machado Jr., 2000; Strugale et al., 2007). Here, despite being far from tectonic plate
boundaries, significantly younger apatite and zircon fission track ages between 66.2 (1.3) and
5.9 (0.8) Ma suggest the recency of geomorphic activity post-Gondwana-break-up (Engelmann
de Oliveira and Jelinek, 2017). The thermochronologic data point to high denudation rates
during the Paleogene-Neogene related to reactivation of stress-generated faults in the South
American plate (Engelmann de Oliveira and Jelinek, 2017). Importantly, the region affected by
these reactivations cross several sub-horizontally dipping Gondwana supersequences
(Paleozoic and Mesozoic) (Fig. 01). Thus, the Ponta Grossa Arch is a natural laboratory to study
the geomorphic response to the reactivation of old tectonic structures far from plate boundaries
and in the presence of contrasting rock types.

To overcome the difficulties in extracting tectonic information from topography, we
combine the analysis of geomorphic indices grounded in tectonic-geomorphology principles
(Kirby and Whipple, 2012; Whipple et al., 2013; Forte and Whipple, 2018) with structural and
geological analyses to investigate recent tectonic reactivations and their effect on the modern
landscape. We focused on the Guapiara Lineament given that the post-Cretaceous tectonic
reactivations are well preserved in the Ponta Grossa Arch. Because of the lack of Cenozoic
sedimentary cover that could serve as markers for the youngest tectonic deformation, we
focused the structural analyses on the identification of paleostress fields associated with the
faults mapped in the field. We use our structural data to establish the relative chronology
between the tectonic reactivations. With a better understanding of the relative chronology and
the tectonic framework, we sought morphometric evidence of tectonic reactivation in the region
with a focus on the analysis of ks, values, knickpoint distribution through chi-plots and the

identification of drainage anomalies.

16 Guapiara lineament and geological Setting

The Ponta Grossa Arch is a Mesozoic tectonic feature in southeastern Brazil, inserted
within the Parana Basin (Ordovician — Cretaceous) (Fig. 01) (Ferreira, 1982; Zaléan et al., 1990).
It represents an uplifted mega-structure with a NW-SE axis composed of four structural-
magnetic lineaments named Guapiara, Sdo Jerdnimo-Curitiva, Rio Alonzo and Rio Piquiri
Lineaments, whose lengths are not less than 600 km and widths are between 20 and 100 km

(Ferreira, 1982). As reactivations of inherited Proterozoic basement structures, they controlled
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the regional tectonic evolution of the Parana Sedimentary Basin since the Devonian (Ferreira,
1982).

The Guapiara Lineament comprises one of the four subparallel lineaments of the Ponta
Grossa Arch orientated N40-60W, marked by numerous magnetic anomalies related to diabase
dykes and/or fracture zones (Ferreira et al., 1981) (Fig. Ola). This lineament is considered one
of the main conduits of lavas from the Parand Magmatic Province volcanic spill (Ferreira et al.
1981), a Juro-Cretaceous volcanism associated with the Gondwana rupture (Milani, 2004),
whose apex occurred between 130 and 133 Ma (Renne et al., 1992; Thiede and Vasconcellos,
2010; Rocha et al., 2020). This magmatism is represented by sills, spills, and swarms of thick
diabase dykes (500m) (132+10 Ma, Pinese, 1989) that occupy fault and fracture planes intruded
into both Precambrian Ribeira Belt terrains and Parana Sedimentary Basin rocks (Fig. 1c¢).

The basement in this region is composed, in general, of Meso- to Neoproterozoic
supracrustal rocks of weak to medium metamorphic grade, which in turn overlie gneissic-
migmatitic rocks (Basei et al., 2009, Heilbron et al., 2010). Compressive or right-lateral strike-
slip shear zones, with NE-SW direction, form the limits of the main tectonic domains of
basement. Overlying this basement are Paleozoic and Mesozoic sequences of sedimentary and
magmatic rocks from the Parand Sedimentary Basin, with a total thickness of about 7km. The
basin is approximately 900km in width and 1800km in length and its origin is related to the
stabilisation of the South American platform after the Brasiliano event, approximately 400 Ma.
(Milani et al., 2007).

The Parana Basin structural framework is formed by inherited NW-SE and NE-SW
faults and fractures reactivated from the basement structures (Zalan et al. 1990), and by E-W
and N-S strike-slip, neotectonic faults nucleated during the Neogene and Quaternary (Hasui,
2010; Salamuni et al. 2003; Chavez-Kus and Salamuni, 2008). In the early Cretaceous, the
South-Atlantian event (Hasui, 2010) reactivated NW-SE structures, promoting distensional and
magmatic processes linked to the Gondwana rupture, with magmatic manifestations represented
by diabase dykes swarms (Ferreira et al., 1981; Zalan et al., 1990; Almeida and Carneiro, 1998).
In this period, the Guapiara Lineament behaved as a rift zone about 600 km long and 20 to 60
km wide that conditioned the dykes’ accommodation (Ferreira et al., 1981). Unlike the NW-SE

structures, NE-SW structures remained tectonically inactive (Zalan et al., 1990).
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Figure 1 (a) Regional location of the Ponta Grossa Arch and Parana Sedimentary Basin with the distribution of
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16.1 Cenozoic Tectonics

Thermochronological studies using zircon and apatite fission-track and U-Th-Sm/He
with structural geological analysis have identified tectonic manifestations in the Cenozoic that
caused the structural reactivation of lineaments as well as the exhumation of the Ponta Grossa
Arch (~40m/ Ma), both at the Upper Cretaceous-Paleogene and Paleogene-Neogene transition
(Gallagher et al, 1995; Tello Saenz et al., 2003; Karl et al., 2013; Ribeiro et al., 2005; Hiruma
et al., 2010; ; Franco-Magalhaes et al., 2010; Engelmann de Oliveira et al., 2016; Engelmann
de Oliveira and Jelinek 2017).

Strugale et al. (2007) identified a transtensional event with NE-SW to ENE-WNW
SHwmax (Neocretaceous to Paleogene) responsible for the reactivation of structures recorded in
dyke walls in the Ponta Grossa Arch. According to Machado Jr. (2000), the Guapiara Lineament
helped in the generation of transtensional zones with preferential orientation to NW-SE
reactivated in the Miocene, resulting in tectonic depressions in the Lower Ribeira do Iguape
River Valley region, located in the adjacent region to the south of the studied area (Fig. 01).

Current knowledge of Cenozoic tectonics in southeastern Brazil, summarized by
Riccomini et al. (2004), establishes five tectonic events from stratigraphic correlation and
evolution of these depressions and rifit basins (Fig. 01b): (i) extensional NNW-SSE tectonics
in the Eocene-Oligocene; (ii) E-W left-lateral strike-slip with compressional NE-SW and
extensional NW-SE in the Oligocene-Miocene; (iii) E-W right-lateral strike-slip in the
Pleistocene-Holocene, with compressional NW-SE; (iv) new extensional tectonics in the
Pleistocene-Holocene, with NW-SE Shmin; and (v) compressional E-W (ENE-WSW to WNW-
ESSE) in the Holocene, associated with the lateral movement of the South American Plate
(Salvador and Riccomini, 1995; Riccomini and Assumpg¢ao, 1999; Assumpgao et al. , 2006;

Chavez-Kus and Salamuni, 2008; Assumpgao et al., 2016).

17 Methods

The cartographic base used for the research comprised the sheets Curitiba (SG-22),
Iguape (SG-23), Folha Paranapanema (SF-22) and Rio de Janeiro/Vitéria (SG-23/24), on a scale
of 1:1000000 (IBGE, 1979), geological maps of the states of Paran4 and Sao Paulo at 1:750,000
scales (CPRM, 2004). Digital Elevation Model (DEM) ALOS-PALSAR (Advanced Land
Observing Satellite - Phased Array type L-band Synthetic Aperture Radar) with spatial
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resolution of 12.5m and GoogleEarth images, concerning the study area, were used for
morphometric and geomorphological analysis. through ArcGis 10.3 software. Satellite images
were projected in UTM coordinates and the typical voids in the models were filled in ArcGis

10.3€.

17.1 Analysis of morphostructural elements

To analyze the evidence of the Guapiara Lineament and other structures in the
topography, the lineaments were manually extracted at a scale of 1:200,000, observing positive
and negative features. The lineaments were recognized and obtained by combining the solar
azimuths 45°, 90°, 225° and 315°, via ArcGis 10.3° software, generated from the DEM.
Subsequently, the AzimuthFinder extension (Queiroz et al., 2014) of ArcGis® was used to
transform the shapefile compatible with the Stereo32 software (Roller and Trepmann, 2003), in
order to generate diagrams of accumulated length and frequency rosettes.

The lineaments that correspond to the outcropping diabase dykes, represented as
positive features in the topography in the NW direction. The lithostructural lineaments of the
dykes were compared and later merged with the dykes already extracted by CPRM (2010) at
1:750,000 scale, to complement the database. The topographic lineaments extraction was
associated with the observation of other topographic elements, which represent areas of
escarpment, valleys and interfluves, topographic alignments. Relief and slope maps were
generated by ArcGis® using the relief and slope tools, respectively. The swath-profile was

obtained using the ArcGis® extension called SwathProfiler (Pérez-Peia et al., 2017).

17.2 Structural analysis

We made field steps for mapping brittle structures in the study area. Direction and dip
data of fault planes and slickenlines through the compass. The fault kinematics were obtained
through indicators along fault surfaces, according to Doblas (1998). Structural data were
divided according to the geological domain (crystalline basement, Parana Basin and Mesozoic
dykes) in which faults were observed. Stereonet© software (Allmendinger, 2011) was used to
generate stereograms, rosette and contour diagrams. To determine the stress fields, the fault
measurements (direction, dip and slickensides) were plotted in the software WinTensor v.5.8.4

(Delvaux and Sperner, 2003), and later, paleotension graphs were generated.
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17.3 Drainage analysis and application of geomorphic indices

We assessed whether or not the reactivated structures control the landscape in five sub-
catchments on the Paranapanema river. Drainage patterns were recognized according to the
concepts of Howard (1967) who presents the classification of drainage patterns and observes
the close relationship between the different types of drainage patterns and the geological
characteristics of the terrain. We recognized drainage anomalies according to the concepts
developed by Ouchi (1985) and Schumm et al. (2000) to identify tectonic activity and base-
level changes that can generate anomalous features. These anomalies are mainly drainage
networks, such as river inflections, knickpoints, hanging valleys, river captures and
asymmetrical valleys.

The drainage network and its attributes were obtained automatically from the ALOS-
PALSAR imagery, using Hydrology tool from ArcGis at 1:200,000 scale. The main directions
of the 1st and 2nd order drainages were generated and statistically treated using ArcGis and
Stereonet© (Allmendinger, 2011) softwares, respectively.

A widely used metric for identifying tectonic or lithologic controls over the slope of
river topography is ks (channel steepness index) (Kirby and Whipple, 2012). To generate the
channel steepness index (ksn) map for the drainage network, we used the empirical relationship,
first recognized by Hack (1957), which expresses the slope (S) as a function of channel
steepness (ks) and drainage area (A), known as the slope-area power law relationship (Flint,
1974; Howard and Kerby, 1983):

s=KA"? (01)

where 0 is the concavity index. Empirical studies suggest that the concavity index is generally
in a range between 0.3-0.6 regardless of the uplift and erosion rates, unlike the steepness index
(ks) which varies with these factors (Kirby and Whipple, 2001; Tucker and Whipple, 2002;
Wobus et al., 2006). For effective comparison between rivers with widely varying drainage

areas, a reference concavity index (0rf) is defined:

S=K,A™% (02)

where ks, is the same as ks but normalized to the reference concavity.

The ks 1s affected by the choice of Oref; the higher the 0:r the higher ks, (Wobus et al.,
2006; Kirby and Whipple, 2012). Some authors have shown that steepness index has a positive

relationship with lithological resistance to erosion; the more resistant the lithology to erosion,
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the steeper the channel will be to maintain the same erosion rate, i.e., maintain equilibrium with
uplift (Kirby and Whipple, 2001; Tucker and Whipple, 2002; Wobus et al., 2006). On the other
hand, where rock strength and climate are relatively uniform, the spatial pattern of ks, reflects
variations in local uplift. In this case, channels with high ksn may indicate greater tectonic uplift
or incision rates (Wobus et al. 2006; Kirby and Whipple, 2012; Whipple et al. 2013). Intraplate
regions are characterized by a low rate of tectonic deformation, resulting in a low ks, value
range. However, in the study area, variations of ke 20-40 m®? are significant. To calculate ken
in this study, we used the DEM with processing via MATLAB using the automated slope-area
regression in Topographic Analysis Kit (TAK) (Forte and Whipple, 2018); for ks, map we used
0.45 for the O value.

17.4 Knickpoint Distribution

To identify lithologic and structural controls on the area’s fluvial topography, we used
x (chi) — elevation plots following (Perron and Royden, 2013). Chi (X) is computed as:
- [ @ oo
=) \am (03)

2]

where Ao=1 (reference drainage area) is assumed, A(x) is the drainage area at the streamwise
distance x from baselevel x;, (Perron and Royden, 2013). Equilibrium river channels appear as
a straight line on the chi-elevation plot, and any inflections represent knickpoints, the slope of
the line provides the kg, value (Perron and Royden, 2013). Mudd et al. (2018) demonstrated
that the concavity index influences channel straightness in chi-elevation space. In this study,
we calculated the concavity index using Topotoolbox's mnoptimvar tool (Schwanghart and
Scherler, 2014), wich finds the concavity index theta (mn-ratio) that minimizes the variability
of elevation values for similar values of chi. For each basin we generate the mn-ratio and use
the value as a parameter to generate the chip plots.

The chi-plots were generated using a constrained regularized smoothing function
(ChiPlot routine, TopoToolbox) with T and K values of 0.1 and 1, respectively (Schwanghart
and Scherler, 2014, 2017). The knickpoints were determined automatically using the
Topotoolbox’s knickpointfinder tool (Schwanghart and Scherler, 2017), with a topographic

step tolerance of 30m based on a noise-magnitude identification routine.
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18 Results

18.1 Structural and tectonic analysis

18.1.1 Lineament analysis

We traced 4,310 lineaments in the study area, being 410 lineaments of outcropping dykes
and 3,900 linear topographic features (Fig. 02). The numerous outcropping diabase dykes are
associated with the Guapiara Lineament and behave as elongate topographic features with
kilometer-long extensions. They are concentrated in the southeastern region where they cut the
basement and in the northwestern region (Fig. 02a). The topographic lineaments of the region
are represented by aligned hills and escarpments (Figs. 02b-d), NW-SE direction lineaments
correspond to lineation clusters well distributed throughout the study area, parallel to the
Guapiara Lineament (Fig. 02b).

The NE-SW to ENE-WSW topographic lineaments are important features that occur
throughout the study area (Fig. 02¢). The number of NE-SW lineaments (n: 957) traced in the
crystalline basement is greater than the NW-SE lineaments (n: 230). The E-W lineaments are
also significant in the study area (n: 507) and form a well-defined zone in the sedimentary
formations of the Parand Basin, coinciding with the Sdo Sebastido Lineament interference area
(Fig. 2d). The N-S features are less prominent, totaling 120 traces (Fig. 02d).

In terms of cumulative length, the frequency and length rose diagrams of the outcropping
dykes show little directional angular variation (Fig. 02¢). For the linear topographic features,
the main directions are N50-60E, N50-60W and E-W. In the basement area the dykes strike
around N60W and cut valleys and ridges aligned to Precambrian NE-SW shear zones (Fig. 03a,
b). Comparatively, the main direction in the Parand Sedimentary Basin is N50W and
subordinately N40OW and N60W (Fig. 02a), whose most important concentration occurs near

the Escarpment of the Fartura moutain range (Fig. 03c).
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Figure 2: (a) Lineament map at 1:200,000 scale corresponding to the Guapiara Lineament outcropping dykes.
Figures (b), (c¢) and (d) show the manually extracted topographic lineaments at the 1:200,000 scale in NW-SE,
NE-SW, E-W and N-S directions, respectively, with associated lineaments and shear zones (SZ) according to
Zaléan et al. (1987). Figures (e) and (f) present the frequency and length rose diagrams for the outcropping dykes
and topographic structures, respectively, which show the amount of the traced lineaments (n:) and main directions
in each geological sector.
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Fartura Mountain Range

Figure 3: (a) Outcropping dykes with aligned relief in the Fartura river Valley. (b) Google Earth imae showing
the aligned valleys and ridges of the NE-SW Precambrian shear zones, cut by NW-SE dykes (white arrows). (c)
Escarpment of the Fartura moutain range, at Serra Geral volcanic rocks and Parana Basin sediments boundary.

18.1.2 Structural findings

Approximately 356 fault planes were surveyed in the outcropping Mesozoic dyke
domains, in the Paleozoic and Mesozoic rocks of the Parand Basin and in the Proterozoic
basement (Fig.04a). In general, medium- to high-angle dipping, frequently vertical, right-lateral
and left-lateral strike-slip faults predominate, but, less commonly, medium- to high-angle
normal faults occur (Fig.04a). The faults show decametric to decimetric planes, with irregular
surfaces sometimes filled with manganese oxide and alteration clays. Slickenlines are well
marked in the fault-filling minerals, with medium to horizontal rakes, characterizing pure strike-
slip and oblique directional faults.

In summary, we observed normal faults in all three geological domains, with the
majority being observed (Fig. 04b), with medium to high-dip planes with oblique components
presenting predominantly in two directions: NE-SW (N59E/49NW) and NW- SE
(N40W/88SW).

In the Mesozoic dykes the main movement of the transcurrent faults (NSOW/86NE),
concordant with the dykes, have predominantly sinistral kinematics, being the main movement
of the Guapiara Lineament. Right-lateral faults have main directions NE-SW to NNE-SSW
(N47E/84NW to N25E/85NW).
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In the Parana Basin (sedimentary and volcanic rocks of the Parand Basin) we collected
142 measurements on faults (Fig.04b). The left-lateral strike-slip faults are oriented to NW-SE
(N45W/74SW), NE-SW (N34E/88SE), E-W (N81E/88NW) and N-S (N4W/85NE). The right-
lateral strike-slip faults are predominantly oriented to E-W (N85W/84NE) and NW-SE
(N40W/85SW). The E-W right-lateral strike-slip faults are concentrated in the Sdo Sebastido
Lineament and its surrounding areas (Pt. 23, 25, 38 and 39 in Fig. 04a), sometimes with oblique
kinematics.

We collected 100 fault measurements in the basement rocks (Fig.04b). The right-lateral
strike-slip faults faults occur in all directions, predominating the direction NW-SE
(N41W/84SW). The left-lateral faults the main directions are NW-SE (NSOW/86NE) and E-W
(WNW-ESE).

An outcrop example shows, in the axial region of the Guapiara Lineament (Pt-20 in Fig.
04a), dykes deformed by two sets of transcurrent faults NE-SW (N35E/85SE) right lateral and
NW-SE left lateral (NSOW/85SW) (Figs. 05a-c). We observe in the Itararé Group rocks (Figs.
05d-e) meter-long, polished planes of NW normal faults striking NSOW/85NE (N317/50
slickelines) and N65W/55SW (N253/45 slickenline) Around the Sdo Sebastido Lineament (Pt.
39 in Fig. 04a) a right-lateral NSOW/85NE negative flower structure with N287/15 sub-

horizontal striations occurs in the Itararé Group rocks (Figs. 05f-g).
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Figure 5: (a) NW-SE left-lateral and NNE-SSW right-lateral strike-slip faults cutting diabase dyke. (b) and (c)
Detail of the N36W/86SW and N50W/87SW left-lateral strike-slip faults with striae (N174/15 and N322/25,
respectively) marked in manganese oxide. (d) Negative right-lateral flower structure in the Itararé Group rocks,
striking N8OW/85NE with N287/15 sub-horizontal striations as shown in insert (e). (f) Metric NW-SE normal
fault planes in the Itararé Group with detail in insert (g).

18.1.3 Synthesis of structural findings

Based on the geometric, kinematic evidence, and cross-cutting relationships, we
synthesize the fault data into main regional patterns (Fig. 06a). This synthesis and the analysis
of the kinematically compatible fault systems indicate that different deformational pulses acted
in the region (Figs. 06b-d).

The study area was affected by three tectonic pulses (Fig. 06):

(a) compressional pulse with NE-SW SHwmax and NW-SE Shpin, interpreted from N-S
(NNE-SSW to NNW-SSE) right-lateral and E-W (WNW-ESE to ENE-WSW) left-lateral
strike-slip faults and reactivation of NE-SW faults with right-lateral kinematics, with associated

normal faults;
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(b) a second deformational pulse with N-S SHwmax and E-W Shuin that reactivated the
NE-SW faults with left-lateral kinematics and the NW-SE faults as right-lateral strike-slip
faults, favored by the pre-existing NW planes generated in the first pulse (Fig. 06b);

(c) a third deformational pulse with WNW-ESE SHwmax and NNE-SSW Shuin, interpreted
as having reactivated the E-W (WNW-ESSE and ENE-WSW) strike-slips with right-lateral
kinematics. This pulse also reactivated NW-SE strike-slip faults with left-lateral movement and
normal faults. Reactivated N-S left-lateral strike-slip faults represent the R' in Riedel's model

(Fig. 06c). As well as N-S faults were reactivated with sinistral kinematics

18.2 Geomorphological analysis

18.2.1 Topographic analysis

The study area is characterized by three elevated low-relief areas limited by
escarpments, which are bounded by lithological contacts. The first highland is underlain by the
crystalline basement rocks that occurs as a band in the southern/southeastern portion of the area,
limited by the Paranapiacaba mountain scarp (Fig. 07a). The escarpment of the Paranapiacaba
mountain has a relief of more than 300m and an altitude of up to 1,300m. This site has a
dissected, moderately steep topography (slopes from 15° to >30°) and local relief of 100 to 200
m (Figs. 07d-e). Here, ridges are aligned in the NE-SW direction (Figs. 07b). The altimetric
values, observed in the swath profile, show that this compartment is in a higher topographic
position (Fig. 07f).

The second highland is formed by sedimentary Paleozoic Parana Basin rocks. The
surface is moderately steep, with higher relief values mainly in the western portions (100-150
m) (Figs. 07a-e). The Paranapiacaba mountain scarp’s reverse dips northwest and has small
escarpments with structural control in the NE-SW direction (Profile A in Fig. 07f). Prominent
features in the topography are represented by diabase dykes, while the valleys follow NW-SE
and NE-SW lineaments (Figs. 07b-c). In the swath profile of this central portion, the altimetric
values (maximum, medium and low) progressively decrease near the limit of the contact

between the sedimentary and volcanic rocks of the basin. (Fig. 07f).
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The third highland is marked by sills of the Serra Geral Formation with rugged relief.
The lithologic boundary with the Parand Basin’s sediments is best expressed in the Fartura

moutain range Scarp with relief of about 300 m (Profile A in Fig. 07f).
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Figure 7: (a) Hypsometric map of the area showing the outcropping dykes (NW-SE) of the Guapiara Lineament
and the main directions rose diagrams for the three topographic compartments. (b) Detail of the basement, in the
southeastern portion of the area, with NE-SW shear zones cut by dykes (white arrows indicate NW-SE direction).
(¢) Detail of the dykes concentration in the Fartura moutain range region, northwestern portion of the area (lower
river courses). Slope map (d) and local relief (e) with the limits of the escarpments bordering the plateaus. (d) The
Swath profile indicates three topographic base levels that occur in the region, as well as its main scarps supported
by basement and magmatic rocks. Dykes and sills are positive features in relief, while some lineaments are located
in drainage valleys.
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18.2.2 Drainage analysis

We analyzed the catchments on the Paranapanema River left bank (Apiai-Guagu,
Taquiri, Cabeceira, Itarar¢ and Cinzas Rivers) and the Jacarezinho and Laranjinha Rivers
(Cinzas River sub-basins), and Verde and Fartura Rivers (Itararé River sub-basins) catchments
(Figs. 08a-e). In general, the analyzed river basins have varied areas and the largest ones are
the Itararé, Taquiri and Cinzas rivers, with 5,351 km?, 4,392 km? and 4,091 km?, respectively,
whilst the smallest basin is the Fartura river with about 300km?. The rose diagrams show that
the 1st and 2nd order drainages in all river basins are predominantly oriented to NW-SE and,
to a lesser proportion, to NE-SW directions (Fig. 08a).

The drainage networks flow approximately from southeast to northwest. The middle
course of the Verde and Taquiri river basins main channels are aligned to the Guapiara
Lineament. The Taquiri river channel, after breaking from the NW-SE direction, makes a sharp
curve and starts to flow in N-S direction (indicated by the arrows in Fig. 08d). There is a clear
predominance of the NW-SE direction of the 1st and 2nd order drainages and a rectilinear
drainage pattern in this direction (Fig. 08d).

The downstream portion of the Jacarezinho river basin are oriented to N-S direction and
coincide with the direction of rectilinear tributaries of the Paranapanema river (indicated by the
circle in Fig. 08c). The Jacarezinho river crosses a narrow valley over the Serra Geral Formation
with an anomalous westward turn. On its right margin, the divide with the neighboring, N-S
oriented basin is marked by low elevations, suggesting a possible wind-gap that once connected
the two basins. Strike-slip N-S faults were mapped in this region, with left-lateral (N25E/80SE
with 030/20 slickenside) and right-lateral (N20E/88NW) kinematics.
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Figure 8: (a) Drainage map of the analyzed river basins with frequency rose diagrams indicating the NW-SE and NE-SW
preferred directions of 1st and 2nd order drainages for each catchment. (b) the Upper Laranjinha river headwater in N-S direction
coinciding with the direction of two straight tributaries of the Paranapanema river (indicated by the circle). (c) Main channels of
the Itararé, Verde, Taquiri, Apiai-Guacu and Cabeceira rivers converging in a single point in the S3o Sebastido Lineament region.
(d) Ist order drainages (red) in NW-SE direction and the Taquiri and Verde rivers inflection towards this direction. When leaving
the NW-SE direction the Taquiri river makes an accentuated curve and starts to flow in N-S direction (indicated by the arrows).

Downstream of the Paranapiacaba mountain scarp, the channels of higher order (4th and
5th) of the Cabeceira, Apuau-Guagu, Taquiri, Verde and Itararé catchments converge at
approximately the same latitude. This latitude coincides with the trace of the Sdo Sebastido
Lineament (Fig. 08c). A plot of drainage area versus distance from the headwaters reveals an
drainage area gain coinciding with these trace of the fault (Fig. 09). This gain is consistently
positioned approximately 80 km from the headwaters of each basin. Fig. 11 shows that upstream
of the Sao Sebastido Lineament, most tributaries follow a roughly logarithmic downstream gain

in drainage area. This trend is abruptly interrupted at the lineament but resumes a smooth profile

downstream of the structure (Fig. 09).
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18.2.3 Spatial distribution of the knickpoints and normalized channel steepness index (ks)

A map of channel steepness (ksn) patterns highlights that most of the high ks, values
coincide with the highest areas, e.g. Fartura mountain range and the Paranapiacaba mountain
scarp’s reverse (Fig. 10). We observe locally higher ks, values (~52 - 95 m®?) in the scarp and
along the Cinzas, Itararé, Verde and Taquiri rivers catchments coinciding with a change in

lithology from sandstones from the Itararé Group rocks to quartz-sandstones from the Furnas
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Formation. In the basement, the headwaters of the Apiai-Guaguand Cabeceira rivers (Fig. 10)

have high ke values (~45-70 m®?), indicating lithological control.

56°W 4!‘3“W LEGEND

Cenozoic

Unconsclidated
sediments

[Gondwana lll Supersequence

Neojurassic-Eocretaceous)

Serra Geral Formation
{Volcanic rocks)

Botucatu Formation
(Canglomeratic
sandstones)

Gondwana | Supersequence
{Carboniferous- Eotriassic)

23°S

Passa Dois Group

@B Ric do Rasto Formation
{(Claystone}
Teresina F. {Siltstones,
claystones}

@ Serra Alta Formation
{Shale)
@ Irati Formation {Shale}

Guata Group
Palermo Formation

hale;
Laranjinha @ Rio Bonito Formation
(Sandstone)
) Itararé Group
{Sanstone, siltstone}

22°5

Gondwana | Supersequence
Cabeceira {Carboniferous- Eotriassic)
Parana Group

@B Furnas Formation
{Conglomeratic

Cinzas Verde sandstones)

Ponta Grossa Formation

Taquiri N
A {Sandstones, siltstones
20

Apiai-Guagu

and shales)
40 Precambrian / Eopaleozoic

Crystalline Basement

o

Normalized Steepness
Index

Ksn m0.9
—=<15

15-25

25-45

——45- 85

—>85

Lineaments
Zalan et al. (1987)

—-f—-—Transtensive faulf
AN

23°8

Strike-slip fault
—— Normal fault
(a) SZFigueira

(b) 8Z Q. Oitava

(c ) SZ E. Santo

O Knickpoints
' Featured knickpoints

SVL -Sedimentary and
volcanic rocks limit

22°S

Ps- Paranapiacaba

Cabeceira mountain scarp

Taquiri Apiai-Guagu

4

Elevation{m) 40
0 1

— + km

Itararé

Figure 10: (a) Distribution map of ks, values, the drainage is represented in the form of logarithmic deviation
from an ideal profile, where the blue shades mean smooth altimetric deviations and concave reaches, the reddish
shades - convex reaches in the channel profile - configure possible knickpoint locations and the intermediate colors
represent transitional regions. The highest values are associated with the Fartura moutain range and Paranapiacaba
mountain scarp’s elevations. Note the distribution of knickpoints (white stars), which are aligned to the Sao

Sebastido Lineament. (b) Distribution map of ks, values and possible associations with the mapped faults and the
main structural lineaments according to Zalan et al. (1987).




123

In general, the river basins that have their upper reaches flowing over the basement
and/or over the Furnas Formation, present chi-plots with a "ladder" aspect and knickpoints with
high ksn (~45-96 m®°) in the headwaters (Fig. 11). However, knickpoints are also observed in
portions where there are no changes in lithology and in the lower reaches of the rivers before
the confluence with the main channel (indicated by star symbol in Figs. 10-11).

The basement is represented with a homogeneous pink color in the chi-plots and
presents varied rocks with low to medium metamorphic degree limited by NE-SW shear zones
or right-lateral strike-slip faults (Basei et al., 2009; Heilbron et al., 2010). Knickpoints at the
headwaters coincide with lithological differences (Figs.10b-11), indicating possible

lithostructural control.
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The dykes of the Guapiara Lineament constitute positive features in the relief and also
promote high ks, (Fig. 12) and which are deformed by faults with vertical displacement, as
shown in Fig. 05. For example, the Fartura river basin is located in a region with high dyke
concentration, particularly in its right banks (Fig. 12). Here, high ks, values (~40-90 m®°) and
knickpoints mark tributaries which cross these geomorphological barriers (Figs. 12a-c). This
occurs similarly in the right bank tributaries of the Verde River basin (Fig. 12d). Interestingly,
where there are no dykes in the left bank of the Fartura River basin (Fig. 12a) or where dykes

form drainage divides (Fig. 12e), we observe lower ke values (~24 m®), suggesting that the

dykes maintain the high channel slope.
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that the ksn values are higher upstream of the dykes and NW-SE 1st order valleys occurrence. (¢) Mesozoic dyke
in the interfluve of Taquiri River tributaries (imagery obtained from Google Earth).
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The knickpoints in the Itararé, Verde, Taquiri, Apiai-Guaguand Cabeceira river basins
are concentrated around 550 m altitude and with ke values (~20-40 m®?), which are associated
with confluence zones of drainage and chandelier patterns (Figs. 08c and 10). In order to better
observe possible drainage captures in the confluence zones, the chi-plots were redone excluding
the drainage areas downstream of the Sdo Sebastido Lineament (Fig. 13a). The results show
knickpoints in the elevation range between 530 and 550 m, close to the Sdo Sebastido
Lineament (Fig. 13b). In this region, E-W (N8OW/87NE) and NE-SW (N60OE/87NW)
transtensional faults were mapped. In the Taquiri River basin, a tributary river flows parallel to
a NW-SE (N60W/86SW) left-lateral transtensional fault, which is associated with the Guapiara
Lineament (Figs. 13a). The basin is asymmetric about the NW-SE trend, with ks, values that
decrease upstream (Fig. 13¢). The plot shows the occurrence of knickpoints along the channels,

which are not associated with lithological change (Figs. 13d-e).
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Figure 13 (a) Image with the Itararé, Verde, Taquiri, Apiai-Guagu and Cabeceira river basins ksn values, limited
by the Sdo Sebastido and Guapiara lineaments and coincident with the mapped faults. (b) Chi-plots indicating
knickpoints (circles) in the elevation range between 530 and 550 m. (c) Detail of the Taquiri River sub-basin kg,
values, with asymmetric fluvial valley and main channel parallel to NW-SE (N60W/86SW, slickenside 160/84)
left-lateral transtensional fault. (d) Schematic drawing of the Taquiri River sub-basin with circles indicating the
presence of knickpoints. (e) Chi-plot of the Taquiri River sub-basin, showing knickpoints represented by circles.
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In the lower Itararé, Taquiri, Apuau-Guagu, and Cabeceira river basins it is observed
that the channels are confined to a narrow valley, forming a reach of anomalous meanders
limited by E-W and NW-SE fault segments (Figs. 14a-d). Cenozoic alluvial sediment
accumulation with lateral migration occurs in this reach (Figs. 14c-e). In this portion of the
Itararé River, this frequent meandering is limited by E-W (N80OW/85NE) right-lateral
transtensional faulting, where the river shows southwestward displacement leaving abandoned
meanders on the right bank, near the fault (Figs. 16b-c). This characteristic explains the low kg,

values (<15 m®) in this portion, while the ks values are higher upstream and downstream of

the anomaly, as observed in the Cabeceira River basin (Figs. 14d-e). In the Taquiri River basin,
the interaction of E-W (N74W/85NE) right-lateral transtensional faults with NW-SE
(N8OW/85NE) left-lateral transtensional faults.
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Figure 14 (a) Drainage map of the lower Itararé, Apuau-Guacu, Cabeceira, and Taquiri river basins, showing area of
Cenozoic alluvial sediment accumulation and lineaments and faults that occur in the region. (b) Meandering portion of
the Itararé River delimited by E-W transtensional faults; the river is displaced to the left indicating a probable channel
migration (indicated by the arrow). (c) Schematic drawing of the Itararé River, showing Cenozoic alluvial sediment
accumulation (Q2) and abandoned meanders, as well as ks, values. (d) Entrenched and meandering segments of the
Cabeceira River (e) Schematic drawing of the Cabeceira River, showing Cenozoic alluvial sediment accumulation (Q2)
and abandoned meanders, as well as ks, values.

High ksn values (~52 - 95 m®?) found in Paranapiacaba mountain scarp’s reverse, mainly

constituted by Furnas Formation sandstones, show associations with the anomalous chandelier
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patterns, NE-SW segments with N-S oriented tributaries (Fig. 15a-d). This morphology may be
associated with left-lateral transtensional faulting, as observed in the Itararé river catchment
where part of the drainage system may have been captured by fault evolution (Figs.15b-d). In
the Itararé river basin, the ENE-WSW lineament is a right-lateral transtensional fault, striking
N8OE/88SE (slickenside 211/87), more than 6 km long that forms a southeast-dipping fault
scarp that promotes northeastward displacement of the main channel (Figs. 15a-c). This results
in chandelier drainage anomalies, elbow-like patterns, and drainage captures on the scarp’s

reverse and channel abandonment (Figs. 15¢c-d).
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imagery.

19 Discussion

The Ponta Grossa Arch evolution is associated with uplift of the southeastern Brazil that
occurred mainly from the Lower Cretaceous. This morphostructural feature has recorded
several tectono-magmatic and uplift events, which are reflected in the Guapiara Lineament
(Almeida and Carneiro, 1998; Rostirolla et al., 2005; Strugale et al., 2007; Franco-Magalhaes
et al., 2010). The Guapiara Lineament represents the northern limit of the Ponta Grossa Arc

(Ferreira et al., 1981; Machado Jr., 2000), and according to Meisling et al. (2001) and Souza et
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al (2009) spreads to the offshore portion of the Atlantic Ocean, as a transfer zone in the Santos
Basin, one of the most important oil basins in Brazil.

When investigating the recent tectonic reactivations in the study region, we were
confronted with the existing difficulty in recognizing the post-Mesozoic tectonics since it is an
intraplate environment, apparently stable, and/or because of the low rate of tectonic
deformation. In this section, we interpret the structural and geomorphic data and discuss their
importance in identifying intraplate faulting.

The study area is composed of morphostructural features represented by the
Paranapiacaba mountain scarp (boundary of the Precambrian basement rocks and the Parana
Basin sedimentary rocks) and the boundary of the Parana Basin sedimentary rocks and the Serra
Geral Formation volcanic rocks. Additionally, it presents important tectonic features
represented by the Guapiara, Sdo Sebastido, Jacutinga and Guaxupé¢ lineaments and the ancient
shear zones. Thus, these are fundamental variables that control the landscape evolution and

drainage reorganization, associated with climatic factors that also changes the landscape.

19.1 Structural analysis: characterization of fault systems

The strike-slip (NE-SW, NW-SE, E-W) and normal (NE-SW, NW-SE) faults show
good correspondence with the linear topographic features as well as the lineament traces
established by Zalan et al. (1987). In the basement, NE-SW lineaments have main direction
N40-60E that correspond to the right-lateral shear zones that occur there (Espirito Santo,
Quarenta Oitava and Figueira shear zones), besides associated faults striking NE and ENE
directions (Heibron et al., 2008; Basei et al., 2008) (Fig.4c). In the Parana Basin, the NE-SW
to ENE-WSW (N40-70E) clusters correspond to the Guaxupé and Jacutinga lineaments
interference areas (N60OE to N70E), inherited from the basement (Zalan et al., 1990) and
represented on the surface by aligned valleys and scarps.

The N-S strike-slip faults, on the other hand, are not as evident as topographic
expressions. However, they seem to coincide with abrupt changes in drainage network
segments, such as the one observed in the Jacarezinho River (Fig. 08d). Another significant
surface expression of faulting is the NE-SW strike-slip faults with medium dip-angle and
oblique striations (transtensional faulting) which formed the topographic escarpment in the
Itararé river catchment and favored river beheading and drainage capture (Fig. 15). These

observations are consistent with previous studies which have reported the importance of N-S



129

faults as new Cenozoic features in the control of drainage basins in southeastern Brazil (Hasui,
2010; Morales et al., 2001).

The E-W and NW-SE strike-slip faults, in the Sdo Sebastido and Guapiara lineaments
region, are associated with the oblique strike-slip regime and associated normal faults. The E-
W normal faults with medium (~50°) to high dip (~75°) angles and negative flower structures
are related to the E-W right-lateral strike-slip system (Fig. 05).

The relative chronology of the tectonic pulses shown in this study matches the fault
cross-cutting relationships and comparison of paleostress studies in the Cenozoic context of
southeastern Brazil, as summarized by Silva and Mello (2011) and Salamuni and Fiori (2012).
For example, we observe: (a) N40-70W strike-slip faults with azimuth concordant with the
dykes along the Guapiara Lineament, that is, post-Eocretaceous faults; (b) deformation of the
dykes by E-W strike-slip faults and N-S faults, which represent relevant new structures in the
southeastern Brazil Cenozoic tectonics (Hasui, 2010; Morales et al, 2001); (c) superposition of
fault orientations, recognition and description of regional tectonic events. These indicate the
reactivation and nucleation of faults, due to different post Eocretaceous tectonic events
(Machado Jr., 2000; Riccomini et al., 2004; Strugale et al., 2007; Franco-Magalhaes et al., 2010;
Vedovello, 2017). The identified faults deform all three geological compartments of the study
area: the Proterozoic basement, Paleozoic sediments, and the Mesozoic volcanic spills of the

Parana Basin.

19.2 Distinguishing geomorphic signatures of fault reactivation and lithologic controls

The lithological variations influence channel steepness index (ksn) and the generation of
knickpoints (see Fig. 10). The portions of high ke values (>45 m®) clearly coincide with areas
of higher elevations and occur over resistant rocks, as in the crystalline basement (e.g.
headwaters of the Apiai-Guaguand Cabeceira river basins), in the volcanic rocks of the Serra
Geral Formation (e.g. downstream of the Jacarezinho, Cinzas and Laranjinha river basins), and
in the quartzitic sandstones of the Furnas Formation that sustain the Paranapiacaba mountain
scarp’s (e.g. the Verde, Itararé, Taquiri and Cinzas river basins). This occurs because the more
resistant the lithology, the steeper the channel must be to keep at the same erosion rate to
maintain equilibrium with uplift (Wobus et al., 2006; Kirby and Whipple, 2012; Whipple et al.,
2013).

Knickpoint analyses along the southern and southeastern Brazil passive margin have

been performed and the results obtained are in agreement with what is expected for active
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environments (Sordi et al. 2018; Peyerl et al., 2018; Santos et al., 2019a; Salamuni et al., 2021).
The knickpoint distribution in our study area, shown in Fig.10, demonstrates transient
topographic disequilibrium. Although there are slope breaks associated with lithologic
variations, there are knickpoints related to faults and fractures, indicating that tectonic
reactivations are causing relief rejuvenation and drainage reorganization (Fig. 10). There are
indications of litho-structural control, such as those associated with the Guapiara Lineament
dyke swarms, which appear to be important in maintaining the streams high slopes (e.g., Fartura
River basin) (Fig. 12). However, despite the coincidence of high ks, values with the dykes, the
latter are deformed by faults with vertical displacement, and therefore it is difficult to attribute
the effect on ks values and the generation of knickpoints to a single factor.

The Paranapiacaba mountain scarp’s reverse, despite being underlain by the Furnas
Formation, shows typical features of a tectonically active environment, as it is characterized as
a transtensional fault scarp with a southeastward dip towards the headwaters of the Itararé River
(Figs. 15c-d). The tectonic model points to N8OE/88SE right-lateral transtensional faults with
drainage deflection similar to that reported by Ouchi (2005) and Reitman et al. (2019) on the
San Andreas Fault (Figs. 16a-c) and on the Red River Fault (China), a right-lateral strike-slip
fault considered to be one of the largest in Asia (Replumaz et al., 2001). On the scarp’s reverse
we observe N-S and NE-SW lineaments in the relief that are associated with high ks, values
(Fig. 15a) and coincide with transtensive faults.

The inflections in river profiles in the basins which transverse the Sdo Sebastido
Lineament (Figs. 09-13b) coincide with right-lateral transtensive movement mapped in the
field. We observe successive drainage capture elbows consistent with continuous fault
displacement as shown in the numerical models analyzing the drainage response to strike-slip
fault movement (Duvall et al., 2015; Reitman et al., 2019) (Fig. 16d). The tectonic influence in
this portion is corroborated with the occurrence of high ks, values downstream of the lineament
not coincide with different litologies as well as knickpoints at elevations between 530 and 550
m in the main channels and their tributaries (Fig. 14b). The presence of knickpoints in this
portion can be reconciled with base level drop caused by the transtensive movement of the Sao
Sebastido Lineament. The knickpoints are not clustered at a specific elevation and chi; can be
explained by the possible lithological variations present in the Itararé Group between the
tributaries that could cause the knickpoints, generated by the transtensive fault, in the chi-z
space (Figs. 13a-b), consistent with the fluvial response to tectonic faulting (Kirby and Whipple,
2012; Beeson and McCoy, 2020).
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The confinement and meandering downstream courses of the Itararé and Cabeceira
rivers, which exhibit increased sinuosity when crossing Cenozoic alluvial deposits (see Fig.
16), results from the nucleation of right-lateral transtensional faults parallel to the Sao Sebastiao
Lineament. Increased channel sinuosity and sediment input may be in response to channel
adjustment to deformation, as modeled by Schumm et al. (2000) (Fig. 18f). The landscape
deformation resulting in E-W cluster tectonic subsidence bounded by strike-slip faults is similar
to pull-apart features in typical regions of transtensive systems, as observed by Wijk et al.

(2017) in the Gulf of California (Fig. 18¢).

19.3 Genetic relationships between tectonic events and the landscape

From the structural analysis we identified three tectonic pulses, the oldest of which is
the NE-SW SHwmax and NW-SE Shpin (Pulse A in Fig. 18h). This event must have occurred
between the Paleocene and Eocene based on paleostress data in adjacent areas (Salvador and
Riccominil, 1995; Silva and Melo, 2010; Strugale et al, 2007) and based on
thermochronological studies (Franco-Magalhaes et al., 2010 and Karl et al., 2013). This pulse
was responsible for the nucleation of E-W left-lateral strike-slip faults and possibly the first
moment of left-lateral reactivation of the Sdo Sebastido Lineament (E-W) and formation of N-
S and NE-SW right-lateral strike-slip and transtensional faults. These faults controlled some
portions of the drainage network, such as the middle Jacarezinho river and Paranapanema River
left bank tributaries (Fig. 10b).

The deformation events that followed the first one evolved in a counterclockwise
direction. For example, the second pulse with N-S SHmax and E-W Shmin (Pulse B in Fig. 18h)
was responsible for the new reactivation of NW-SE weakness zones, associated to the Guapiara
Lineament in the NE-SW Shmin distensive pulse (Lower Cretaceous), as right-lateral strike-slip
faults. Also associated with this pulse is the reactivation of NE-SW faults with left-lateral strike-
slip kinematics (e.g. Guaxupé and Jacutinga lineaments). This event is correlated to the
Miocene-Pleistocene deformation in other Brazilian Neocretaceous and Paleogene areas such
as the Curitiba Basin (Chavez-Kus and Salamuni, 2008).

The N-S compressional pulse varied during the Pleistocene and rotated
counterclockwise until it reached the WNW-ESE SHwmax direction (Pulse C in Fig. 18h). This
tectonic pulse is the most recent and has been active since the Pleistocene and corresponds to

the Quaternary compression described in several other locations in Brazil (Salvador and
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Riccomini, 1995; Salamuni et al., 2003; Morales et al., 2001; Peyerl et al., 2018; Santos et al.,
2019a).

The E-W pulse (Pulse C in Fig. 18h) records the most recent reactivation of the NW-SE
fault zones of the Ponta Grossa Arch, resulting in increased exhumation in the region,
interpreted by thermochronological data (Franco-Magalhdes et al., 2010). This event is
associated with the current South American Plate E-W stress field, with variations to WNW-
ESE to ENE-WSW, depending on local geological characteristics (lithology, degree of
fracturing, faults, depth of stress) (Salvador and Riccomini, 1995; Marotta et al., 2013;
Assumpgao et al., 2016; Morales et al., 2001; Santos et al., 2019a).

The pulse C (SHvmax WNW-ESE) has more importance in the study area since it is the
most recent deformation episode and its structures spatially coincide with clear anomalous
drainage network and relief variations. Based on field data, we argue that this episode is
responsible for the reactivation of the Guapiara Lineament as NW-SE and N-S left-lateral
strike-slip faults. Furthermore, the pre-existing E-W faults (ENE-WSW to WNW-ESSE) and
those associated to the Sdo Sebastido Lineament were reactivated as right-lateral strike-slip
faults in pulse C. Here, tectonic subsidence occurred transverse to the catchments due to the
transtensional character of the Sao Sebastido Lineament (Fig. 18e). This analysis is consistent
with Hasui (1990, 2010) and Morales et al. (2001) who recognized the importance of the E-W
lineaments as transpressive and transtensive systems with importance in sediment production
for the Brazilian coast offshore basins (Santos Basin). The pulse C caused the left-lateral
reactivation of the Guapiara Lineament generating NW-SE left-lateral normal-oblique fault
planes responsible for the formation of the 1st and 2nd order rectilinear drainage pattern (Fig.
10d), block subsidence, drainage migration and basin asymmetry (Figs. 16c-d).

The Guapiara Lineament, as well as basement NE-SW shear zones, propagates to
offshore as transfer fault zones in the Santos Basin, considered one of the most promising
petroleum exploration areas in Brazil (Souza et al., 2009; Meisling et al., 2001). The transfer
fault zones cause pronounced displacements in their sedimentary sections and exert structural
controls on post-Miocene depocenters (Souza et al., 2009; Meisling et al., 2001). The
reactivations of NW and NE fault zones may be related to the reactivated Upper Cretaceous
and Miocene transfer zones in the Santos Basin, according to Cobbold et al. (2001) and
Meisling et al. (2001). These displacements are corroborated by identification of the Guapiara
Lineament reactivation and NE-SW faults in the N-S SHwmax (Miocene-Pliocene) and WNW-
ESE SHwax (active since the Pleistocene) tectonic pulses in the continental portion. The

topographic expression of these reactivated faults demonstrates that the onshore landscape
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evolution data may provide valuable information for constraining the deformation field in the
Brazilian south and southeast.

The transtensive (NW-SE, E-W and NE-SW) and strike slip faults (NE-SW, NW-SE,
E-W) mapped in this study corroborate this regional tectonic context. The correlation between
these faults and geomorphic features in the study area reveals that regional tectonic activity can
disturb landscapes in the interior of plates even with slow tectonic activities when compared to
active tectonic edges, with estimated tectonic deformation rates for the central part of the South

American plate tectonic of approximately -7.10 to 0.20 nanostrain/year (Vieira, 2020).

20 Conclusion

The study area is predominantly deformed by NW-SE, E-W, NE-SW and N-S strike-
slip faults that represent important and temporally distinct post-Gondwana-break-up
reactivation zones. These structures are directly related to the Ponta Grossa Arch and Southeast
Brazilian Continental Rift evolution. Various morphometric param (channel steepness index,
chi-plots, drainage anomalies) revealed that the landscape in this area partly records this history
of tectonic deformation. They showed that the landscape morphology is not only related to
lithological wvariations, but that fault reactivations locally caused rejuvenation of the
topography. We reached this conclusion based on topographic signatures of renewed river
incision near reactivated structures identified based on cross-cutting relationships.

The lineaments that occur in the region, such as the Guapiara and Sdo Sebastido
Lineaments and the NE-SW crystalline basement shear zones have substantially modified the
local topography. The drainage anomalies (knickpoint and high ks, value) are correlated to the
structural/tectonic lineaments in which we recognize strike-slip and transtensional faults with
right-lateral and left-lateral kinematics.

The three tectonic pulses revealed tectonic reactivations of the main pre-existing
lineaments that occur in the region (Guapiara, Sdo Sebastido, Guaxupé and Jacutinga
Lineaments). These tectonic reactivations perturbed the local topography indicating that
intraplate tectonics may play a significant role in driving landscape transience in southeastern

Brazil.
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CAPITULO VIII

22 CONCLUSOES

A escolha de estudar reativagdes Cenozoicas na margem passiva do sudeste do Brasil
veio da necessidade de um melhor conhecimento sobre as paleotensdes e tensao presente que
provocaram deformacdo morfotectonica na regido. Uma vez que, ¢ um ambiente geologico
considerado intraplaca, seria esperada uma quiescéncia tectonica. Entretanto, ha pesquisas que
indicam a movimenta¢ao crustal na area de influéncia dos lineamentos na dire¢do NW,
incluindo o Lineamento Guapiara. Iste teria ocorrido no periodo pds-cretaceo, ou seja, pos
abertura do oceano Atlantico onde a margem passiva brasileira se instalou. Essas
movimentagoes estariam ligadas a reativagdes tectonicas cenozoicas que influenciariam tanto a
rede de drenagem quanto o relevo da regido. Estes elementos, por sinal sdo 6timos indicadores
para observar se zonas de falhas sofreram reativagdes ao longo do cenozoico.

A partir disso, adveio a motivagao cientifica de para entender as movimentagdes
tectonicas no Lineamento Guapiara, ja que € um lineamento magnético-estrutural que perfaz o
limite setentrional do Arco de Ponta Grossa. Este lineamento faz parte das feigdes tectonicas
mesozoicas mais expressivas do sudeste brasileiro, e se propaga para a por¢do offshore do
Oceano Atlantico, como zona de transferéncia na Bacia de Santos, importantissima bacia
petrolifera do Brasil. O estudo tem sua importancia atrelada ao melhor entendimento das
estruturas geoldgicas que compde aquifero existente nessa regido (Aquifero Guarani), e até
mesmo a entender as reativagdes das zonas de transferéncia NW na Bacia de Santos.

O uso de andlises qualitativas aeromagnéticas (THDR, ASA, TDR, TDR-THDR e
TAHG) e semiquantitativas (Solugdes de Euler e Radial Power Spectrum) em dados magnéticos
levou a melhorias substanciais nos modelos geoldgico-estruturais pré-existentes do Lineamento
Guapiara. Os dados da pesquisa demonstraram que a regido de estudo ¢ predominantemente
deformada por falhas transcorrentes NW-SE, E-W, NE-SW e N-S que representam importantes
e cronologicamente distintas zonas de reativacdo pds abertura do oceano Atlantico. Essas
estruturas estao diretamente relacionadas a evolu¢do do Arco de Ponta Grossa ¢ do Rift
Continental Sudeste brasileiro.

Os varios parametros morfométricos (ksn, chi-plot, knickpoints, anomalias de
drenagem) revelaram que a paisagem nesta area registra em parte essa historia de deformacao
tectonica. Os lineamentos que ocorrem na regido, como os Lineamentos Guapiara e Sao

Sebastidao e as zonas de cisalhamento do embasamento cristalino NE-SW modificaram
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substancialmente a topografia local. Os estudos possibilitaram a determinagdo de pelo menos
trés pulsos deformacionais, que propiciaram reativagdes tectonicas dos principais lineamentos
pré-existentes que ocorrem na regido. Tais reativagdes modificaram a topografia local,
indicando que a tectOnica intraplaca pode desempenhar papel significativo na condugdo da

transitoriedade da paisagem no sudeste do Brasil.
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ANEXO1

Afloramentos que constaram e ndo constaram nos artigos descritos com maior riqueza
de detalhes, segue abaixo:

Na regido de maior concentragdo de diques do Lineamento Guapiara, mais
especificamente na por¢do norte da bacia do rio Fartura (Pt-20) foi encontrado um dique (NW)
fraturado com 5 m de altura e 4 m de largura intrudido nos arenitos da Formagao Botucatu. Nos
identificamos duas familias de falhas transcorrentes que seccionam o dique (Figs. 01 a-a’) com
planos preenchidos por argilominerais estriados, com mergulhos que variam de médio a baixo.
A primeira familia apresenta elementos de cinemadtica dextral com dire¢do de NNE-SSW a NE-
SW (N26E/82SE com slickenside N030/25 e N35E/85SE com slickensides N215/15) com
movimenta¢do normal (Figs. 01 b-c). A segunda familia corresponde as falhas sinistrais com
componente direcional normal, de direcdo N36W/86SW e NSOW/87SW e slickensides
marcadas no 6xido de manganés com atitude de N326/15 e N322/25 (Figs. 6 d-¢). Foi observado
que a falha dextral N26E/82SE e sinistral N36W-86SW sao falhas conjugadas formadas a partir
do paleostress local SHmax na direcio WNW-ESSE (Fig. 01 a’). Nos observamos outro dique
de diabasio a cerca de 2 km (Pt.21) seccionado por falhas transcorrentres sinistrais N-S
(N15W/85NE) com slickensides N350/10 (Figs. 01 f-f*). Associado ao plano N-S foi observado
uma falha normal com componente dextral de alto angulo WNW-ESE (N82W/75NE), com
slickensides N066/63 marcado no 6xido de manganés (Fig. 01f”"). E novamente observamos
falhas transcorrentes sinistrais NW-SE (N40W/80NE) com slickensides sub-horizontais
N330/23.

No médio curso do rio Taquiri (Pt-22) identificamos falhas transcorrentes dextrais E-W
(N8SE/B5SE) (Fig. 02a) seccionando os diques com s/ickensides sub-horizontais variando entre
5° a 10° (Fig. 02b). Falhas transcorrentes na direcio NE-SW (N35E/80SE) também foram
observadas com slickensides N042/20 com fraturas do tipo R nos planos indicando cinematica

dextral (Fig. 02c).
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Figura 01 (a) Dique de diabasio seccionado por falhas sinistrais NW-SE e dextrais NNE-SSW. (a’) Desenho esquematico dos
planos de falhas transcorrentes NW-SE ¢ NE-SW conjugadas, inferido o SHwmax na diregio WNW-ESSE para a formagao dessas
falhas. (b) e (c) Planos de falhas dextrais NE-SW (N26E/82SE e N35E/85SE) com slickenlines sub-horizontais com N030/25 e
N215/15 marcadas no argilomineral. (d) e (e) Planos de falhas sinistrais NW-SE (N36W/86SW ¢ N50W/87SW) com slickensides
N326/15 e N322/25, respectivamente, marcados no 6xido de manganés. (f) Dique de diabasio seccionado por falhas
transcorrentes sinistrais NW-SE (N40W/80NE) com slickensides sub-horizontal N136/23 marcado no 6xido de manganés como
mostra na figura (f). Falha normal WNW-ESSE (N82W/75NE) com slickensides N66/63 marcado no 6xido de manganés na
figura ().



Figura 02 (a) Planos de falhas transcorrentes dextrais E-W seccionando o dique de diabasio (b) Plano de falha
transcorrente dextral N88E/85SE com slickenside N082/10 (c) indicador cinematico fraturas R no plano de falha dextral
NE-SW com slickensides N045/10 (d) Fraturas R no plano de falha transcorrente E-W (N8OE/85SE) e slickensides
inclinados (N147/82) mostrando cinematica sinistral (e) Fraturas R e fraturas escalonadas no plano de falha
transcorrentes NE-SW (N68E/S80SE) mostrando cinematica dextral (f) Plano de falha transcorrente NE-SW
(N60E/85NW) com slickensides N240/05, com cinematica dextral provado pelas fraturas R (g) plano de falhas normais
E-W com fraturas R.
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Encontramos dique de diabasio (Pt-23) fraturado por falhas transcorrentes sinistrais E-
W (N8SOE/85SE) com slickensides inclinadas N147/82, com rejeito direcional normal, cuja
cinematica foi confirmada pelas fraturas escalonadas e fraturas R (Fig. 02d). Fraturas R também
foram reconhecidas no plano de falha NE-SW (N68E/80SE) com slickensides N170/85 (Fig.
02e). Na area a jusante do rio Jacarezinho (Pt.9 in Fig. 5a) foi observado um dique intrudido
em rochas vulcanicas onde observamos falha transcorrente dextral NE-SW (N60E/85NW) com
slickensides N240/05 (Fig. 7f). No mesmo afloramento foi reconhecido plano de falha normal
E-W com alto angulo de mergulho (N87W/89NE), a cinematica da falha foi confirmada a partir
das fraturas R (Fig. 02g).

Na regido a jusante da bacia do rio Itararé, nos arenitos do Grupo Itararé (Pt. 24) ocorre
uma estrutura em flor negativa nos sedimentos do Grupo Itararé com cinematica dextral E-W
(N8OW/85NE) com slickensides sub-horizontais N287/15 (Fig. 03a-a’). Planos de falhas
normais WNW-ESE (NSOW/85NE) com estrias N317/50 com componente dextral também
foram reconhecidos. No afloramento de pelitos na Bacia do Paranid (Fig-27), foram
reconhecidos planos de falhas transcorrentes sinistrais NE-SW (N30-40W/89SW), penetrativos
em todo o afloramento, em geral regulares, abertos, cortando planos de falhas transcorrentes
sinistrais N-S (N25W/88W) com estrias N326/05 (Fig. 03 b-b’). Nos sedimentos do Grupo
Itararé (Pt. 26) proximo a ocorréncia de diques diabasio foram observadas falhas normais em
arenitos caracterizadas por planos métricos e polidos com espagamento de 1m na diregdo NW-
SE (N65W/55SW) com slickensides N253/45 (Fig. 03c-c’).

Em dacito da Formagdo Serra Geral (Pt. 4) foi observado uma zona de cisalhamento
decamétrica associada aos planos de falhas transcorrentes dextrais WNW-ESE (N8OW/85SW)
com slickensides sub-horizontais N115/15 (Figs. 03d-d”). Os planos, em geral, apresentam
movimentagdo obliqua, ocorrendo estruturas em flor negativa de cinemadtica dextral
N79E/85SE com estria N250/05. As falhas transcorrentes dextrais NW-SE (N40W/88NE) com
slickensides N140/10 (Fig. 03d’’"), sdo intersectadas pelas falhas E-W

Na regido adjacente a cidade Guapiara (Pt. 34), observamos um dique intrudido em
metacalcario do embasamento cristalino, com plano de contato NW-SE (N55W/89NE). Foram
reconhecidas duas familias de falhas normais de baixo angulo nas direcdes NE-SW
(N40E/48NW) e NW-SE a NNW-ESE (N38W/54NE) com estrias downdip, caracterizadas por
planos métricos preenchidos por oxido de manganés estriados (Figs. 03e-e¢’). Ainda no

embasamento (Pt. 35), foi observado uma zona de cisalhamento com cinemadtica sinistral
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WNW-ENE (N70E/80NW) seccionando tanto o metacalcario pré-cambriano quanto o dique

mesozoico, com estria N070/3 nos planos preenchidos por calcita (Figs. 03f-f”).

Figura 03 (a) Estrutura em flor negativa nos se om cinematica dextral (NSOW/85NE)
e slickensides sub-horizontais N287/15 como mostra na figura (a’). (b) Falhas transcorrentes sinistrais NE-SW
cortando as falhas sinistrais N-S (plano frontal) com slickenside N326/05 nos pelitos da Formagdo Teresina,
como mostra no detalhe na figura (b’). (c) Planos de falhas normais NW-SE com slickensides N253/45 como
mostra a figura (c”) nos arenitos do Grupo Itararé. (d) Falhas transcorrentes dextrais E-W, com estrutura em flor
negativa associada, seccionando as transcorrentes dextrais NW-SE (plano frontal) (d’) Detalhe da zona de
cisalhamento associada as transcorrentes dextrais E-W (N8OW/85SW) (d’”) Detalhe das fraturas R indicando
cinematica dextral para os planos NW-SE. (e) Falhas normais seccionando o dique de diabdsio com estrias
downdip como mostra no detalhe da figura (e’). (f) Zona de cisalhamento dextral E-W (N75E/75NW) com
slickenside N074/04 com plano preenchido por calcita contendo estepes congruentes indicando a cinematica da
falha como mostra a figura ().




