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RESUMO

Este trabalho apresenta a analise da influéncia tectdnica da zona de cisalhamento Patos
no controle estrutural da borda norte da Bacia do Araripe. A area de estudo abrange o contato
geoldgico entre 0 embasamento (Complexo Granjeiro) e a cobertura sedimentar da Bacia do
Araripe (formacdes Cariri, Barbalha e Crato). Este contato é marcado pela zona de falha
Triunfo, que representa a reativacdo raptil da zona de cisalhamento Patos. O objetivo deste
trabalho foi classificar e quantificar os elementos arquiteturais da Falha Triunfo e analisar
suas implicagdes tectdnicas na cobertura sedimentar da Bacia do Araripe. A quantificagdo da
espessura da zona de dano da Falha Triunfo foi realizada com a aplicagdo da técnica de
scanline. Além disso, foram utilizados métodos de caracterizacdo petrografica (descricdo de
lamina delgada, EDX e catodoluminescéncia) e geocronologia (U-Pb, carbonato) de rochas de
falha. O nicleo da Falha Triunfo é composto por brechas tectbnicas e cataclasitos. As zonas
de dano da Falha Triunfo sdo formadas por: a) ortognaisses miloniticos (footwall); e b)
arenitos e calcarios laminados (hangingwall). Foram obtidas duas idades absolutas, 94.9 + 3.4
Ma e 80.3 £+ 2.8 Ma, em veios de carbonato que ocorrem em brechas carbonaticas da
Formacdo Crato. Os resultados deste trabalho indicaram trés estagios deformacionais para o
desenvolvimento estrutural da borda norte da Bacia do Araripe: a) Dn, Orogénese Brasiliana,
deformacdo ductil; b) Dn+1, Paleozoico, deformacdo ductil-raptil; e ¢) Dn+2, Cretaceo,
deformacéo ruptil. Além disso, esta pesquisa propde que apds o evento Dn+2 a Falha Triunfo

continuou ativa durante a fase pos-rift da Bacia do Araripe.

Palavras chaves: zona de dano; falhas transcorrentes; datacdo U-Pb (carbonato); reativacao

tectbnica; brechas carbonaticas.



ABSTRACT

This work presents the analysis of the tectonic influence of the Patos shear zone on the
structural control of the northern border of the Araripe Basin. The study area covers the
geological contact between the basement (Complex Granjeiro) and the sedimentary cover of
the Araripe Basin (Cariri, Barbalha and Crato formations). This contact is marked by the
Triunfo fault zone, which represents the brittle reactivation of the Patos shear zone. The
objective of this work was to classify and quantify the architectural elements of the Triunfo
Fault and to analyze its tectonic implications in the sedimentary cover of the Araripe Basin.
The quantification of the thickness of the damage zone of the Triunfo Fault was performed
with the application of the scanline technique. In addition, methods of petrographic
characterization (petrography in thin section, EDX and cathodoluminescence) and
geochronology (U-Pb, carbonate) of fault rocks were used. The core of the Triunfo Fault is
composed of tectonic breccias and cataclasites. The damage zones of the Triunfo Fault are
formed by a) mylonitic orthogneisses (footwall); and b) sandstones and laminated limestone
(hangingwall). Two absolute ages were obtained, 94.9 £ 3.4 Ma and 80.3 + 2.8 Ma, in
carbonate veins that occur in carbonate breccias in the Crato Formation. The results of this
work indicated three deformational stages for the structural development of the northern edge
of the Araripe Basin: a) Dn, Brasiliano Orogeny, ductile deformation; b) Dn + 1, Paleozoic,
ductile-brittle deformation; and c¢) Dn + 2, Cretaceous, brittle deformation. In addition, this
research proposes that after the Dn + 2 event the Fault Triunfo remained active during the

post-rift phase of the Araripe Basin.

Keywords: damage zone; strike-slip fault; U-Pb (carbonate) dating; tectonic reactivation;

carbonate breccias.
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embasamento cristalino.
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1 INTRODUCAO

Esta dissertacdo apresenta os resultados obtidos a partir da analise estrutural de um
sistema de falhas localizado na borda norte da Bacia do Araripe (BA). A caracterizacdo
estrutural foi realizada visando obter uma melhor compreenséo sobre a evolugéo tectnica da
borda norte da BA, a partir do estudo da reativacdo raptil da zona de cisalhamento Patos,
nomeada localmente como zona de falha Triunfo. Este trabalho teve como objetivo especifico
a analise dos elementos arquiteturais da Falha Triunfo (zona de dano, ndcleo e protélito) e sua
influéncia no desenvolvimento estrutural da BA.

Este estudo também possibilitou restringir reativacdes rupteis da zona de falha Triunfo
a partir do método de geocronologia de U-Pb, através de idades obtidas em veios de calcita e
dolomita em brechas carbonaticas da Formacéo Crato.

O presente estudo foi financiado pelo projeto de pesquisa e desenvolvimento intitulado
"ANALISE COMPARATIVA ENTRE MODELOS GEOLOGICOS DE SISTEMAS
FRATURADOS (CALCARIOS LAMINADOS), EXECUTADOS COM BASE NOS
METODOS DE LEVANTAMENTO DE PSEUDOPOCOS E DE VARREDURA DE
SUPERFICIES EM AFLORAMENTOS ANALOGOS". Este projeto € desenvolvido em
cooperacdo entre a Universidade Federal de Pernambuco (UFPE), Fundagéo de Apoio ao
Desenvolvimento da UFPE (FADE), e financiado pela Petrobras.

1.1 JUSTIFICATIVA E MOTIVACAO

A BA é uma das mais importantes bacias intraplaca do nordeste do Brasil,
principalmente devido a grande gquantidade de fosseis com excelente estado de preservacédo
(OSES et al., 2017; VAREJAO et al., 2019). Além disso, esta bacia possui G6timos
afloramentos de rochas anélogas a sistemas petroliferos do pré-sal. Portanto, a BA tem sido
classificada como uma bacia escola (NEUMANN et al., 2003; MARTILL et al., 2007;
ASSINE, 2007).

A sequéncia sedimentar da borda norte da BA é caracterizada principalmente pela
ocorréncia de rochas carbonaticas (Formacdo Crato) e evaporiticas (Formacédo Ipubi), que
fazem parte da fase pos-rifte desta bacia. Estas formagdes apresentam facies analogas ao
sistema petrolifero presente nas bacias marginais do sudeste brasileiro (e.g., Bacia de Santos e
Campos) (CATTO et al., 2016; WARREN et al., 2017; CABRAL et al., 2019). Por exemplo,

os calcarios laminados da Formacao Crato tém sido investigados em diversos estudos como
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um reservatorio analogo carbonatico de baixa permeabilidade (SANTOS et al., 2015;
MIRANDA, et al., 2016; MIRANDA et al., 2018). Além disso, este deposito carbonatico
Aptiano apresenta similaridades em termos deposicionais, geomecanicos e estruturais a uma
das facies das formacGes Barra VVelha e Macabu, bacias de Santos e Campos, respectivamente
(MUNIZ & BOSENCE, 2015; CATTO et al., 2016; MIRANDA et al., 2018).

Estruturas pré-existentes do embasamento geralmente exercem forte controle
estrutural no desenvolvimento de zonas de falha relacionadas a bordas de bacias sedimentares
(ROTEVATN et al., 2018). O presente estudo abordou a anélise da influéncia da heranga
tectdnica da zona de cisalhamento Patos na deformacdo ruptil da sequéncia sedimentar da
borda norte da BA. Zonas de falhas sdo regiGes intensamente fraturadas que podem
influenciar no fluxo de fluidos em subsuperficie, incluindo exploracdo de hidrocarbonetos,
agua subterranea, captura e estoque de CO, (BILLI et al., 2003; BALSAMO et al., 2012;
SCHUELLER et al., 2013; DIMMEN et al., 2017; PEACOCK et al., 2017; TORABI et al.,
2019; WU et al.,, 2019). Essas regides apresentam papel importante no controle da
distribuicdo de fluidos ao longo de pacotes sedimentares e diante disso, viu-se a necessidade
de quantificar a espessura das zonas de dano da Falha Triunfo e investigar o controle
estrutural da ocorréncia de brechas carbonaticas dolomitizadas da Formagdo Crato. Além
disso, processos hidrotermais e diagenéticos associados a atividades tectdnicas de borda bacia
podem afetar a qualidade de reservatorios (LIMA et al., 2020; SALOMON et al., 2020). Por
exemplo, em sequencias carbonéaticas o hidrotermalismo pode ter uma forte influéncia na
distribuicdo de porosidade e permeabilidade dessas rochas (BALSAMO et al.,, 2012).
Portanto, a caracterizacdo estrutural de zonas de falha é importante para avaliar os impactos
da circulacdo de fluidos hidrotermais dentro de reservatérios carbonéaticos (LIMA & De ROS,
2019; LIMA et al., 2020; SALOMON et al., 2020).

A partir deste contexto, observa-se que a compreensdo sobre padrdes estruturais
(direcBes das estruturas rupteis e ducteis, e relagdo temporal entre elas) que controlaram a
evolucdo tectdnica de zonas de falha associadas a borda de bacias sedimentares possui grande

relevancia na caracterizacdo de reservatdrios carbonaticos.

1.2 OBJETIVOS

Os objetivos dessa pesquisa se dividem em gerais e em especificos, visando detalhar de

forma precisa o que foi buscado durante esta pesquisa.
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1.2.1 Objetivos Gerais

O objetivo principal desta pesquisa é a realizacdo da analise da reativacao tectonica da
zona de cisalhamento Patos (zona de falha Triunfo) e sua relacdo com a deformacdo raptil que
ocorre na sequéncia sedimentar da borda norte da BA, visando obter uma melhor
compreensdo sobre a evolugdo tectdnica da borda norte da BA. Desta forma, esta pesquisa
utilizou como ferramenta a geologia estrutural e geocronologia, com enfoque no controle

estrutural da zona de falha Triunfo na geracdo de brechas carbonaticas da Formacéo Crato.

1.2.2 Objetivos Especificos

a) Caracterizacdo morfotectdnica para identificacdo das estruturas em escala regional e
correlaciona-las com os padrdes das estruturas vistas em campo;

b) Mapeamento geoldgico-estrutural de detalhe (1:25.000) e andlise cinemaética das
estruturas tectdnicas presentes no embasamento cristalino e cobertura sedimentar;

c) Elaborar perfis topograficos 2D perpendiculares as principais estruturas tecténicas;

d) Quantificar a espessura das zonas de danos da Falha Triunfo;

e) Elaborar modelo digital de afloramento com uso de veiculo aéreo ndo-transportado
(VANT) para amparar a identificacdo de estruturas tectonicas;

f) Realizar o estudo de microtectonica das rochas de falha com uso de
catodoluminescéncia, microscopia oOptica (transmitida e refletida) e Energia Dispersiva
de Raio-X (EDX) para identificacdo dos contelGdos mineralégicos, texturais e
estruturais;

g) Caracterizacdo mineraldgica dos preenchimentos das falhas através do método de
Difracdo de Raio X (DRX);

h) Caracterizagdo geocronoldgica dos veios carbonéticos de rochas de falhas, utilizando o
método de U-Pb.

1.3 LOCALIZACAO DA AREA DE ESTUDO

A area de estudo abrange as cidades de Santana do Cariri e Nova Olinda, microrregido
do Cariri, estado do Ceara. Estes municipios estdo localizados a cerca de 540 km de Fortaleza,
capital do estado do Ceara e aproximadamente 650 km do Recife, capital do estado de

Pernambuco. A regido estudada esta inserida na BA, mais precisamente na borda norte (Fig.
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1). Esta bacia é classificada como uma bacia interior do nordeste do Brasil e esta inserida no
Dominio Central (ou Zona Transversal) da Provincia Borborema.

A BA ¢ limitada ao norte pela terminacédo oeste da zona de cisalhamento Patos, na area
de estudo este trecho da zona de cisalhamento é classificada como Falha Triunfo que ocorre
no contato entre as rochas do embasamento cristalino (Complexo Granjeiro) e cobertura
sedimentar (Formagdes Cariri e Crato) (ALENCAR, 2014) (Fig. 1).

O embasamento Pré-Cambriano que ocorre na area estudada consiste em ortognaisses
(Trondemitos-Tonalitos-Granodioritos— TTG) milonitizados, devido a proximidade da zona
de cisalhamento Patos, do Complexo Granjeiro (Arqueano). Estas rochas apresentam forte
foliacdo milonitica subvertical, lineacdo de estiramento mineral sub-horizontal, falhas ducteis-
rupteis transcorrentes, falhas normais, veios e juntas (ALENCAR, 2014; CELESTINO et al.,
2020). Além de metassedimentos do Grupo Cachoeirinha (Neoproterozoico) que ocorrem na
porcdo sudeste da area. A cobertura sedimentar da BA na area de estudo é composta por
arenitos da Formacdo Cariri (Siluro-Devoniano?), sequéncia pré-rifte (NEUMANN, 1999;
ASSINE, 2007). Calcérios laminados da Formacdo Crato (Aptiano-Albiano), sequéncia pos-
rifte (NEUMANN, 1999; ASSINE, 2007; ASSINE et al., 2014). Esses arenitos ocorrem
intensamente deformados por bandas de deformacgdo, falhas e juntas, engquanto que 0s
calcarios apresentam juntas, veios, falhas transcorrentes, shear fractures sin-sedimentares,
microslumps, pipes brechas e estilolitos (SILVA, 2003; MARTILL et al., 2008; ALENCAR
etal., 2013; ALENCAR, 2014, ALENCAR et al., 2020).

Figura 1- Mapa aeromagnetométrico, com filtro de reducéo ao polo, da regido da Bacia do Araripe. Detalhe para

area de estudo (retangulo azul).
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Fonte: Modificado de dados do GEOBANK/CPRM
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1.4 MATERIAIS E METODOS

A sistematica adotada para elaboragdo do presente trabalho consistiu em 8 etapas: a)
revisdo bibliografica; b) compilacdo da base de dados; c) analise de lineamentos; d)
mapeamento geologico- estrutural; e) construcdo de modelos digitais de afloramento; f)
caracterizacdo petrografica e microtectonica; g) analises fisica e quimica; e h) integracéo,

andlise dos dados e elaboracdo de manuscrito (Fig. 2). Cada etapa seré detalhada abaixo.

Figura 2- Fluxograma das etapas realizadas durante a realiza¢&o do trabalho.

Revisao > Compilacio da > Andlise de
Bibliografica base de dados lineamentos
\ 4
Caractc’n‘zagao Construc;ag c}C Mapeamento
pc.trograh?a‘c < Modelo Digital =~ —<— geologico-estrutural
microtectonica de Afloramento
Andlise quimica > Integracdo e andlise dados

Fonte: Autor (2020).

1.4.1 Revisdo Bibliografica

O levantamento bibliogréfico foi realizado com o intuito de reunir todo material de
pesquisas realizadas anteriormente (artigos, livros e mapas), a fim de adquirir um
conhecimento prévio sobre a area em escala regional e local. Essa etapa se estendeu até a fase
final da elaboracdo da presente dissertacdo. Foram levantados temas centrados na evolucgéo
tectbnica da BA, Provincia Borborema, nos complexos gndissicos que compdem o0
embasamento cristalino da bacia, além de trabalhos sobre caracterizacdo de zonas de dano,
rochas de falha, analise morfotectonica e das demais técnicas utilizadas, objetivando dar um

maior suporte para as etapas posteriores.
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1.4.2 Compilacéo da base de dados

Durante esta etapa foi realizada a compilacdo das bases cartograficas disponiveis para
a éarea de estudo, como: mapas geologicos, estruturais, dados aerogeofisicos
(aeromagnetometria), do Servigo Geologico do Brasil (CPRM - http://geosgb.cprm.gov.br/),
dados de satélite do United States Geological Survey (USGS), obtidos a partir do portal
EarthExplorer (https://earthexplorer.usgs.gov/). Os dados de satélite utilizados compreendem
as imagens de SRTM (Shuttle Radar Topography Mission) com resolucdo espacial de 30m.
Estes dados auxiliaram na interpretacdo de estruturas regionais da area. Também foram
coletados relatorios de pocos perfurados na area de estudo por meio da plataforma do
SIAGAS (Sistema de Informacdes de Aguas Subterraneas -
http://siagasweb.cprm.gov.br/layout/) para um melhor entendimento do topo do embasamento

cristalino.

1.4.3 Anélise de Lineamentos Topograficos

A obtencdo de lineamentos topograficos se deu a partir de imagens SRTM, com
resolucdo espacial de 30m. Com o auxilio do software QGis 3.4.7 essas imagens foram
processadas e possibilitaram a producdo de Modelos Digitais de Elevacdo (MDE).

Quatro MDE foram produzidos a partir da técnica de iluminacgéo interativa em quatro
direcbes de iluminacdo (0Az, 45Az, 90Az e 315Az), que auxilia a identificacdo dos
lineamentos estruturais conforme os diferentes angulos de sombreamento. Para extragédo dos
lineamentos topograficos foram utilizados dois critérios: a) cristas e b) vales (ONORATI et
al., 1992; SALAMUNI et al., 2004; DE LIMA et al., 2017; CELESTINO et al., 2018;
CELESTINO et al., 2020) (Fig. 3).

A identificacdo dos lineamentos foi realizada para dois setores distintos: a)
embasamento adjacente; e b) cobertura sedimentar da BA. Com auxilio do software GIS foi
calculado o azimute e comprimento de todos os lineamentos identificados, no embasamento e
na cobertura sedimentar da bacia. Em seguida foram construidos diagramas de roseta, com
intervalo de classe (bin size) de 10Az, para as atitudes dos lineamentos extraidos de cada
MDE de iluminacdo diferente. Posteriormente, todos os lineamentos extraidos de cada MDE,
foram reunidos em duas rosetas para cada setor estudado: a) embasamento adjacente; e b)

cobertura sedimentar da BA e critério utilizado.
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Por fim, para a analise dos padrbes de orientacdo e comprimento dos lineamentos
foram produzidos diagramas de rosetas, para cada setor estudado, com intervalo de classe de
10Az. Em cada diagrama de rosetas foram inseridos dados de dire¢des associados a intervalos

de comprimentos definidos a cada 500 m.

Figura 3- Fluxograma das etapas realizadas durante a analise dos lineamentos topogréficos.

SRTM

Sombreamento interativo
(0Az, 45Az, 90Az e 315Az)

[ [ [ |
| MDE 0Az | [ MDE 45Az | [ MDE 90Az | [ MDE 315Az |
| [ I J

Extracao dos lineamentos utilizando 2
critérios: crista e vale, para 2 setores:
embasamento e bacia

Calculo do azimute e comprimento
dos lineamentos

Construcéo de diagramas
de rosetas

| 1
Comprimento Azimute

Fonte: Modificado de Celestino et al. (2020).

1.4.4 Mapeamento Geologico-Estrutural

Durante a etapa de mapeamento estrutural foram realizados trabalhos de campo na
escala de 1:25.000, com objetivo de coletar dados estruturais associados as falhas que
ocorrem na area de estudo.

Para realizacdo do trabalho de campo previamente foram definidos seis perfis
transversais a principal estrutura da &rea, Falha de Triunfo, que apresenta uma orientacdo
preferencial NE-SW. Estes perfis encontram-se dispostos ao longo de redes de drenagens e

estradas ndo pavimentadas.
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Ao longo dos perfis foram realizadas scanlines que consistem na contagem de fraturas
por metro ao longo de uma linha (e.g., P10) (DERSHOWITZ & EINSTEIN, 1988), a fim de
identificar a frequéncia das estruturas rapteis e definir a espessura de zonas de danos. Ao
longo das scanlines foram coletados: nimero de estruturas, orientacdo, relacdo de intersecao
entre as estruturas e preenchimento (ORTEGA et al., 2006; BISDOM et al., 2014; SANTOS
et al., 2015; MIRANDA et al., 2018). As scanlines foram posicionadas de forma
perpendicular as orientacdes preferenciais das estruturas rapteis. Foram coletadas atitudes das
diversas estruturas tecténicas encontradas na area (juntas, falhas e bandas de deformacdo) o
que permitiu a elaboracdo de diagramas de rosetas, estereogramas e histogramas. Foram
utilizados para coleta dos dados estruturais, bussolas geoldgicas Clar e Brunton, e 0s
aplicativos Fieldmove Clino e StereoNet por meio de smartphones.

Também foi realizada a coleta de amostras de médo que foram devidamente
enumeradas e orientadas, para posterior confeccdo de secOes delgadas para estudo de
microtect6nica e datacdo geocronoldgica. Ao longo dos planos de falhas encontrados foram
coletadas amostras do preenchimento da falha para analise de difratometria de raio X (vide
topico 1.5.7).

1.4.5 Modelo Digital de Afloramento

Durante esta etapa foram produzidos Modelos Digitais de Afloramento (MDA) de
areas selecionadas em funcao da sua representatividade. Para coleta das imagens foi utilizado
um Veiculo Aéreo Néo Tripulado (VANT), Mavic Pro, DJI. As imagens foram processadas
no software Agisoft para producdo de ortomosaicos. Através dos ortomosaicos as estruturas
tectonicas foram identificadas e digitalizadas para melhor exposicao dos dados de campo.

Os afloramentos escolhidos para elaboracdo do MDA foram cuidadosamente
selecionados com foco na ocorréncia de um ou mais tipos litologicos, extensdo e uma
diversidade de estruturas. O MDA foi elaborado preferencialmente em locais em que foram

coletados os dados de scanlines para melhor visualizacdo da distribuicdo das estruturas.
1.4.6 Caracterizacdo Petrogréafica e Microtectnica
Para a andlise petrografica e microtectdnica foram confeccionadas seis secOes

delgadas, em seguida foram descritas no Laboratorio de Petrografia Sedimentar, do

Departamento de Geologia (DGEO — Litpeg - UFPE). A partir dessas secdes delgadas foi
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possivel realizar a caracterizacdo mineraldgica, textural e estrutural das rochas da area,
utilizando microscépio de luz transmitida, catodoluminescéncia e EDX.

A catodoluminescéncia foi utilizada como uma ferramenta complementar na
caracterizacdo estrutural e nas relagcdes de temporalidade de preenchimento do cimento das
rochas de falha, visto que essa técnica realca feicdes que nao sdo facilmente identificadas na
microscopia Optica convencional. A analise foi realizada em imagens cedidas pela Petrobras e
também em secdes delgadas analisadas no Laboratério de Catodoluminescéncia do DGEO-
Litpeg- UFPE. Apos esta etapa, foram selecionadas se¢fes delgadas para posterior analise de
EDX.

1.4.7 Analises fisico-quimica

As analises realizadas consistiram em: DRX (fisico) (a) e geocronoldgicas de U-Pb em
calcita (quimica) (b). As amostras para analise de DRX foram preparadas no Laboratorio de
Preparacdo de Amostras (LPA) do Departamento de Geologia da UFPE (DGEO/UFPE) e as
amostras para datagcdo foram preparadas pelo GEOLAB- Solucdes em Geologia.

As anélises de DRX foram elaboradas em materiais coletados ao longo de planos de
falhas e analisadas através do método do pd. As amostras inicialmente foram coletadas e
pulverizadas até a fracdo argila e a composi¢do quimica desse material foi determinada a
partir da analise do pd, no laboratdrio de Cristaloquimica e micromorfologia do solo (UFRPE-
UAG). O aparelho utilizado para analise foi o XRD 6100 Shimadzu, Volt 40, Amp 20, 2°
theta por minuto, e amplitude de varredura do 2° theta de 3 a 50 graus. As amostras na fracdo
argila ndo foram submetidas a pré-tratamentos para caracterizacdo do tipo de argila. As
caracterizagOes das amostras foram realizadas a partir do software X Pert High Score Plus da
PANalytical, por meio da comparacdo dos difratogramas gerados com padrdes de referéncia
disponiveis no trabalho de Chen (1977).

a) Amostras de carbonatos foram preparadas para analise geocronoldgicas a partir do
método U-Pb. Foram produzidos blocos polidos com 5 cm de comprimento e espessura de
cerca de 1,5 cm. As andlises geocronoldgicas de U-Pb em calcita foram realizadas utilizando
Laser Ablation Inductively Coupled Mass Spectometry (LA-ICP-MS) do Geochronology and
Tracers Facility, British Geological Survey (Nottingham, UK), usando o método descrito em
Roberts & Walker (2016) e Roberts et al. (2017). Com os resultados obtidos foram
construidos diagramas de Tera-Wasserburg.
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1.4.8 Integracédo, Anélise dos Dados e Elaboracé@o de Manuscritos

Nessa ultima etapa foi realizada a integracéo, processamento e interpretacdo dos dados
obtidos das fases anteriores e a redacdo de manuscritos e da presente dissertacdo. A partir do
trabalho de campo foi possivel fazer uma anélise multiescalar da &rea, identificar a orientagdo
das estruturas, suas relagdes temporais, quantificar a espessura de zonas de danos das falhas e

classificar rochas de falha.
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2 CONTEXTO TECTONICO DA BACIA DO ARARIPE

A BA é a mais extensa das bacias intraplaca do nordeste brasileiro. Esta bacia
encontra-se limitada ao norte pela zona cisalhamento Patos e a sul pela zona cisalhamento
Pernambuco (MIRANDA, 2015).

O embasamento adjacente da BA compreende a rochas dos subdominios Granjeiro-
Serid6 e Araripina, suites intrusivas Prata, Itaporanga (batdlito Bodocd), Conceicdo e por
rochas metassedimentares do Grupo Cachoeirinha (MEDEIROS, 2004; SCHOBBENHAUS
et al., 2004; OLIVEIRA, 2008).

Internamente a BA foi dividida em duas sub-bacias, inicialmente chamadas de sub-
bacia E e W (RAND, 1983 e RAND & MANSO, 1984), a partir de dados magnetométricos e
gravimétricos. Estes autores observaram a existéncias de anomalias gravimétricas associadas
as sub-bacias e definiram profundidades para esses dois setores (depocentros): 2400 m (leste)
e 2000 m (oeste). Ponte & Ponte Filho (1996) denominaram estas sub-bacias como Cariri
(oeste) e Feitoria (leste) separadas por um alto estrutural, chamado alto Dom Leme.
Posteriormente, Castro & Castelo Branco (1999) realizaram levantamento gravimétrico na BA
com um total de 999 estacdes distribuidas numa malha irregular, estes autores comprovaram a
existéncia dessas sub-bacias a partir da modelagem 3D. Alguns trabalhos propéem que a
origem tectbnica das bacias interiores do NE do Brasil esta associada com a abertura do
Atlantico Sul, que consiste em um evento de rifteamento (Neocomiano) (MATQOS, 1992,
1999; FRANCOLIN et al., 1994).

Chang et al. (1988) propuseram a existéncia de estagios de rifteamento associados a
abertura do Atlantico Sul, estes foram classificados como: sin-rifte | (Jurassico Superior), sin-
rifte 11 (Neocomiano) e sin-rifte 111 (Barremiano). O estagio sin-rifte 1l estaria associado ao
desenvolvimento dos trends Recéncavo-Tucano-Jatoba, Gabdo-Sergipe-Alagoas e Cariri-
Potiguar, este Gltimo est4 ligado a formacdo das bacias do Araripe, Rio do Peixe, lguatu,
Malhada Vermelha, Lima Campos, Ic6 e Potiguar (MATOS, 1999). Dois modelos se
destacam no estudo desses rifteamentos desenvolvidos durante a abertura do Atlantico Sul no
Eocretaceo, modelos propostos por Matos (1992, 1999) e Frangolin et al. (1994).

Matos (1992, 1999) propOs que as bacias tipo rifte intracontinentais apresentam
geometrias em trés diregOes de sistemas de riftes e que foram controladas pelo arcabouco
estrutural do embasamento, estas bacias consistem em riftes abortados. De acordo com estes
autores a medida que Atlantico Sul abria de sul para norte ocorria uma deformacdo que €

reconhecida a partir de trés estagios deformacionais: sin- rifte I, Il, 111 (Fig. 4). Estes estagios
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sdo caracterizados pela formacdo de meio grébens distribuidos ao longo dos trés trends
anteriormente citados: Recéncavo-Tucano-Jatoba, Gabao-Sergipe-Alagoas e Cariri-Potiguar.

Segundo Matos (1992, 1999) a fase sin-rifte | (final do Jurassico- inicio do
Berriasiano) é caracterizada por uma sedimentacdo de idade Jurassica associada a depressao
Afro-brasileira que se estendia desde o sul da Bahia até a regido do Cariri (Fig. 4- A). A fase
sin-rifte 1l foi dividia em sin-rifte lla e sin-rifte llb, a partir de dados bioestratigraficos
observou-se que a abertura do Atlantico sul ocorreu do sul para o norte. Durante a fase sin-
rifte lla (inicio do Berriasiano) os trends Recéncavo-Tucano-Jatoba e Gabdo-Sergipe-Alagoas
se desenvolveram e é marcado por uma distensdo de direcdo E-W que p6de ser comprovada
por meio de indicadores cinematicos (Fig. 4- B). Durante a fase sin-rifte llb (Neocomiano) as
zonas de cisalhamento Pernambuco (Brasil) - e Ngaoundere (Africa) serviram como zona de
acomodacdo a medida que se desenvolvia o trend Cariri- Potiguar, caracterizado por uma
extensdo de direcdo NW-SE (Fig. 4- C). Uma série de bacias com trends preferenciais NE-
SW (bacias do Araripe, Rio do Peixe, Iguatu, Malhada Vermelha, Lima Campos, Icé e
Potiguar), controladas por zonas de cisalhamentos adjacentes de direcdo NE-SW, teriam se
desenvolvido (MATOS (1992, 1999)). Durante a fase sin-rifte 111 (Barremiano superior) a
sedimentacédo das bacias do vale do Cariri e por¢do onshore da Bacia Potiguar é abortada e se
inicia a abertura do Atlantico equatorial (MATOS (1992, 1999)) (Fig. 4- D).
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Figura 4- Modelo proposto por Matos (1999) ilustra os trés estagios deformacionais desenvolvidos durante a
abertura do Atlantico Sul, as setas indicam as direcGes de extensdo. A) Fase sin-rifte | ((final do Jurassico e

inicio do Berriasiano), desenvolvimento da depressdo Afro-Brasileira; B) Sin-rifte Ila (Inicio do Berriasiano),
inicio do fraturamento crustal nos trends Reconcavo-Tucano-Jatoba e Gabao-Sergipe-Alagoas; C) Sin-rifte I1b

(Neocominiano), desenvolvimento do trend Cariri-Potiguar; e D) Sin-rifte 111 (Barremiano Superior).
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Inicio do Berriasiano

SIN-RIFTE | (8)
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[ mreno Gabso - sergipe-Alagoas

- Trend Recdncavo - Tucano - Jatoba
SIN-RIFTE Il

‘Barremiano Superior

- Sedimentos Jurassicos

Local da Separagao Continental

© SIN-RIFTE II-b (D)
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e oy
-
-
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Reproduzido de Matos (1999)

Fonte: Modificado de Oliveira (2008).
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O segundo modelo foi proposto por Francolin et al. (1994), estes sugeriram que
durante a abertura do Atlantico Sul ocorreu reativacdo ruptil das zonas de cisalhamento de
direcdo E-W sinistrais e NE-SW dextrais, que levaram ao desenvolvimento de grabrens e
semi-grabens, estes estudos foram realizados na Bacia Rio do Peixe.

Trabalhos mais recentes tém sugeridos novos aspectos sobre a evolucdo tecténica da
BA, como o modelo proposto por Marques et al. (2014). Estes autores propuseram que a
bacia passou por uma fase de inversdo tectdnica apés a fase de rifteamento durante o Cretaceo
(Fig. 5). Esta inversdo resultou na inversdo de falhas normais para falhas inversas e geragéo
de novas falhas inversas, que foram causadas por esforcos compressivos, de direcdo ENE-
WSW, resultantes do afastamento da cadeia Meso-atlantica na porgao leste da América do sul
e na porcdo oeste seria resultado dos esforcos compressivos associados a Cordilheira dos
Andes. Porém para que essa inversdo seja possivel a placa teria que apresentar um
comportamento elastico para suportar tais esfor¢os. Segundo os autores acima citados, durante
0 Cretaceo seria dificil manter um relevo associado a inversdo devido & fase extensional
atuante, o que é diferente nos tempos mais recentes onde essa inversao passa a ser bem
preservada nas rochas. Para estes autores a BA consiste em um horst com 500 m acima do

embasamento adjacente.

Figura 5- Evolucéo tectdnica da BA proposta por Marques et al. (2014). A) Estagio inicial do rifteamento, com
um grében estreito resultante de esforgos distensivos NW-SE; B) Graben mais largo e profundo com
desenvolvimento de falhas normais; C) Estagio final do rifteamento contemporaneo com a abertura do Atlantico
Sul; D) Inversdo tectonica da bacia resultado de esfor¢os compressivos de direcdo ENE-WSW, com reativacdo
das falhas normais e injecdo de rochas dicteis ao longo dos planos de falha. A linha branca tracejada indica a
topografia atual da BA.

(A) (B)
N )
NW \-—l SE
— \ / —
Calcario

i 8 Arenito fino, siltito e argilito
Conglomerado e arenito grosso
Conglomerado grosso

Embasamento

Fonte: Modificado de Marques et al. (2014).
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Peulvast & Bétard (2015) sugeriram que topografia atual da BA esta associada a um
processo de erosdo diferencial combinado ao soerguimento do Planalto da Borborema, e ndo a
um processo de inversao tectdnica como proposto por Marques et al. (2014). As rochas do
topo da BA (Formacdo Exu) apresentam camadas de concre¢cOes de ferro que funcionaram
como camadas resistentes aos processos intempéricos, enquanto que o embasamento
composto em sua maioria por rochas metassedimentares, menos resistentes ao intemperismo,
sofreu uma taxa de erosdo maior do que a regido da cobertura sedimentar. Estes fatores foram
importantes para o desenvolvimento da atual topografia da BA. Mais recentemente Garcia et
al. (2019) utilizaram o método magnetoteltrico, que consiste em método eletromagnético
passivo, e observaram que sob a bacia ocorre um material astenosférico que favoreceu a
inversdo topografica da bacia por meio de um empurrdo vertical local. Este material é
resultado do afinamento da crosta (devido os esforcos extensionais, Mesozoico), que
favoreceu a ascensdo do material astenosférico.

Miranda et al. (2014) e Miranda (2015) propuseram que a BA passou por duas fases
de evolucdo tectdnica: a primeira do tipo pull apart (Paleozoico) e segunda uma tecténica do
tipo rifte (Eocretaceo). Esta Gltima fase coerente com o modelo proposto por Matos (1992,
1999). Os autores utilizaram dados gravimetricos e topograficos para o estudo de lineamentos
estruturais, a partir desses dados observaram a ocorréncia de trends preferenciais NE-SW, E-
W, NW-SE e N-S. Os trends NW-SE e N-S foram interpretadas como falhas normais e/ou
transcorrentes (R e R’), como estruturas nucleadoras da quebra do embasamento com
geometria do tipo pull apart, associadas a primeira fase tecténica (Fig. 6). As direcdes NE-
SW estariam associadas a distensdo NW-SE que ocorreu durante a fase rifte (Eocretaceo), 0s
trends E-W estariam associados a reativacdes da zona de cisalhamento Patos. Segundo esses
autores a zona cisalhamento Patos compreende a estrutura principal associada a formacéo da

bacia, esta é composta por depocentros romboédricos (sub-bacias E e W).
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Figura 6- Mapa de anomalias gravimétricas residuais da BA ilustrando os lineamentos no interior da bacia
(linhas verdes) e no embasamento adjacente (linhas branca) com suas respectivas rosetas. Diagrama de Riedel
mostrando as principais estruturas geradas durante a formagdo do possivel sistema pull-apart que originou a
bacia. As anomalias que mostram lineamentos NW-SE e N-SE podem ser explicadas pela geracéo de falhas
transcorrentes, conforme previsto no diagrama de Riedel.

Li tos anomalia gravimétri o)
---- L los anomalia gra (bacia)
C3 8acia do Araripe

——
e 510 20

Fonte: Miranda (2015).



28

3 RESULTADOS

Parte dos resultados desta dissertacdo encontra-se na forma de dois artigos cientificos.
O primeiro artigo ¢ intitulado “Fault Damage Zones Width: Implications for the Tectonic
Evolution of the Araripe Basin, Brazil, NE Brazil”. Este artigo foi publicado no Journal of
Structural Geology, nele é abordado a quantificacdo dos elementos arquiteturais da Falha
Triunfo e suas implicacdes tectdnicas na cobertura sedimentar da Bacia do Araripe.

O segundo artigo ¢ intitulado “Structural control and geochronology of Cretaceous
carbonate breccia pipes, Crato Formation, Araripe Basin, NE Brazil ”. Este artigo foi
submetido para a Marine and Petroleum Geology, e apresenta uma analise do controle
estrutural na origem e desenvolvimento de brechas carbonaticas da Formacdo Crato,
acompanhado de uma analise petrografica (EDX, catodoluminescéncia) e geocronologica (U-
Pb).

A sessdo 3.3 apresenta a caracterizacdo estrutural e anélise de DRX das rochas de

falha associadas a zona de falha Triunfo.
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Abstract

Fault zones commonly have spatially variable fault rocks and brittle structures. Differing
fault-rock attributes may retard or increase cross- and along-fault permeability. Our work
analyzed brittle deformation of a segment of the Patos shear zone, Triunfo Fault, which is
located in the northern border of the Araripe Basin, NE Brazil. We investigated the structural
evolution and tectonic implications of the Triunfo Fault by mapping damage zone width
patterns and the types and distributions of breccia and brittle structure arrays within the fault
zone using scanline fracture analysis techniques and topographic and aeromagnetometric data.
Fractured rocks of the damage zone mainly comprise: mylonitic orthogneiss (footwall); and
sandstone and carbonate rocks (hangingwall). The fault core is composed of tectonic breccia
and cataclasites occurring as lenses, with calcite-filled veins. Due to fault sinuosity and
rheology heterogeneities, the width of the damage zone ranges from 240- 290m (footwall),
and 372- 610m (hangingwall). Our analysis obtained from the topographic and gravimetric
data combined with field data indicate the following sequential deformation phases: a) Dn,
Brasiliano Orogeny, dextral shear zone; b) Dn+1, Paleozoic time, brittle-ductile deformation;
and ¢) Dn+2, Lower Cretaceous time, brittle deformation.

Keywords: Brittle Deformation; Fault damage zone; Fault Core; Strike-slip

1. Introduction
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Structural characterization of fault zones is key for a better understanding of the
evolution of sedimentary basins (e.g. Rio do Peixe Basin; Araujo et al, 2018), in addition, is
important in the study of subsurface fluid flow including geothermal, groundwater and
hydrocarbon production, and CO, storage, which can be directly influenced by fault zones
(Billi et al., 2003; Schueller et al., 2013; Dimmen et al., 2017; Peacock et al., 2017; Celestino
et al., 2019a; Torabi et al., 2019; Wu et al., 2019). Fault zones are commonly described as to
their architectural elements: a) damage zone, b) core, and c) protolith (host rock) (Caine et al.,
1996; Kim et al., 2004; Lin and Yamashita, 2013; Laubach et al., 2014; Choi et al., 2016;
Liao et al., 2019; Mayolle et al., 2019) (Fig. 1).

The damage zone occurs involving a fault core and is characterized by increasing
frequency of fault related brittle structures. In this zone, the original characteristics of the
protolith are preserved, although with a greater degree of brittle deformation (Gudmundsson
et al., 2010; Choi et al., 2016). A range of brittle structures including smaller, faults, joints,
vein, or deformation bands may be associated with damage zone. The fault core
accommodates most of slip. They vary from is cm- to m-thick, and is characterized by the
presence of slip surfaces, breccias, cataclasites, and fault gouges, variably interspersed with
less deformed fault rocks and undeformed host rock lenses. The protolith corresponds to non-
fractured or poorly fractured rock, that surrounding the damage zones (Caine et al., 1996;
Cello et al., 2001). These architectural elements of fault zones affect the fluid flow,
influencing the permeability of the rock units, and can act as conduits, barriers or a
combination of both (Antonellini and Aydin, 1994; Caine et al., 1996; Gudmundsson et al.,
2010; Reyer et al., 2012; Fossen et al., 2017; Torabi et al., 2018).

An important component of fault zone characterization is documenting the widths and
width distributions of fault zone elements. In this study, we applied the nomenclature

suggested by Choi et al. (2016), which defines the width of damage zones by considering a
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change in the slope gradients of the cumulative frequency curves of brittle structures
measured of fault zone damage as a marker of zone boundaries. Some authors propose other
methods for defining the width of a damage zone, such as arbitrarily identifying a fracture
density background, as limiting a damage zone (Lin and Yamashita, 2013). Schueller et al.
(2013) mark the boundary of the damage zone in the first interval along a scanline without the
occurrence of brittle structures. A superior method might be the statistical that define of
deviations from background by some rigorous statistical methods (e.g., O’Hara et al., 2017;
Marrett et al., 2018). Another more recent statistical method was proposed by Balsamo et al.
(2019), which quantified deformation intensity of fault zones using fracture density, fracture
spacing, and fracture height / spacing ratio also could have value.

Our study presents an integrated analysis of structural field data acquired using one-
dimensional scanline sampling method, satellite and aeromagnetometry data, for the structural
characterization of the Triunfo Fault, located on the northern border of the Araripe Basin, NE
Brazil (Fig. 2). The Triunfo Fault marks the contact between crystalline basement rocks
(Granjeiro Complex), and sedimentary cover (Cariri and Crato formations). The analysis of
this fault zone allows a better understanding of the tectonic processes that were responsible
for the tectonic evolution of the northern border of the basin.

This paper quantifies the Triunfo fault damage zone width pattern and patterns of
structures within the damage zone. Width variation is due to fault sinuosity and rheology
heterogeneities in the host rocks. Our research is the first to propose a tectonic evolution
model for the Araripe Basin. We show that the Triunfo Fault evolved in a strike-slip regime
and our findings infer that a strike-slip regime characterizes the evolution of the basin.

Figure 1 here

2. Geological Context
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The Araripe Basin is classified as an intraplate basin of northeastern Brazil (Fig. 2). It
is located in the Central Domain (Transversal Zone) of the Borborema Province, NE Brazil.
The Triunfo Fault is located on the northern border of the Araripe Basin. The fault represents
one of the west termination splays of the Neoproterozoic age Patos shear zone (PASZ) that
underwent brittle reactivation during the Cretaceous. The PASZ is approximately 600 km
long, and is characterized by mylonites and ultramylonites related to the Neoproterozoic
Brasiliano Orogeny, which represent the crystalline basement of the northern border of the
Araripe Basin. The PASZ correlates with the East Nigeria shear zone, in West Africa, within
the Gondwana paleo-continent (Viegas et al., 2014), from which it was separated by the
opening of the South Atlantic.

Based on magnetometric and gravimetric data the Araripe Basin is divided into two
sub-basins: a) Cariri, in the east; and b) Feitoria, in the west (Rand, 1983 and Rand & Manso,
1984) (Fig. 2). Matos (1992, 1999) proposed that the tectonic origin of the interior basins of
NE Brazil is associated with the opening of the South Atlantic Ocean. Three deformational
stages are recognized. These stages are characterized by the formation of half-grabens
distributed along three trends: that of Recdncavo-Tucano-Jatoba (N-S), Gabon-Sergipe-
Alagoas (NE-SW), and Cariri-Potiguar (ENE-WSW). Another tectonic model that stands out
was proposed by Francolin et al. (1994). This model suggests that brittle reactivation of the
shear zones influenced the tectonic evolution of some intraplate basins in the NE Brazil (e.g.
Rio do Peixe, Araripe and Fatima basins). Nogueira et al (2015) also proposed a model based
on studies carried out in the Rio do Peixe Basin. This model proposes that the basin was
formed from an approximately NW-SE extension.

Recent work suggests other aspects of the evolution of the Araripe Basin. Two
tectonic phases have been identified: a) pull apart phase, during Paleozoic time, characterized

by conjugate pairs of NW-SE and N-S strike-slip faults; and b) rift-type phase in Cretaceous
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time, marked by normal faults striking NE-SW (Miranda et al., 2014). This last phase is
consistent with the model proposed by Matos (1992, 1999). Peulvast and Bétard (2015)
proposed that the Araripe Basin underwent a topographic inversion, caused by the uplift of the
Borborema Province and subsequent differential erosion processes. Garcia et al. (2019) based
on magnetotelluric evidence, inferred that under the Araripe Basin there is asthenospheric
material. Magnetotelluric observations favor a model of topographic inversion of the basin
through a local vertical push. This inversion is the result of the crustal thinning, due to
extensional stress, during Mesozoic time, which favored the ascent of asthenospheric
material.
Figure 2 here.
3. Materials and Methods

We mapped structures at two scales. Macroscale characterization used aerogeophysics
and satellite data and mesoscale outcrop scale using one-dimensional scanline data.
Aerogeophysical data are from the aeromagnetometry database of the Geological Survey of
Brazil (CPRM) (http://geosgb.cprm.gov.br/). Satellite is from Earth Explorer portal of the

United States Geological Survey (USGS) (https://earthexplorer.usgs.gov/). For mesoscale

interpretation, digital outcrop models were produced, and scanlines surveys were carried out
in well-exposed outcrops.
3.1.  Aeromagnetometry

Magnetic lineaments were interpreted from the aeromagnetometric map (first
derivative), which was used to highlight the centers of the magnetic sources. Magnetic
lineaments were extracted using positive anomaly centers as criteria, which had their azimuth
calculated with the QGIS software (https://qgis.org/en/site/). Then, the lineament azimuth data
were compiled in a rose diagram with bin size 10Az.

3.2. Digital Elevation Model (DEM)


https://earthexplorer.usgs.gov/
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The use of Shuttle Radar Topography Mission (SRTM) images for the investigation of
topographic lineament data was based on the interactive shading technique (Onorati et al.,
1992; Salamuni et al., 2004; De Lima and De S&, 2017; Celestino et al., 2018). This technique
allows the creation of Digital Elevation Model (DEM) with different lighting directions.

DEM for the study area was performed using SRTM imagery, with spatial resolution
of 30m (Fig. 3). Four DEM maps with different illumination parameters were used (0Az,
45Az, 90Az, and 315Az), which helped in the identification of perpendicular topographic
lineaments to different shading direction. The choice of lighting directions was based on the
directions of the main structures that occur in the study area (e.g. Triunfo Fault and PASZ).

To identify and extract topographic lineaments, two criteria were used: a) crest
(topographic highs); and b) valley (topographic lows). Lineament identification was
performed for two distinct sectors: a) basement; and b) sedimentary cover. With the aid of the
GIS software, azimuths and lengths of all identified lineaments were calculated. Then, rose
diagrams were constructed, with bin size of 10Az, for the attitudes of lineaments extracted
from each DEM map created with different illumination. Finally, for the analysis of the
orientation patterns and length of the lineaments, rose diagrams associated with 500m length
intervals were produced.

Figure 3 here
3.3. Digital Outcrop Model

The construction of the digital outcrop model was based on three stages: a) outcrop
selection; b) geological-structural characterization; and c) digital image processing.

The selection of outcrops was based on the following criteria: (1) representative
outcrop of the damage zone; (2) good exposure and (3) a diversity of structures, in terms of

different types and number of structures (Cawood et al., 2017).
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The outcrop geological-structural characterization was based in the identification of
the lithological types and their spatial distribution in relation to the context of damage zone.
During the fieldwork, both ductile (foliation and lineation) and brittle (fault, joints and shear
fractures) structures were measured. The faults were classified hierarchically according to the
degree of deformation, the presence of fault rocks associated with their planes and the
displacement associated with these structures.

We produce a digital outcrop model in our analysis with 35 photographs covering the
entire outcrop, using an Unmanned Aerial Vehicle (UAV), Mavic Pro, DJI. The images were
processed through Agisoft software (https://www.agisoft.com/). The final products were
orthomosaics that helped in the identification and digitalization of the structures observed in
the field.

3.4.  Scanlines

A scanline, or linear line of observation measurement, is a standard method for
collecting one-dimension structural data (e.g., Ortega et al., 2006). We counted fractures per
meter along the sampling line, corresponding to the P10 value (Dershowitz and Einstein,
1988). The scanlines were oriented orthogonal to the strike of the dominant brittle structures
and the following attributes were recorded: (1) number of structures; (2) orientation; (3)
crosscutting relationships between fractures and (4) composition of the fracture fills (Ortega
et al., 2006; Bisdom et al., 2014; Santos et al., 2015; Miranda et al., 2018). Based on Triunfo
Fault's geometry and exhibitions in the study area 6 profiles oriented perpendicular to the fault
were selected for measuring scanlines (Fig 7).

The scanline technique was applied to map fault and fracture occurrence within and
adjacent to the damage zone associated with the Triunfo Fault. This analysis helped to
estimate the width of the damage zone.

4. Results
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4.1. Macroscale
4.1.1. Aeromagnetometry

Magnetic lineaments (positive anomalies) occurring in the northern border of the
Araripe Basin have a preferential ENE-WSW trend. These lineaments were extracted from
two sectors, basement rocks and sedimentary cover of the Araripe Basin (Fig. 4). The
lineaments correspond to the main ductile deformation, represented by the PASZ and its splay
mapped in the study area. Furthermore, the magnetic anomalies in the Araripe Basin represent
the splay of PASZ beneath the sedimentary cover.

Figure 4 here
4.1.2. Digital Elevation Model (DEM)

The DEM general lineaments (crest and valley) within the study area (Fig. 5) are
distributed in the basement sector with two preferred directions: E1) ENE-WSW,; and E2)
NW-SE; and one secondary direction: E3) N-S. The lineaments identified within the
sedimentary cover sector are distributed into two main directions: B1) N-S; B2) NE-SW and
one secondary direction: B3) NW-SE (Fig. 5). It is possible to observe from the DEM
lineament analysis that the preferential lineaments in the basement sector are associated with
positive (crest) and negative (valley) lineaments, with higher concentration of data linked to
positive features. The basin sector presents lineaments common to both criteria, without
predominance of one over the other.

Figure 5 here

Analysis of the orientation patterns and lengths of the topographic lineaments was
performed form adjacent basement and sedimentary cover. Lineaments extracted were
classified into three scale categories, based on their length: 1) small (0 to 500 m); 2) medium
(500 to 1000 m); c) larges (> 1000 m). The total distribution of the lineament length has a

minimum of 13 m, a maximum of 2975 m, and an average of 222 m, with a higher density of
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small-scale lineaments, followed by medium scale and by large scale with the lowest density
in the area.

The basement sector has lineaments ranging in length from 63 to 2975 m (Fig. 6- A).
The small lineaments range from 63 to 500 m, this range has the highest concentration of
lineaments (n = 1971), with a preferential direction of ENE-WSW, and secondary directions
NW-SE and N-S. The medium sized lineaments (500 to 1000 m) show an ENE-WSW main
direction and two secondary directions NW-SE and N-S. Long lineaments (1000 to 2975 m)
have preferential NE-SW and secondary NW-SE trends.

Lineaments in the sedimentary cover sector range in length from 13 to 2223 m (Fig. 6-
B). Small alignments ranging in length from 13 to 500 m occur with preferred directions NE-
SW and N-S and one NW-SE secondary direction. In this range are the largest number of
lineaments are concentrated (n = 1672). Medium length lineaments (500 to 1000 m) have a
main trend of N-S and two secondary trends NE-SW and NW-SE. Finally, the long
lineaments (1000 to 2223 m) occur with a NE-SW main direction and two secondary
directions NW-SE and N-S.
Figure 6 here

Throughout the six profiles, a topographic analysis was also performed (Figs. 7 and 8),
aiming to analyze the points in which the Triunfo Fault occur. The profiles have preferred N-
S directions and extend from the crystalline basement to the sedimentary cover. From this
analysis, we observed throughout the profiles that the crystalline basement generally occurs
associated with high altitudes (560 m). In the profiles, 02 and 04 the basement occurs as
structural highs within the Araripe Basin sector. The Cariri Formation generally occurs at
lower altitudes, except for profile 2, where it occurs at the same level as the crystalline

basement. The Crato Formation commonly occurs associated with median altitudes 520 m.
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The Triunfo Fault tends to occur marking the contact between the crystalline basement
and the Cariri and Crato Formation. In profiles 03 and 05 this contact is marked by
topographic lows. Profile 01 is located at the Triunfo Fault splay and it showed that the
portions where occur faults (NE-SW) are generally associated with topography drops. Profile
02 stands out because there are two faults involved, the Triunfo Fault, restricted to the
crystalline basement, and a branch of the Triunfo Fault that marks the contact between the
basement and the Cariri Formation. In this location, both lithologies occur at the same
topographic level. Finally, profile 04 is also marked by the occurrence of a high basement,
being limited to the north and south by inferred normal faults. The Triunfo Fault at this point
occurs at the contact between basement and sedimentary cover, but without the common
topographic difference observed in other profiles, as well as profile 06.

Figure 7 here
Figure 8 here
4.2.  Mesoscale (Outcrop)

The Triunfo fault Zone occurs at the contact between mylonitic orthogneiss (Granjeiro
Complex), sandstones (Cariri Formation) and carbonate rocks (Crato Formation) throughout
the studied area (Fig. 7). The mylonitic foliation of the orthogneiss generally strikes ENE-
WSW with a dip oscillating from medium to high angle towards SE, and locally NW, due to
the regional fold that occur in this region (Fig. 9-A). Mylonitic foliation planes carry a
horizontal stretching lineation with plunge to SW (Fig. 9-B). This mylonitic orthogneisses
show mesoscopic kinematic indicators that indicate dextral shearing of the PASZ (Fig. 9-C).
In addition, to the Triunfo fault Zone, the crystalline basement presents a conjugate system of
oblique faults with preferential directions (Fig.9-D): N-S, sinistral (Fig.9-E), and NW-SE
(N60W), dextral, with average dip sub-vertical (Fig. 9-F). Slickenside on polished surfaces

filled by epidote and calcite plunging NW at 27° (Fig. 9-G). A negative flower structure is
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observed along an oblique fault, with NNW-SSE direction (Fig. 9-H). This structure was
classified as an oblique sinistral fault locally filled with epidote and calcite along the fault
planes. The system of conjugate pairs characterizes the brittle-ductile tectonics and are
interpreted as the R (NW-SE) and R’ (N-S) faults of the Riedel system (MacClay, 1987).

In this paper, we classified the Triunfo Fault as a normal fault characterized by fault
rocks and well-developed slip. The Triunfo Fault has strikes N60E and dip to the SE at 65°.
Slickenside on the main fault planes plunge SE at 64°, indicating that the Fault Triunfo has a
predominantly dip-slip component (Fig. 9 cont.- I, J, K). The nucleation of this fault occurred
by the brittle reactivation of the mylonitic foliation and axial planes of parasitic folds.
Throughout the Triunfo Fault, fault rocks such as cataclasites and breccias occur in both the
crystalline basement and in the sandstones of the Cariri Formation (Fig. 9 cont. - L and 10—
D).

The sandstones have conjugated pairs of deformation bands with preferential
directions N-S and ENE-WSW with moderate to strong dip (Fig. 9 cont. L and 10-B). These
structures occur as single and clusters, their kinematic movements are marked mainly by the
displacement between them. The carbonate rocks that occur bordering to the Triunfo Fault are
tilted with bedding plunging towards NE and NW and have a higher degree of fractures (Fig.
9 cont. M).

Figure 9 here
Figure 9 (cont.) here

4.2.1. Architectural Elements of the Triunfo Fault

In the Triunfo fault Zone, we observe the three architectural elements of fault zones:
damage zones, fault cores (Fig. 10) and protolith. The rocks of the footwall, mylonitic
orthogneiss, have a well-developed mylonitic foliation formed during Neoproterozoic ductile

deformation (Brasiliano Orogeny). These rocks also have veins and joints (preferred direction
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N-S), as well as normal faults (direction NE-SW), strike-slip faults and shear fractures (Fig. 9-
D-l1 and 10-A). The strike-slip faults, oriented NW-SE and N-S are the most common
structures in the footwall of the Triunfo Fault. The hangingwall of the fault exhibits
deformation bands (preferred direction NE-SW), joints and faults (preferred direction NE-
SW) in the sandstones of the Cariri Formation (Fig. 10- B). The Crato Formation is
represented by naturally fractured laminated limestones (Fig. 10- C). The core of the Triunfo
Fault is bounded by the damage zones on both sides of the fault and consists of breccias and
cataclasites, composed of fragments of orthogneiss and/or sandstone of various sizes (Fig. 9-
L and 10 -D). Non-foliated cataclasites were observed only in the crystalline basement. These
cataclasites also show calcite veins.

Figure 10 here

4.2.2. Frequency of Structures in Damage Zone

In this section, we present the data of the frequency of brittle structures obtained
through scanlines along the Triunfo Fault (profiles PO1 to P06, Fig. 7). Profiles 03 and 05
have less outcrop gaps, were therefore selected to quantify the width of the damage zone of
the Triunfo Fault.

The damage zones and the fault core are zones that have been subject to distinct
deformation intensities. The crystalline basement rocks that occur near the fault core have a
higher degree of deformation relative to the more distant rocks. Furthermore, are subject to
the effects of rheologic control (mechanical) on the intensity of structures. The digital outcrop
model of the mylonitic orthogneiss (Fig. 11) is located near the core of Triunfo Fault. This
rock has two facies: felsic (rich in quartz and feldspar) and mafic facies (rich in amphibole).
In this outcrop, we performed a 23 m scanline to analyze the intensity of deformation in

relation to each facies. The mafic facies occurs over 16 m, and shows a density of brittle



42

structures of approximately 21 brittle structures/m. The felsic facies shows a density of
approximately 30 brittle structures/m over 7 m (Fig. 11D).
Figure 11 here

To calculate the damage zone width, bar diagrams of frequency versus cumulative
frequency versus distance from fault core were produced (Fig. 12). The bar diagrams allowed
us to estimate the width of the damage zone from the change in slope of the cumulative
frequency curve, which marks an increase and decrease in the frequency of brittle structures,
indicating the outer limits of a damage zone (Choi et al., 2016). The width of the damage zone
was calculated as follows: a) footwall, 240 to 290 m; b) hangingwall, 372 to 610 m. These
data show an asymmetry associated with the Triunfo Fault.

Profile 01 is located on the portion of the splay of the Triunfo Fault, where the NE-SW
Tatajuba Fault occurs (Fig. 12 - A). This splay marks the contact between the orthogneiss of
the Granjeiro Complex and the limestones of the Crato Formation. The width of the damage
zone in this region is thicker than the one associated with the Triunfo Fault, which is about
509 m. Profiles 02, 03 and 05 illustrate a decrease in the frequency of brittle structures with
increasing distance from Triunfo Fault (Fig. 12- B, C, E). The fault core width was estimated
locally in the profile 03 to be approximately 30 m. In profile 04 the decay in the frequency of
brittle structures is observed only in the fault hangingwall (Fig. 12- D). Profile 06 the decay of
structures is not continuous in the fault footwall, marked by brittle structures frequency peaks,
similar to what occurs in the footwall of profile 01 (Fig. 12- F).

The bar diagrams made it possible to estimate density of the brittle structures. The
density was obtained through the limits of the damage zone, from which it was possible to
identify the density of the structures inside and outside the damage zone. Thus, it is observed

that the density within the damage zone is approximately 25 brittle structures/m (footwall and
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hangingwall), while outside the damage zone there is a decrease in density values to 3 brittle
structures/m in the footwall and 8 brittle structures/m in the sedimentary cover (hangingwall).
Figure 12 here
5. Discussion
5.1.  Structural Lineaments

The correlation between structural lineaments and structural field data has been
proposed to analyze structural patterns and correlate them with deformational phases
associated with the tectonic evolution of sedimentary basins (e.g. De Lima and De S4, 2017;
Celestino et al., 2018). The topographic basement lineaments with a direction of ENE-WSW
(E1, Fig. 5-C) are associated with the mylonitic foliation (N75E) that occurs in the Granjeiro
Complex (basement rocks) (Fig. 9-A). Lineaments striking NW-SE (E2, Fig. 5-C) are
correlated to faults and joints with a preferential direction of N45W (Fig. 10-A). Basement
joints preferentially strike N-S (Fig. 10- A) that is consistent with N-S (E3, Fig. 5-C) trend
lineaments. The topographic lineaments with N-S (B1, Fig. 5-B) direction occurring in the
sedimentary cover sector could be correlated to the joints in the sandstone of the Cariri
Formation and faults in the limestone of the Crato Formation (Fig. 10-B, C). The lineaments
with NE-SW (B2, Fig. 5-B) direction show a strong correlation with the faults (N50E), joints
(N25E and N70E) and deformation bands (N50E) of the Cariri Formation (Fig. 10-B) and
joints in the Crato Formation, with preferential trends N45E and N70E (Fig. 10-C). The NW-
SE (B3, Fig. 5-B) direction of secondary lineaments can be correlated to the deformation
bands and joints of the Cariri Formation with N70W and N45W, respectively (Fig. 10-B).

Analysis of the length of the topographic lineaments shows that the lineaments in the
basement sector that vary between medium and long corresponding to the brittle structures,
mostly, and to a lesser extent the ductile structures. On the other hand, short lineaments can be

correlated to ductile structures (foliation, shear zones) and subordinately to brittle structures
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(faults and joints). In the sedimentary cover sector, short to long topographic lineaments
comprise brittle structures (faults, joints, and veins) and are characterized by the recurrence of
preferential trends (N-S, NE-SW, NW-SE) in the short, medium and long lengths of the
lineaments (Fig. 5).

The correlation of field data and lineaments made it possible to observe that the
topographic lineaments show that the ENE-WSW trends in the basement are associated with
the ductile fabric (mylonitic foliation) generated during the Brasiliano Orogeny. These
lineaments mark well the occurrence of the PASZ, E-W direction and adjacent NE-SW shear
zones. The main topographic lineaments within the Araripe Basin show NE-SW trend
possibly associated with normal faults formed during the Cretaceous (e.g. Triunfo Fault). The
NW-SE and NNE-SSW trends may be associated with a deformation that occurred during the
Paleozoic, which according to Riedel's model may represent nucleating structures of the pull-
apart geometry basement breaking system, which originate from a dextral transtensional
tectonic regime (Miranda et al., 2014).

Magnetic lineaments show a preferential ENE-WSW trend (Fig. 4), consistent with the
structural fabric associated with shear zones and the Triunfo Fault. In other words, the
magnetic data suggest that the PASZ shows a strong correlation and thus possible structural
control on the northern border of Araripe Basin. These alignments agree with the topographic
lineaments that occur in the basement sector, mainly associated with the ductile fabric ENE-
W-SW direction.

5.2.  Brittle structure intensity

It is generally accepted that the intensity of deformation in fault zones tends to
decrease with increasing distance from the fault core, towards the protolith (e.g. Caine et al.,
1996, Wilson et al., 2003; Liao et al., 2019; Mayolle et al., 2019). Fault zones are also subject

to the effects of rheologic control (mechanical) on the intensity of brittle structures. In this
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work, the brittle deformation associated with crystalline rocks located in the footwall and
sedimentary rocks of the Triunfo Fault’s hangingwall were analyzed. The minimum density
values of zero brittle structures/m in the footwall and three brittle structures/m in the-
hangingwall occur, at approximately 2.0 km from the fault core. Maximum density values of
57 brittle structures/m (footwall) and 47 brittle structures/m (hangingwall) occur about 22 m
and 125 m from the fault core, respectively (Fig. 13).

Generally, brittle structures decay can be fit by a power function or an exponential
function (Cowie et al., 1995; Wilson et al., 2003; Liao et al., 2019). The power-laws represent
the best fit for the density of brittle structures in linear-log plots with a coefficient of
determination of 0.74 for the Triunfo Fault footwall and hangingwall (Fig. 13). Exponential
function shows coefficients of determination of 0.70 and 0.43 to hangingwall and footwall,
respectively. We also use the linear function to evaluate behavior. This function shows
coefficients of determination of 0.58 and 0.37 to hangingwall and footwall, respectively.
Thus, it does not represent a good fit of the data.

The effect of rheological control is observed in the crystalline basement, which
presents two facies, mafic and felsic (Fig. 11). The orthogneiss (felsic facies, rich in quartz
and feldspar) of the Triunfo Fault footwall show higher density of brittle structures (~21
brittle structures/m) compared to the mafic facies (rich in amphibole) (~30 brittle
structures/m) (Fig. 11-D, E). This behavior reflects the rheologically distinct characteristics of
quartz and feldspar versus amphibole. The digital outcrop model (Fig. 11-A) illustrates this
rheological behavior, with the mafic portion showing a greater development of foliation and
faults, while the felsic facies shows a more cataclastic character. This difference in
rheological behavior within the same unit may reflect variations in the frequency of brittle
structures, and consequently, may influence the width of the damage zone.

Figure 13 here
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5.3.  Triunfo Fault displacement

The damage zone width data obtained from the scanline analysis allowed infer the
Triunfo Fault displacement (Fig. 12 and 14). Figure 14 compiles damage zone width versus
fault displacement data acquired for each lithological type (orthogneiss, sandstone and
limestone). To infer the fault displacement of the Triunfo Fault, we used the best-fit equation
from the literature data (e.g. Choi et al, 2016; Mitchell and Faullkner, 2016; Ellingsen, 2017,
Mavyolle et al, 2019).

The power law function illustrates the best fit with a coefficient of determination of
0.75 with an exponent a= 0.74 (Fig. 14). Data from this study and from the literature (Choi et
al, 2016; Mitchell and Faullkner, 2016) follow a near-linear (less dispersed) trend, different
from the others.

Inferred displacements show an increase in value as the damage zone width within
each lithological type increases. In the limestone, where the width of the damage zone is less
thick, the fault displacement is inferred to be 196 m. On the other hand, in sandstone and
orthogneiss, the inferred displacements are: a) 4728 m (sandstone) and b) 2621 m
(orthogneiss). The different damage zone width values show an asymmetry associated with
the Triunfo Fault. This asymmetry is possibly caused by mechanical heterogeneities of the
different lithological types occurring on both sides of the fault (Gudmundsson et al., 2010;
Lin and Yamashita, 2013). Other factors can also influence the asymmetry of a damage zone,
such as fault geometry, variations in the stress field during the process of faulting (Berg and
Skar, 2005; Lin and Yamashita, 2013) and tectonic environment and burial depth of
deformation (Balsamo et al., 2019). Furthermore, the polyphasic deformations superimposed
on the orthogneiss and sandstone, and the physical properties of these rocks probably affected
the damage zone width. The mylonitic orthogneiss underwent two deformational events (see

section 5.4), which led to a thicker damage zone (i.e. secondary peak of brittle structures, Fig.
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12). Porosity in the order of 10 to 15% in sandstones commonly is considered an important
factor for the development of deformation bands (Wong et al. 1997; Fossen et al., 2007). Due
to its porosity, the sandstone rocks favored the development of deformation bands generated
during nucleation of the Triunfo Fault. While the carbonate (Crato Formation), post-rift
sequence, may have suffered only the last deformation event associated with the Triunfo Fault
(see section 5.4). Thus, we observed that the values of the damage zone width have a positive
correlation with the inferred displacement values. The variations of inferred displacement can
be associated with different lithological types, fault reactivations and fault geometry (e.g. Kim
and Sanderson, 2005).
Figure 14 here
5.4.  Tectonic Implications

According to the geological- structural data collected in this work, it was possible to
identify transcurrent dextral shear zones (E-W), strike-slip faults with N-S and NW-SE
directions; and normal-oblique faults striking NE-SW (Fig. 15). The spatial organization,
kinematics and temporal relationship suggest that the structures mentioned above were
generated in different deformational phases. Oblique faults of N-S direction have
predominantly sinistral kinematics and NW-SE faults have dextral kinematics (Fig. 9- D-G).
These structures occur superimposed to the mylonitic fabric and could be respectively
correlated to the R’ and R faults of the Riedel Model (MacClay, 1987). This conjugate pair of
faults was generated under a brittle-ductile deformation of dextral strike-slip regime (PASZ),
with maximum extension (c3) in the NE-SW direction. Conversely, the normal-oblique faults
oriented NE-SW, and the deformation bands within the basin, suggest a maximum extension
(03) in the NW-SE direction (Fig. 16).

From the field data, we suggest that the study area has at least three deformational

phases (Fig. 16). The first phase/deformational stage (Dn) occurred during the Brasiliano
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Orogeny (Neoproterozoic), characterized by a ductile and dextral kinematic deformation
(PASZ). These deformations occur imprinted in the rocks of the Granjeiro Complex as high
angle mylonitic foliation (75/sub-vertical) and horizontal mineral lineation (250/06) (Fig. 9-
A,D).

The second deformational phase (Dn + 1) is inferred to have occurred during the
Paleozoic (e.g. Castro et al., 2014; De lima and De Sa, 2017; Miyouna et al., 2018; Cerri et
al., 2020; Oha et al., 2020). This phase caused the development of sinistral and dextral strike-
slip faults oriented N-S and NW-SE, respectively. During this deformational stage, the
dominant tectonic was strike-slip with the same kinematics as the ductile deformation of
Brasiliano age (Dn), but at shallow crustal levels. Several structural highs occurring within the
basin must have been formed during this stage (Dn + 1).

The third deformational phase (Dn + 2) was responsible for the generation of the
Triunfo Fault and is interpreted to have occurred during the opening of the South Atlantic in
the Lower Cretaceous. During this period, the northeastern intraplate basins began to nucleate
and the shear zones underwent brittle reactivation (Francolin et al. 1994). At this stage, the
PASZ was reactivated with sinistral kinematics (Nogueira et al., 2015). In the study area this
deformation occurs imprinted as NE-SW normal-oblique faults (e.g. Triunfo Fault), as well as
conjugate pairs of deformation bands that occur in the Cariri Formation (Fig. 9 cont. I-K).

In summary, the preexisting shear zones in the crystalline basement, developed during
the Brasiliano Orogeny, acted as areas of weakness and were reactivated during the
Cretaceous as brittle structures (faults, fractures and deformation bands). This brittle fabric is
characterized by a preferential NE-SW trend, with maximum extension (c3) in the NW-SE
direction, as suggested by basin boundary faults (Araujo et al., 2018, Rio do Peixe Basin;
Celestino et al., 2019b, Fatima Basin). In the Araripe Basin, the Triunfo Fault represents the

brittle deformation that occurred during the Cretaceous, relating to the Dn + 2 phase.
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Our results suggest that the northern border of the Araripe Basin presents a transitional
brittle tectonics involving two deformational stages: Dn + 1 and Dn + 2. The Dn + 1 phase
associated with dextral transtensional (pull apart) tectonics, marked by an NE-SW distension,
and the Dn + 2 phase associated with sinistral transtensional tectonics, characterized by an
oblique distension of the NW-SE direction, with normal fault development (NE-SW). In
addition, our data suggest that the Triunfo Fault remained active during the post-rift phase
under an extensional regime. With the limestone tilted and with higher degrees fracturing near
the faults registering the post-rift deformation (Fig. 9 cont. M).

Figure 15 here
Figure 16 here
6. Conclusions

Concerning the brittle deformation of the PASZ in the north border of the Araripe
Basin, NE Brazil, we documented following the structural characteristics of architectural
elements of the Triunfo Fault and its control in the tectonic evolution of the Araripe Basin:

1- Topographic and magnetic lineaments are strongly correlated with ductile (basement)
and brittle (basement and sedimentary cover) structures;

2- The main topographic lineaments within the basin show NE-SW trend, and are
possibly associated with the tectonic event of the maximum extension (¢3) in the NW-

SE direction (Cretaceous). The trends NW-SE and NNE-SSW may be associated with

brittle-ductile deformation that occurred during the Paleozoic, with maximum

extension (c3) in NE-SW direction;
3- The width of the damage zone of the Triunfo Fault ranges from 240 to 290m in the

footwall and from 372 to 610m in the hangingwall. These regions are marked by a

density of approximately 25 brittle structures per meter;
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4- Topographic control allowed the identification of faults, since these structures occur
mostly associated with topographic falls and lithological contacts;

5- The damage zone of the Triunfo Fault has an asymmetry, which can be attributed to
mechanical heterogeneities. At the Triunfo Fault splay sector, the greater width of the
damage zone may result from the geometric pattern of the fault;

6- Three deformational events with distinct ages were identified: Dn (Neoproterozoic),
Dn+1 (Paleozoic) and Dn+2 (Cretaceous);

7- The structural evolution of the northern border of Araripe Basin occurred between the
deformational stages Dn + 1 (dextral transtensional) and Dn + 2 (sinistral
transtensional);

8- The events Dn + 1 and Dn + 2 are imprinted in the crystalline basement rocks causing
an overlap of the deformations and influencing the width of the damage zone in the
fault footwall.
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Figure Captions

Figure 1- Conceptual model of a normal fault zone illustrating the main architectural
elements: protolith (host rock), damage zone, fault core, fracture systems, lineations and
kinematic indicators.

Figure 2- Aeromagnetometric map (reduction to the pole) of the intraplate basins,
northeastern Brazil, with the regional shear zones and sub- basins of the Araripe Basin
highlighted. PASZ = Patos shear zone; EPSZ = East Pernambuco shear zone; WPSZ = West
Pernambuco shear zone; AB = Araripe Basin; JB = Jatoba Basin; FB = Fatima Basin; SJBB =
Séo José do Belmonte Basin; CB = Cedro Basin; RPB = Rio do Peixe Basin; MB = Mirandiba
Basin; SB = Socorro Basin; BB = Betanea Basin; CPB = Carnaubeira da Penha Basin.

Figure 3- Flowchart of the stages performed during the analysis of topographic lineaments
extracted from the digital elevation model.

Figure 4- (A) Aeromagnetometric map (first derivative) of the Araripe Basin region,
highlighting the magnetic lineaments on basement and Araripe Basin sectors; (B) Rose
diagram of magnetic lineaments illustrating a preferred ENE-WSW trend, showing the ductile
deformation, represented by the PASZ; (C) Study area.

Figure 5- (A) Digital elevation model (315Az) of the northern border of Araripe Basin
superimposed on the geological map. Red lineaments represent the adjacent basement sector
and orange lineaments represent the sedimentary. Each pair of rose diagrams illustrates an

illumination direction (0, 45, 90, and 315Az) for each criterion, (Cr) crest; (V) valley; (B)
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Rose diagram of the topographic lineaments of the interior of the basin with major trends B1
and B2 and secondary B3; (C) Rose diagram of the adjacent basement illustrating the main
trends E1 and E2; and secondary E3.

Figure 6- Rose diagrams for each studied sector, illustrating the directions of the lineaments at
an interval of 500m. (A) Basement sector: the lineaments were classified in terms of their
length distribution as small (62 to 500 m), medium (500 to 1000 m) and long (1000 to 2975
m); (B) Sedimentary cover sector: the lineaments were classified as small (13 to 500 m),
medium (500 t01000 m) and long (1000 to 2223 m). Each rose expresses the preferred trends
of lineaments extracted from the DEM. Continuum lines represent the main direction; dashed
line represents the secondary direction.

Figure 7- 3D Digital elevation model of the region of the northern border of the Araripe Basin
superimposed on the geological map with the location of the six profiles crossing the Triunfo
fault: PO1- Profile 01; PO2- Profile 02; PO3- Profile 03; PO4- Profile 04; PO5- Profile 05 and
P06- Profile 06.

Figure 08- Six transversal topographic profiles of the Triunfo Fault. (A) Profile 01; (B)
Profile 02; (C) Profile 03; (D) Profile 04; (E) Profile 05; and (F) Profile 06.

Figure 9- Field aspects of the Granjeiro Complex, Cariri Formation and Crato Formation, and
examples of fault kinematic indicators. (A) Outcrop of the Granjeiro Complex, composed of
mylonitic orthogneiss with well-developed foliation-oriented ENE-WSW, dipping to SE and
NW, detail for stereographic projection, n = 79; (B) Mylonitic foliation planes carry an
horizontal stretching lineation with attitude 250/06; (C) Shear criteria in mylonitic
orthogneiss, dextral &-type porphyroclast showing the kinematics of the PASZ; (D) Conjugate
pair of strike-slip faults of the mylonitic orthogneiss (NW-SE, R, dextral; and N-S, R’,
sinistral), detail for stereographic projection, n= 48; (E) Sinistral strike-slip fault, R’; (F)

Dextral strike-slip fault, R; (G) Strike-slip fault plane with sub-horizontal slickenside filled by
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epidote and calcite. Fault plane attitude: 030/85 and slickenside: 300/27; (H) Negative flower
structure in the orthogneiss of the Granjeiro Complex, observed along an NNW-SSE oblique
fault. Traces in red correspond to the fault planes and in yellow the banding displaced by
them;

Figure 9 (cont.) - (I) Triunfo fault plane with well-developed dip-slip slickenlines in mylonitic
orthogneiss. Fault plane attitude: 150/65 and slickenside: 150/65; (J) Cariri Formation
sandstone fault plane, marking the presence of the Triunfo Fault. Steps indicating the normal
direction of movement of the blocks. Fault plane attitude: 142/65 and slickenside: 142/64; (K)
Normal fault plane with dip-slip slickenlines in sandstone. Fault plane attitude: 154/35 and
slickenside: 136/35 and (L) Tectonic Breccia of the Cariri Formation consisting of numerous
deformation bands (singles and clusters) marking the core of the Triunfo Fault; (M) Tilted
blocks of the Crato Formation laminites.

Figure 10- Lithostratigraphic units that represent the architectural elements of the Triunfo
Fault. (A) Fractured orthogneiss; (A1, n = 1474) and (A2, n = 219) stereographic projections
showing density contours of poles and rose diagram to joints and faults, respectively.
(Contouring interval C.i.=0,70 % (Al and A2)).; (B) Cariri Formation: sandstone with single
deformation band, stereographic projections with density contours of poles and rose diagram
B1 (n= 162), B2 (n= 281) and B3 (n= 6), indicate the trends of the deformation bands, joint
and fault, respectively. (Contouring interval C.i.=1,82 (B1); 0,87 (B2) and 8,04% (B3)); (C)
Crato Formation: fractured limestone, stereographic projections with density contours of
poles and rose diagram C1 (n= 49) and C2 (n= 5) indicate preferred joint (dashed line) and
fault directions, respectively. (Contouring interval C.i.=1,97 (C1) and 2,57% (C2)); and (D)
Crystalline basement breccia fault, detail for the calcite vein.

Figure 11- (A) Digital outcrop model of the Triunfo Fault’s damage zone (crystalline

basement). Highlight for the compositional variation of the basement, with mafic and felsic
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portions. Red lines indicate the main faults (n = 23) with their respective stereograms
(medium plane is showed in red color). (B) Detail of faults F1 and F2 illustrating
displacements of a quartz feldspar veins. (C) Schematic drawing of the digital outcrop model;
(D) Diagram of frequency and cumulative frequency of brittle structures versus distance of a
scanline carried out with a length of 23 m. The graph is divided into two parts. The bars with
red lines consist of data referring to felsic facies, 16m. The cumulative frequency consists of
the red line and the points listed are the cumulative frequency values along the scanline,
which help in the calculation of the density of structures (total cumulative frequency of the
facies / distance of scanline performed in each facies). The bars with green lines consist of
data referring to mafic facies, 7 m. The cumulative frequency consists of the green line and
the points listed are the values of the cumulative frequency along the scanline; (E) Pie chart
illustrates the density of fractures per meter for the facies analyzed, the percentage for each
one is also illustrated.

Figure 12- Frequency of brittle structures and cumulative frequency diagram of each profile
performed from the scanline technique (Fig. 7), highlighting the limits of the damage zone.
(A) Profile 01; (B) Profile 02; (C) Profile 03; (D) Profile 04; (E) Profile 05 and (F) Profile 06.
The zero in the X-axis represents the fault and positive and negative values indicate distances
to the fault. The locations of the outcrops are also indicated (e.g. AR08) in this axis. Y-axis
represents frequency data and cumulative frequency of brittle structures.

Figure 13- Fracture density as a function of the core distance from the fault. (A) Footwall of
Triunfo Fault; (B) Hangingwall of Triunfo Fault.

Figure 14- Log-log plot of the damage zone width versus displacement from the previous
studies (Choi et al, 2016; Mitchell and Faullkner, 2016; Ellingsen, 2017; Mayolle et al, 2019)
and this study. Damage zone widths were measured using faults, joints and deformation

bands.
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Figure 15- Structural map of the northern border of the Araripe Basin, highlighting the shear
zones of red color, indicating their development during the Dn phase; blue faults were
developed during the Dn + 1 phase; and the green faults that developed during the Dn + 2
phase.

Figure 16- Tectonic evolution model for the northern border of the Araripe Basin. A)
Deformational event Dn that occurred during the Neoproterozoic Brasiliano Orogeny; B)
Deformational event Dn + 1 of Paleozoic age, under dextral strike-slip, but with ductile-brittle
deformation; and C) Deformational event Dn + 2 of Cretaceous age, under oblique rift with

giving rise to the Triunfo Fault.
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Abstract

The laminated limestones of the Crato Formation, Araripe Basin (NE of Brazil) have
been investigated, as they are analogous to facies of the carbonate reservoirs of the pre-
salt sequence of the Brazilian marginal basins. The Early Cretaceous Crato laminites
comprise a complex range of structures that may play an important role in the porosity
and permeability distribution in carbonate reservoirs. This work aims to (1) understand
the control of a boundary fault zone (the Triunfo Fault, Lower Cretaceous) on the
development in carbonate breccia pipes of the Crato Formation, and (2) constrain the
timing of brittle deformation, based on field observations, microstructural investigation
and U-Pb carbonate geochronology. The breccia pipes are observed surrounding both
normal and strike-slip faults. The brittle deformation superimposed on the pipes is
characterized by brecciation and veining that show multiples phases of mineralization.
Our results propose the circulation of fluid along the pre-existing faults and pipes, these
fluids are responsible for polyphasic deformation in the pipes. We report two U-Pb ages
from carbonate-vein mineralization of 94.9 + 3.8 Ma (Cenomanian to Turonian) and
80.2 £ 3.0 Ma (20) (Campanian), which provide time constraints on the brittle

reactivations of the Triunfo Fault Zone, during the post-rift phase of the Araripe Basin.

Keywods

Breccia Pipe, U-Pb geochronology, Fault reactivation, dolomitization, Araripe Basin
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1- Introduction

The identification of different architectural elements of a fault zone, fluid-rock
interactions and the absolute timing of deformation affecting sedimentary reservoirs are
essential in various research areas, such as the exploration and production of
hydrocarbons, radioactive waste management, groundwater and CO; storage (Schueller
et al., 2013; Rohmer et al., 2015; Dimmen et al., 2017; Peacock et al., 2017; Wu et al_,
2019). Constraining the timing of brittle deformation is critical in understanding crustal
evolution, especially of sedimentary basins, and fluid flow during successive
deformation events, but many regional-scale fault systems lack readily available
techniques to provide absolute chronological information. Carbonate mineralization can
occur in crustal structures in many geological settings and can be suitable for U-Pb
geochronology (e.g., Roberts and Walker, 2016; Nuriel et al., 2017; Hansman et al.,
2018; Parrish et al., 2018; MacDonald et al., 2019; Nuriel et al., 2019; Roberts et al.,
2020).

Faults zones are complex 4-D structures composed of rocks in variable degrees
of deformational states, which strongly influence fluid flow properties, and can trap
fluids through time or act as conduits (Wibberley and Shipton, 2010). As fluid interacts
with a rock volume, it changes the rock’s properties, such as a decrease or increase in
porosity and permeability distribution, due to the cementation or dissolution of the rock,
(e.g., Salomon et al., 2020). In addition, fluid flow can cause hydrofracking of rock that
leads to the formation of breccias, new fractures and reactivation of pre-existing
fractures due to an increase in fluid pressure (Phillips, 1972; Jébrak, 1997; Grare et al.,
2018). The origin of these fluids can be diverse, including magmatic, meteoric,
metamorphic, diagenetic or a combination of these (Ridley and Dimond, 2000); in

addition, fluids can be channeled through faults.
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Pre-salt carbonates (e.g., Campos Basin, Brazil and Kwanza Basin, Angola)
often exhibit post depositional alterations including dolomitization and silification
(Lima and De Ros, 2019; Lima et al., 2019), which may be associated with seismic
activity, in which tectonics and hydraulic fracturing, control the flow of hydrothermal
fluids (Davies, 2004; Davies and Smith Jr., 2006; Poros et al., 2017 ; Pagel et al., 2018;
Rochelle-Bates et al., 2020). These alterations can cause variations in the quality of the
reservoirs due to fluid circulation and fluid-rock interactions, changing their
permeability and porosity distribution (Lima et al., 2019). Here, we present an
integrated dataset of structural field observations, petrography (optical,
cathodoluminescence, and Scanning Electron Microscopy Energy-Dispersive X-ray
analysis (SEM-EDX)) and geochronological analyses (U-Pb) of carbonate breccias from
the Early Cretaceous lacustrine laminites of the Crato Formation, Araripe Basin, NE
Brazil. The Crato Formation is renowned in the international scientific community as a
Lagerstatten deposit that contains pristine fossils (Martill et al., 2007). The formation is
time-equivalent of the Brazilian Pre-Salt reservoir rocks, and has been used as a
carbonate reservoir analogue for presenting depositional, geomechanical and structural
similarities to the facies of the Barra Velha and Macabu Formations, Santos and
Campos Basins, respectively (Catto et al., 2016; Neumann et al., 2003; Miranda et al.,
2018). The laminites of the Crato Formation illustrate similar dolomitization processes
to those observed in the Pre-Salt successions (e.g., Lima et al., 2019) and are
investigated in this work through the observation of breccia pipes associated within the
laminites.

The Crato Formation breccia pipes were initially described by Marttil et al.,
(2008), who classified them as dolomite pipes. These authors also proposed that the

dolomite pipe’s origin was linked to the entry of fluids arising from the sandstones of
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the underlying Cariri Formation, during the initial stages of burial. More recently,
Alencar et al., (2020) associated the origin of pipes with processes of liquefaction and
brecciation due to seismic activities, while the limestone was unconsolidated. However,
some aspects regarding the formation of these pipes, such as the nature of fluids, ages of
formation and tectonic reactivations remain uncertain.

In this study we document the fault system of the northern border of the Araripe
Basin, and the implications for the structural control on breccia pipes formed within the
Aptian laminites of the Crato Formation. Additionally, using the method of in situ U-Pb
geochronology (Roberts et al., 2020), we determined the timing of carbonate vein
mineralization associated with these carbonate breccia pipes.

This study of breccia pipes will help to understand the fault reactivation

processes in the Araripe Basin, as well as carbonate dolomitization processes.

2- Geological Setting

The study area is located on the northern border of the Araripe Basin, one of the
intraplate basins of northeastern Brazil. This basin is located in the Central Domain (or
Transversal Zone) of the Borborema Province, which is limited to the north by the west
termination of the Patos shear zone (PASZ), locally named as Triunfo Fault (Fig. 1)
(Celestino et al., 2020). The PASZ is approximately 600 km long and is characterized
by high temperature Precambrian mylonitic orthogneisses (Viegas et al., 2014).
Crystalline basement rocks of the northern border of the Araripe Basin comprises
mylonitic orthogneisses from the Granjeiro Complex (Neo-Archean), and
metasediments from the Cachoeirinha Group (Neoproterozoic) (Silva et al. 2002;
Medeiros and Jardim de Sa, 2009). The stratigraphy of the Araripe Basin has been

traditionally divided into pre-, syn- and post-rift sequences (Fig. 1-e¢) (Neumann et al.,
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2003; Assine, 2007). The pre-rift unit is represented by the Paleozoic (Siluran-
Devonian), Cariri Formation and by the Late Jurassic (Oxfordian-Tithonian), Brejo
Santo and Missdao Velha Formations. The rift sequence comprises the Early Cretaceous
(Neocomian) Abaiara Formation. The post-rift sequences (Aptian-Cenomanian) are
represented by post-rift 1, the Barbalha, Crato, Ipubi, Romualdo Formations and post-
rift 2, Exu Formation, which represents thermal subsidence as a sag basin (Assine et al.,
2014; Neumann and Assine, 2015).

The Araripe Basin is commonly divided into two sub-basins: Feitoria, to the
West and Cariri, to the East (Rand, 1983; Rand and Manso, 1984; Ponte and Ponte
Filho, 1996; Assine, 2007) (Fig. 1). These sub-basins are compartmentalized by a set of
horsts and grabens, with the Dom Leme horst being the central structure that separates
the two sub-basins. There are several proposals regarding the tectonic evolution of the
Araripe Basin (Marques et al., 2014; Miranda et al., 2014; Peulvast and Bétard, 2015;
Garcia et al., 2019; Celestino et al., 2020). Celestino et al. (2020) suggested that the
basin has evolved through two deformational stages: (1) dextral transtensional tectonics
during the Paleozoic, marked by the development of conjugated pairs of brittle-ductile
strike-slip faults (NW-SE, N-S); and (2) sinistral transtensional tectonics during the
Cretaceous, characterized by the development of normal faults NE-SW (e.g. Triunfo
Fault) and conjugated pairs of strike-slip faults (NE-SW, N-S), who comprise the
Triunfo Fault Zone (Figs. 1-b and 2) (Fig. 16 of Celestino et al, 2020). The Crato
Formation presents evidence of seismic activity which is marked by the development of
soft sediment deformation structures (seismites) (e.g.. syn-sedimentary shear fractures,
microslumps, breccia pipes) and veins of dolomite, calcite and gypsum, joints and faults
(Martill et al, 2008, Miranda et al., 2018; Alencar et al., 2020). These deformations

would have occurred after the second deformational stage proposed by Celestino et al,
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(2020), during the post-rift phase, associated with brittle reactivation of the Patos shear

zone (Alencar et al., 2020).

E Exu Fm.
E Araripina Fm.
— |Romualdo Fm,
£ [Clpubifm
§ Crato Fm.
' Barbalha Fm.
Abaiara Fm,
Missao Velha
Fm.
Brejo Santo
Fm.
?
Cariri Fm.
3 Romuaido Formotion - s
m Crato Formation c© |Cachoeirinha
£ Barbalna Formaton g Group
3 Cann Formation Ees
2 Cachoovinha Group § Granjeiro
3 Granjewo Complax o Complex

Figure 1. (a) Location of the study area in the northern border of the Araripe Basin
(AB); (b) Detailed geological map of the study area showing topographic lineaments of
two sectors: basement (red) and basin (yellow). Rose diagrams showing the main
directions of (c) basin and d) basement lineaments. Dashed lines correspond to preferred
directions; (e) Stratigraphic chart of the Araripe Basin. Modified from: Neumann and

Assine (2015); Lucio et al., 2020.

3- Materials and Methods
3.1- StructuralMap
Firstly, this study carried out a detailed structural mapping which was performed

over an area of 57 km® (Fig 1-b). Sedimentological and structural observations
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(description of lithological types and measurements taken from ductile and brittle
structures) were made from field observations and analyses of satellite images (Shuttle
Radar Topography Mission imagery, SRTM- https://earthexplorer.usgs.gov). A Digital
Elevation Model (DEM) was produced using the interactive shading technique, with the
objective of identifying structural lineaments (Fig. 1- b) (Onorati et al., 1992; Salamuni
et al., 2004; De Lima and De Sa, 2017; Celestino et al., 2018, Celestino et al., 2020).
The interpreted structural lineaments were correlated with the structures observed in the

field, aiming to classify the lineaments as faults, joints, deformation bands or foliations.

3.2- Analytical Methods
3.2.1- Optical Microscopy

For optical microscopic observations, polished thin sections of selected samples
were analyzed using light (transmitted and reflected) and cathodoluminescence from the
Universidade Federal de Pernambuco (UFPE). For the analysis of optical petrography
of reflected and transmitted light, we used the Zeiss Scope A2 microscope, which
helped to identify mineral contents, textures and temporal relationships. Analysis using
cathodoluminescence was performed using a CITL MkS Optical Cathodoluminescence
Microscope. This technique helped in the identification of carbonate in the rocks, as

well as highlights the cutting relationships between the mineral phases.

3.2.2- EnergyDispersive Xray

A polished thin section of the brecciated pipe was mapped by energy-dispersive
X-ray (EDX) analysis, using a Quanta FEG 650 scanning electron microscope (SEM),
operated in low-vacuum mode (0.83 Torr), 20 kV operating voltage, equipped with an

Oxford Instruments X-Max™ 150 mm? detector and AZtec large area mapping software.
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A total of 348 frames (tiles) were taken over a grid 12 tiles wide by 29 tiles deep. At
each location, a backscattered (BSE) image was taken, with a field of view of 1.54 mm,
and an EDX map for all elements present was generated (1024 x 704 pixels). Each EDX
elemental map was constructed from 50 frames, taken with a dwell time of 250 ps, spot

size 4.5 and aperture setting | (to maximize X-ray flux).

3.2.3 U-Pb Geochronology

A sample was prepared as a thin polished block, mounted in resin with
dimensions 5 cm x 3 cm x 1.5 cm. U-Pb geochronology was conducted with Laser
Ablation Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) at the
Geochronology and Tracers Facility, British Geological Survey, (Nottingham, UK).
Analytical procedures are described in Roberts & Walker (2016) and Roberts et al.
(2017). The reference materials WC-1 (Roberts et al., 2017) and ASH15 (Nuriel et al.,
2020) were used as primary and secondary reference materials, respectively, for
normalization of Pb/U ratios. The sample analyzed was from a vein hosted in a
carbonate breccia pipe from the Crato Formation (P2B). This sample presented two
distinct textures, on the external and internal portion of the vein. These textures possibly
indicate the entry of fluids during different periods. Thus, this fact motived to place the
geochronology analysis on this sample. Ages are quoted at 2o, and as + o/, where o
refers to the analytical uncertainty only, and p with propagation of the systematic
uncertainties (Horstwood et al., 2016). See supplementary files for full description of

the method and the full dataset.

4- Results

4.1- Structuralframework
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The study area has a variety of lithological types such as: orthogneisses
(Granjeiro Complex), metasedimentary rocks (Cachoeirinha Group), sandstones (Cariri
Formation), shales (Barbalha Formation), and limestones (Crato Formation) (Fig. 2).

Crystalline basement rocks display a well-developed mylonitic foliation oriented
NE-SW with dip oscillating between a medium to high angle, which represents the
PASZ fabric (Fig. 3- a, b). This structure is clearly marked by the topographic
lineaments of NE-SW direction (Fig. 1- b). The ductile fabrics are crosscut by a system
of brittle-ductile conjugate pair of NW-SE and N-S strike-slip faults, dextral and
sinistral, respectively (e.g., Celestino et al., 2020). In addition, the orthogneisses and
metasedimentary rocks are dominated by brittle deformations (faults, joints, veins)
developed during the brittle reactivation of the PASZ (Celestino et al., 2020). These
deformations occur overprinted on the NE-SW direction lineaments, as normal faults,
and on the N-S lineaments as strike- slip faults (Figs. 1 and 3- ¢). The contact between
the basement and the basin is marked by the N60E-direction Triunfo Fault Zone (Figs. 2
and 3-d). The damage zones include faults, joints and deformation bands, whereas the
core of the Fault Triunfo comprises various breccias and cataclasites (Figs. 8 and 9-d of
Celestino et al., 2020).

In the study area, the sedimentary cover is represented by the Cariri, Barbalha
and Crato Formations. The Cariri Formation comprises medium to coarse grained
sandstones. Deformation bands represent the main brittle structures of the Cariri
Formation, besides the occurrence of joints and faults in these rocks (Fig. 3-d, e, f). The
deformation bands show a NE-SW main direction, with variable kinematics, sinistral
and dextral, which occur either as single bands or as clusters. The Barbalha Formation

comprises reddish shales.
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237 Normal and strike-slip faults represent the brittle deformation of the Crato

238  Formation laminites (Fig. 3- g). Vertical and sub-vertical pipe structures only occur in

239  the laminites of the Crato Formation, and are related to the Triunfo Fault Zone (Figs. 2

240 and 4) (see section 4.2). The topographic lineaments show three main directions (Fig.

241 1): NE-SW, N-S and ENE-WSW (N70E), which reflect this fault system. Thus, the NE-

242 SW alignments are represented by normal faults, the N-S and ENE-WSW lineaments

243  may represent a conjugate pair of strike- slip faults (e.g., Celestino et al., 2020).

244 From the structural analysis of the study area, we have identified and named

245  several faults, such as the Nova Olinda, Pedra Branca, Riacho do Caboré and Seu Crato

246  faults (Fig. 2).

247

Lithostratigraphic Units
[ Colluvial Deposits
8 Crato Formation

[ Barbalha Formation
[ Cariri Formation

[ Cachoeirinha Group
3 Granjeiro Complex

Geological Conventions
wuu Normal Fault

wsi Inferred Normal Fault
---=- Inferred Lineament
—Inferred Strike Slip Fault
—— Structural Traces

Inferred Contact

* Pipes

42 Trés Irmaos Quarry
-4 Foliation

~L.Bedding

@ Outcrop
% City

248  Figure 2. Structural map of the northern border of the Araripe Basin with emphasis on

249  the location of the breccia pipes and key outcrops.
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Figure 3. (a) Orthogneiss of the Granjeiro Complex with well-developed foliation

striking NE-SW with dipping to SE and NW, detail for stereographic projection, n = 79,
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map view; (b) Outcrop of metasedimentary rocks belonging to the Cachoeirinha Group,
showing a NE-SW direction foliation with a moderate dip angle to SE, detail for
stereographic projection, n = 38, section view (c) Sinistral strike slip fault of N-S
direction in orthogneiss of the Granjeiro Complex, map view; (d) N60E direction fault
plane in sandstone of the Cariri Formation with down dip slickenside, of the Triunfo
Fault and, section view; (e) Cariri Formation sandstone deformation bands, illustrating
indicators of sinistral movement, map view; (f) Normal fault with NSSE direction in
sandstone of the Cariri Formation, section view (g) Aerial photograph of limestone from

the Crato Formation, with fractures displaced by a NE-SW sinistral strike slip fault.

4.2- BrecciaPipes

The breccia pipes are observed throughout the laminated limestones and are
well-exposed in quarries, mainly at the Trés Irmaos Quarry located in the northern
border of the Araripe Basin (Fig. 2). These carbonate breccias pipes occur in the
surrounding area of the Pedra Branca, Riacho do Caboré and Seu Crato fault zones (Fig.
2). These structures have a vertical to sub-vertical sub-cylindrical geometry (Fig. 4-a),
with diameters varying from 1 to 2 m (Fig. 4-b). Nevertheless, the pipes crop out as a
topographic high in relation to the host limestone and are discarded by the mining
process because they do not preserve the plane-parallel lamination of the limestone (Fig.
4-¢).

The carbonate breccia pipes of the Crato Formation show a chaotic texture
characterized by angular fragments of the host rock (laminated limestone) and veins
filled with calcite and dolomite that crosscut the framework of the rock (Fig. 4- a, b, e,
f) (see section 4.2.2- EDX). In general, the pipe color is also a factor that differentiates

it from the host rock, due to its top that usually displays gray and brownish colors, due
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to dolomitization (Fig. 4- a, b, ¢). The pipe structure is commonly observed by arching

of the layers of laminated limestone adjacent to it (Fig. 4- d).
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Figure 4. Carbonate breccia pipes of Crato Formation. (a) Vertical breccia pipes with
their boundaries highlighted (dashed red lines), detail for the top of the breccia pipes of
a brownish color, different from the body of the pipes, due to dolomitization. Yellow
arrows indicate the presence of veins filled with calcite and dolomite, with dispersed
distribution; (b) View of the top of the breccia pipes, gray color and cut by veins filled
with calcite and dolomite (yellow lines); (¢) Breccia pipes at Trés Irmaos Quarry, this
structure stands out in relation to the surrounding relief, being discarded when removing
laminated limestone; (d) Arched layers of the host limestone by the breccia pipes;
Angular fragments of the host limestone present in the (¢) body of the breccia pipes; (f)
on the head of breccia pipes with limestone fragments of different sizes (Lim) and

calcite and/or dolomite veins (yellow arrows).

4.2 1- Petrographical observatns

Petrographic observations of structures and calcite and dolomite mineralization
in the breccia pipes allowed us to identify and establish its mineral paragenesis. These
rocks are constituted by saddle dolomite, dolomite, calcite, gypsum, galena, chalcedony
and pyrite (Figs. 5-7). The breccia pipes have a chaotic arrangement of veins and

angular fragments of laminated limestone (Fig. 5- a, b’).

4.2.1.t Fragmentsof laminated limestone

The laminites angular fragments are typically 1 to 30 mm in size (Fig.5-a,b’).
These fragments commonly occur dolomitized or partially dolomitized (Fig. 5-a,b) and
are associated with pyrite distributed randomly through the fragments (Fig. 6-a) and
chalcedony (Fig. 6-d). The space between theses fragments is filled by dolomite and

calcite cements (Figs. 5-a,b’,c,d). In addition, they are crosscut by veins of calcite
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and/or dolomite (Figs. 5.6). In the cathodoluminescence imagery they show

luminescence varying from dark orange.

4.2.1.2 Pyrite

The pyrites are of a micrometer scale and are disseminated in the fragments of
laminated limestone of the breccia pipes. Under cathodoluminescence they are non-
luminescent. Commonly, these minerals are associated with the limestone fragments

that are included in the dolomitic cement (Fig. 6-a,b).

4.2.1.3 Chalcedony

Chalcedony occurs in a dispersed form in the breccia pipes mailing fillings pores
(micrometric to millimetric scale). Locally, this mineral is crosscut by gypsum veins
(Figs. 6 and 7-d). Additionally, we observed that the chalcedony minerals are non-

luminescent under cathodoluminescence.

4.2.1.4 Dolomites + Galena

The dolomites observed in the breccia pipes occur as cement between the
limestone fragments and filling veins (Figs. 5-7). They are thick crystals (micrometric
to millimetric scale) and have zoning patterns. According to the classification of Gregg
& Sibley (1984), the analyzed dolomite cements can be classified as idiotopic-S, and
idiotopic-C dolomites. In addition, we observed that the dolomite veins, in general, tend
to exhibit wavy extinction, pointed ends and curved faces. representing the occurrence
of saddle dolomite, which can be classified as xenotopic-C.

The zoned dolomites with up to four filling pulses (four zones) occur as the main

cement for the breccia pipes. The zoned dolomitic cement has luminescence varying
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between red and non-luminescent zones interspersed in the cathodoluminescence
imagery (Figs. 5-7). Angular fragments of dolomite and limestone are also found
associated with the filling of calcite as cement (Fig. 5- ¢, d).

Galena occurs on a micrometric scale as subhedral crystals and with typical
triangle pits (Fig.6-a,b.,c). Galena inclusions in dolomitic cement are observed and
sometimes these include limestone fragments with associated pyrite (Fig. 6- a,b,c).

The saddle dolomite occurs mainly as fringes in veins, and can also appear
combined in veins with calcite cores (Figs. 5- e, f and 7). The thickness of the veins
varies from micrometers to centimeters, and the luminescence has a zoning ranging
from red to brown areas of varying thickness in the cathodoluminescence imagery (Figs.
6 and 7). The veins that crosscut the carbonate breccia pipes have different textures and
filling stages (Figs. 6 and 7). One vein with dolomite filling, including an angular
fragment of the host limestone, records only one phase of mineral pulse (Figure 7- c). A
zoned dolomite vein, which is interpreted as antitaxial is also observed (Fig. 6 - e.f).
However, it is commonly observed in other veins, are mineralization comprising more
than one mineral phase, with gypsum edges and a core comprised by zoned dolomite
(Fig. 6 g,h). The mosaic in Figure 7 - a illustrates that the main vein, which crosscuts
the carbonate breccia pipe, is filled with zoned saddle dolomite on its edges, forming a
fringe, with the center being filled with thick calcite. This is the vein that has been dated

(see section 4.2.3).

4.2.1.5 Gypsum
Gypsum occurs as antitaxial fine veins of micrometric scale, in
cathodoluminescence imagery are non-luminescent. This mineral usually occurs at the

edges of other veins filled with dolomite and / or calcite (Figs. 6- g,h and 7). Commonly
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seen by crosscutting chalcedony included in limestone fragments (Figs. 6-d and 7-d).
Inclusions in the core gypsum veins are also observed, fine calcite (Fig. 7-e) and saddle

dolomite (Fig. 7- h,i).

4.2.1.6 Calcite

Calcite occurs mainly by filling veins and commonly occurs by cross-cutting the
veins filled with dolomite (Fig. 5- g,h). Locally it is also observed as cement involving
angular fragments of limestone and dolomite (Fig. 5-c,d). In the cathodoluminescence
imagery they have an orange or non-luminescent color without zoning (figs. 5-7).
Calcite veins occur as two types - fine veins filled only with calcite, orange or non-
luminescent, (Figs. 6-g,h and 7-g,i), and veins with a core filled with calcite, orange
luminescence, and with edges filled with dolomite (Fig. 7-g.1).

The fine calcite-filled vein (Fe-rich, non-luminescent in cathodoluminescence)
occurrence crosscuts across the saddle dolomite fringe of the main vein (Fig. 7- d, f, g).
it also percolates along the antitaxial vein filled with gypsum (Fig. 7- e), which occurs
on the outer margins of the main vein (Fig. 7- a). In figure 7, we also observe the
occurrence of calcite that occurs filling the core of a vein with multiple fills, they are
subhedral crystals, centimeter scale; the luminescence is orange in
cathodoluminescence. This same type of calcite is observed to fill veins that crosscut

veins of zoned dolomite (Fig.5-g.h).
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Figure 5. Photomicrographs highlighting main features of the carbonate breccia pipes
from the Crato Formation. (a) Photograph of breccia pipe samples, detail for the central
portion of the sample (gray color) partially dolomitized, extremity portions with
dolomitized limestone and carbonate filling between the limestone fragments; (b) Detail
figure (a), dolomite and partially dolomite limestone crosscut by calcite and dolomite
veins; (b’) Detail figure (a), Limestone fragments of varying sizes with dolomite
between the fragments; Angular fragments of limestone and dolomite with associated
calcite, in polarized light (c) and cathodoluminescence (d); Zoned saddle dolomite
fringe with thick calcite in the core, in polarized light (e) and cathodoluminescence (f);
Dolomite filled vein crosscut by calcite filled vein, indicating the later formation of the
calcite filled veins, in polarized light (g) and cathodoluminescence (h) Lim, Limestone;

D, Dolomite; Cal, Calcite; SD, Saddle dolomite.
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Figure 6. (a) Galena in parallel polarized light under transmitted light, associated with

carbonate material, detail for the limestone fragment that occurs with inclusions of

pyrite also present in the host rock (b) Galena in parallel polarized light under reflected
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light; (c¢) Galena in parallel polarized light under transmitted light with typical triangle
pits included in dolomite that occurs filling voids; (d) Detail of gypsum vein cutting
chalcedony and Fe- rich calcite vein cutting dolomite, in polarized light; Another mode
of occurrence of veins in carbonate breccia pipes, registering only one filling
characterized by zoned dolomite, in polarized light (e) and cathodoluminescence (f);
Dolomite vein with gypsum fringe, in polarized light (g) and cathodoluminescence (h).

Lim, Limestone; D, Dolomite; Ga, Galena, Gy, Gypsum.
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Figure 7. Petrographical observations of the carbonate breccia pipe veins. (a) Mosaic of
the veins in carbonate breccia pipes illustrating more than one generation of mineral fill;
(b) Detail of the mosaic illustrating the occurrence of saddle dolomite as a fringe on the
vein, thick calcite in the center of the vein, and thin veins filled with gypsum and
calcite, in polarized light; (¢) Vein in the breccia pipes, filled with dolomite, detail for
the angular fragment of limestone included; (d) Thin calcite vein cutting through the
saddle dolomite indicating that it was formed later, detail for the fine gypsum vein that
cuts the chalcedony; (e) Thin calcite vein included within the antitaxial gypsum vein;
Calcite-filled vein cutting through the dolomite, in polarized light (f) and in
cathodoluminescence (g); Another mode of occurrence of the gypsum-filled vein
associated with the dolomite-filled vein, in polarized light (h) and in
cathodoluminescence (i). Lim, Limestone; D, Dolomite; Cal, Calcite; SD, Saddle

dolomite; Gy, Gypsum; ChS, chalcedony.

4.22- EDX

Energy-dispersive X-ray (EDX) maps for Ca and Mg (Fig. 8- a, ¢) when plotted
as part of a composite elemental map (Fig. 9- a) can be used to indicate the distribution
of calcite, low Mg-calcite and dolomite, within the matrix material, surrounding breccia
clasts as a cement and as veins that fill newly developed fractures. Areas of brecciated
clasts within Fig.9- a, that are orange to pale orange in colour represent partially
dolomitized material with minor amounts of Fe and sometimes also Mn (Table 1), while
pale green areas are similar but with higher concentrations of Mg. Pale blue (teal
coloured) areas occur in the spaces around the brecciated material, with the highest
recorded values for Mg, and lower Fe (Table 1), which represents the formation of

dolomite cement in the voids surrounding brecciated material (dolomite anastomosing
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vein network). In addition, two compositionally distinct sets of mineral filled fractures
are clearly observed (Fig. 9- a-c). Blue (teal) fractures (Fig. 9), comprise dolomite, with
a similar Ca to Mg ratio as recorded from other dolomitic cemented areas (Table 1), and
have up to 0.2 atiomc % Fe. These appear to mainly be oriented parallel to the length of
the area scanned (see Figure 8- ¢). In addition, other fracture fills (Red in Figs. 8- a and
9- a) are composed of low Mg-calcite (Table 1), are generally relatively short and have
a more varied range of orientations. The occurrence of pyrite is indicated by the Fe and
S EDX maps (Fig. 8- b, d), where the two elements occur together. The distribution of
pyrite is clearly observed to be patchy (Figure 9- a), lining distinct voids, fracture
surfaces and randomly distributed though the matrix. The identification was confirmed
by the atomic% ratio of Fe:S (approximately 1:2), although some arears appear depleted
in S (approximately 1:1) ratio, which may represent the effect of localized weathering
(oxidation) (Fig. 10). The rare occurrence of barite, as infills, is marked where S and Ba
occur together (Figs. 8- d, f and 9-a) and is confirmed from the spectrum in Fig. 8-g.
Other phases such as gypsum and galena (section 4.2.1) were not observed by SEM-
EDX mapping, possibly reflecting the limited area examined, or the resolution used to

scan the sample.
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Figure 8. EDX maps of the breccia pipes from the Crato Formation, (a)- (d) and (f)
Individual element maps for calcium, iron, magnesium, sulphur and barium (white
arrow indicating the places of occurrence of barite), respectively; (e) BSE image of the

same area as in (a) — (d) and (f); (g) EDX spectrum of area recording Ba, with the
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occurrence of Ba, S and O indicating the formation of barite. Note that in (a) - (e) black

areas represent voids.

Figure 9. Composite EDX map for the elements in Fig. 8. (a) to (c), illustrating the
distribution of dolomite (light blue), calcite (red), iron-rich areas (yellow). Note that the
color scheme for Mg in the composite map has been changed from that in (c) to
highlight the occurrence of dolomite; (b) Calcite filled veins are observed to crosscut

the dolomite filled veins, indicating the later formation of the calcite filled fractures; (c)
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Calcite involving angular fragments of dolomite and limestone. Note that black areas

represent voids, or areas that do not contain Fe, Ca or Mg.
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Figure 10. Quantitative energy dispersive X-ray (EDX) atomic % maps for (a) Mg, (b)

Ca and (c) Fe, from the same sample and similar area as in figure 9. Note pixels binned

by a factor of 16, which has the effect of introducing an artifact suggesting the
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occurrence of gradational boundaries. In (a) note that most areas have greater than 20%
Mg indicating the occurrence of dolomite, or dolomitized carbonates rather than Mg-
calcite (low and high Mg calcite). Also, white and pink areas represent dolomite veins
through original brecciated carbonate, or cementing breccia; In (b) white and pink areas
represent low Mg calcite veins, which correspond to dark areas (black, dark purple, dark
blue) in (a); In (c) dolomite and calcite veins, and dolomite cement are dark (no Fe
content), while the brecciated carbonate shows a variable Fe content, although generally
less than 10%. Also note that white areas (20% Fe) correspond to areas low in Ca in (b),

and likely represent patches of pyrite or Fe-oxide (hydroxide).

Clasts Veins

Dolomitized limestone Calcite Dolomite
Ca 8.9-97 136-158 9.0-95
Mg 23-56 03-19 69-7.1
Fe 08-1.2 0-02
Mn 0-02

Table 1 — EDX compositional data (atomic%) from selected features of interest. Colors
refer to those in the composite EDX map (Figure 9-¢); Orange 1 = dark orange, orange

2 = lighter orange.

4.23- U-Pb Geochronology

To put some constraints on the timing of the cement precipitation of the
carbonate breccia pipes we dated one example of a carbonate vein using U-Pb
geochronology (Fig. 11 and 12). The dated sample (P2B) has two distinct textures
visible to at macroscopic scale, represented by a fringe on both internal walls of the
vein, and a thick textured core (Fig. 11-c-e). The sample was also analyzed for
petrographic analysis (optics and cathodoluminescence) and we observed that the dated

fills correspond to dolomite (fringe, red) and calcite (core, blue), (Fig. 7 and llc-e).
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These two regions across the sample were dated, one on the fringe of the vein and one
in the central region of the vein. Two ages were obtained 94.9 + 2.1/3.8 Ma (red)
(Cenomanian to Turonian) for fringe of the vein and 80.2 + 1.4/3.0 Ma (blue)

(Campanian) in the central portion of the vein (Fig. 12).

Figure 11. (a) General view of the outcrop of breccia pipes, with details for the place

where the dated sample was collected; (b) Sample collected for U-Pb dating (P2B); (c)
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Sample block mounted in resin, detail for the vein that was the dating object; (d) Vein
with carbonate filling, described in figure 7, it is evident the presence of two distinct
mineral stages in this vein, a fringe of dolomitic content (red) and the core filled with

calcite (blue), interpretation in (e).

1.0
Intercept at 80.2 £ 3.0 Ma
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Figure 12. Tera-Wasserburg concordia plot showing U-Pb dates for the vein of the P2B
sample from a breccia pipe of the Crato Formation. Two obtained ages: 94.9 + 2.1/3.8
Ma (red) and 80.2 + 1.4/3.0 Ma (blue), for dolomite and calcite, respectively,
illustrating multiple phases of fluid-flow with different compositions during reactivation

of the Triunfo Fault Zone.

5- Discussion
The integration of petrographic data (optical and cathodoluminescence), EDX

and U-Pb geochronology allowed us to identify successive deformations in the breccia
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pipes that are characterized by mineral paragenesis and fracturing. This is summarized

in figure 13 and is discussed in the following sections.

5.1- Paragenetic Bquence

The carbonate breccia pipes of the Crato Formation have a paragenetic sequence
composed of: pyrite, chalcedony dolomite + galena, gypsum, saddle dolomite and
calcite. In figure 13, the diagenetic processes and deformational events that occurred in
the studied area are summarized.

We observe that the limestone angular fragments of the breccia pipes are
dolomitized and/or partially dolomitized (Figs. 5 and 9). This dolomitization can be
associated with the initial processes of the pipe formation, which occurred during the
Early Albian, post-rift phase of the Araripe Basin (e.g., Alencar et al, 2020).
Additionally, these fragments commonly have pyrite and chalcedony, which are
commonly observed in the host rock (Fig. 6-a,b,d) (e.g., Cabral et al., 2019; Catto et al.,
2016). Particularly, pyrite occurs included in the limestone fragments that were
encompassed by the dolomitic cement of the rock. Nevertheless, pyrite crystals
associated with dolomite were not observed in this work. In addition, chalcedony occurs
by filling pores in the rock and is usually cut by carbonate veins (Fig. 7-d). Thus, these
observations indicate that the pyrite and chalcedony are possibly related to the
deposition of the laminite limestone, prior to the brecciation event.

The cementation of breccia pipes is essentially composed of dolomite, thought is
also possible to observe calcite occurring locally as cement (Fig. 5-a-d). Dolomitic
cement occurs associated with some subhedral galena crystals, which are not observed
included in the limestone fragments (Fig. 6-a-c). This fact suggests that the brecciation

process is connected to the entry of a dolomitic fluid accompanied by Pb. We observed
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that the dolomites of the idiotopic-S, and idiotopic-C types (e.g., Gregg & Sibley, 1984)
occur mainly by filling the spaces between the limestone angular fragments. They have
four zonations that could be differentiated in the cathodoluminescence (red and brown
luminescence) (Fig. 5). The saddle dolomite (xenotopic-C) occurs mainly cementing the
fractures, with four zonations (red and brown luminescence) (Fig. 7). Thus, these
dolomite zonations can be associated with multiple growth phases and the entry of
fluids with different compositions (e.g., Lukoczki et al., 2018).

The breccia pipes are crosscut by a system of veins with single or multiple
mineral fills (Fig. 7), that would be associated with the stages of deformation of the
breccia pipes. Using cathodoluminescence we observed two periods of carbonate
cement formation which are, associated with the development of fractures; a) dolomite
and b) low Mg-calcite. The calcite filled veins are occasionally observed to crosscut the
dolomite filled veins, indicating the later formation of the calcite filled fractures ( Fig. 5-
g, h and Fig. 9- b, c). Therefore, a clear change in fluid chemistry is indicated: Mg-rich
with minor Fe within newly formed fracture systems, and finally, low Mg-calcite (no
Fe) associated with a later stage of more randomly oriented fractures.

In summary, the results indicate that this vein system records recurrent fracture
episodes, probably due to reactivations of the Triunfo fault zone, accompanied by fluid
migrations (e.g., Menezes et al., 2019). In Figure 7, we observed multiple veins fills that
record the entry of fluids of different chemical composition during distinct fault
reactivation episodes. The general schematic model of vein filling (Fig. 14- c) illustrates
an initial fracturing phase that led to the formation of antitaxial gypsum veins (e.g.,
McKinnon, 2017). The second phase of deformation is represented by new fluid
percolation in the system that trigged the formation of a new vein composed of saddle

dolomite rim (fringes) (Figs. 14-d and 7). A fluid rich in calcium carbonate and low in
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Mg would enter the system and fill the remaining pores of the vein. The last recorded
phase consists of the formation of fine Fe-rich calcite veins that take advantage of the
weakness planes of the antitaxial veins of the gypsum and commonly crosscut the
saddle dolomite rim (Fig.14).

These multiple filling veins of varying compositions reflect the fracturing
episodes with the entry of different fluids in the breccia pipes. The two ages obtained
from the U-Pb dating of the came from breccia pipes, reflect different episodes of
deformation. The age of 94.9 + 2.1 / 3.8 Ma (Cenomanian to Turonian) was obtained on
the vein with saddle dolomite (Fig.7 and 12), which is associated with the dolomitic
cementation of the breccia pipes during its initial stages of formation. The second age
obtained from 80.2 + 1.4 / 3.0 Ma (Campanian) was measured in the central portion of
the vein that is filled by calcite. This deformation phase reflects the fracturing process

after the formation of the breccia pipes (Fig.13).

Tectonic events Dn+1 Dn+2 Post-rift

Diagenetic A _|Early | 94.9 + 3.8 Ma 80.2 +3.0 Ma
processes U,pbﬁ‘ggi,.s, Paleozoic Cretaceous v Cenomanian to Turonian v Campanian
Pyrite and -
. Chalcedony =

Liquefaction —7Mg- rich fluid

Brecciation S

Gypsum vein —

Dolomitic cement * —ig: rich _+ Pb fluid

Calcite vein * Mg- low fluid
Fe-rich calcite vein =

Figure 13. Diagenetic processes evolution of the breccia pipes, including U-Pb ages of
the polyphasic deformations that the breccia pipes were subjected. The events Dn+1 and
Dn + 2 refer to the deformational events in the Araripe Basin proposed by Celestino et

al., 2020.
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5.2- Pipe Formation

The formation of the carbonate pipe of the Crato Formation was discussed
initially by Martill et al., (2008) who observed the occurrence of pipe-like structures
with a high concentration of dolomite, calcite, and goethite. These structures were
classified by Martill et al., (2008) as dolomite pipes. These authors suggested that the
formation of the pipes was due to the rise of fluids through the laminated limestones,
destroying the original framework of the rock. The fluid would have come from paleo-
aquifers possibly belonging to the sandstones of the Cariri Formation, underlying the
Crato Formation, during the initial stages of limestone compaction.

According to Shukla and Sharma (2018), breccia pipes can originate through
hydrofracturing of partially consolidated layer from the entrance of high-pressure
hydrothermal fluids or liquefaction processes due earthquake. Alencar et al., (2020)
classified the pipes of the Crato Formation as seismic breccia pipes, formed by
hydrofracturing processes from paleoseismic activity. According to them, the entry of
fluids during seismic events would have caused liquefaction and brecciation of
limestone not yet consolidated. The ages obtained in our work reinforce this idea
proposed by Alencar et al., (2020). The pipe’s brecciation and cementation events
occurred at ca. 95 Ma (Cenomanian to Turonian), about 30 to 40 Ma after the deposition
of the Crato Formation.

Here, we demonstrated that the formation of the carbonate breccia pipes
occurred in more than one deformational phase (polyphase deformation), similar to that
discussed by Alencar et al., (2020). Initially, the formation of pipes would have
occurred through liquefaction processes with the entry of dolomitic fluid from seismic
events at the Early Albian (e.g. Alencar et al., 2020) (Figs. 13 and 14-a). The

subsequent phases occurred while the limestone was already consolidated during the
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Turonian — Campanian according to ours U-Pb ages. The fault reactivation would lead
to the brecciation of the pipe with the entry of new fluids and precipitation of dolomitic
cement between the limestone fragments and cementing fractures during the
Cenomanian to the Turonian (94.9 + 3.8 Ma) (Figs. 13 and 14-b). The activation of the
faults occurred recurrently, new fracturing episodes that are overprinted as veins filled
with calcite and dolomite, which indicate more than one carbonate filling pulse on the
same vein during the Campanian (80.2 + 3.0 Ma) (Figs. 7, 9, 11, 14-c).

The occurrence of dolomite and dolomitized limestone as micrometric fragments
with calcite between the fragments reinforces the idea that more than one episode of
brecciation and mineralization has occurred during the Campanian (Figs. 5-c,d and 9-c),
in addition to the occurrence of gypsum veins. The dolomitization of the breccia pipes
could have occurred due to these continuous entries of fluids, possibly before the
brecciation of the pipes (Figs. 9 and 13).

In summary, we propose that breccia pipes had their initial stage of formation
through the liquefaction processes as discussed by Alencar et al., (2020). Then, the
laminated limestone was dolomitized and / or partially dolomitized due to the entry of
dolomitic fluids. Subsequently there was the brecciation of the rock and cementation by
dolomite associated with galena during the Cenomanian - Turonian. Fractures occurred
recurrently due to fault reactivations which led to the formation of new fractures and the
entry of new carbonate fluids during the Campanian. This process of forming the
breccia pipes of the Crato Formation is similar to the hydrofracturing and brecciation
model proposed by Phillips (1972). According to Phillips (1972), initial dolomitization
of the rock is followed by brecciation and cementation by dolomite saddle, and episodes

of reactivation of faults occur recurrently after the formation of the breccia.
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Figure 14. Evolutionary process of the carbonate pipes breccia of the Crato Formation.
(a) Liquefaction process with Mg-rich dolomite fluids; (b) brecciation of the pipes with
dolomitic cimentation; (¢) Order of filling the veins observed in breccia pipes, detailed
in figure a, and Figures 7, 11. Numbers 1, 2, 3, 4, represent the sequential filling stages,
and vein colors correspond to the colors seen in the cathodoluminescence. SD, Saddle

dolomite; Gy, gypsum; Ca, calcite.

5.3 Structural Control and €odynami&volution

During the opening of the South Atlantic Ocean, in the Cretaceous, the
continental-scale shear zone systems of the Central Domain of the Borborema Province,
were reactivated as brittle fault zones (Miranda et al., 2020; Matos et al., 2021). These

shear zone systems control the structural evolution of the intraplate basins of NE Brazil
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(e.g., Araripe, Rio do Peixe, Jatoba basins) (Frangolin et al., 1996; Araujo et al., 2018;
Cabral et al., 2019; Celestino et al., 2020; Alencar et al., 2020; Miranda et al., 2020:
Matos et al., 2021). In a recent contribution, Matos et al. (2021) showed that the Pre-
Cambrian fabric of the Borborema and Benin-Nigeria Provinces played an important
role in the tectonic evolution of the South Atlantic Cretaceous Rift system (SACRS).
These authors recognized five chronological rift stages from the Late Jurassic/Early
Cretaceous (Tithonian-Berriasian) to Early Cretaceous (Albian).

According to Celestino et al. (2020) the tectonic evolution of the northern border
of the Araripe Basin is controlled by the Triunfo fault zone which represents the brittle
deformation of a segment of the Patos shear zone. In this study we observed the
occurrence of carbonate breccia pipes in the Crato Formation in the vicinity of this fault
zone (Figs. 2). Thus, we infer that the Triunfo fault zone faults play an important role in
the control of deformation in the laminated limestones of the Crato Formation and the
sandstones of the Cariri Formation, which are more deformed in these regions.
Additionally, Alencar et al. (2020) described soft sediment deformation structures (e.g.,
syn-sedimentary shear fractures, microslumps, including breccia pipes) that are related
to a process of liquefaction associated with the paleo-earthquakes. This fact also
corroborates with the idea that this region was tectonically active during the Aptian
even during a post rift tectono-sequence.

Two U-Pb ages were obtained in this contribution (94.9 = 3.8 Ma (Cenomanian)
Ma and 80.2 + 3.0 Ma (Campanian)), reflecting the entry of two pulses of fluids during
reactivations in the Triunfo fault zone, and fluids of different chemical compositions,
during the post-rift phase in the Araripe Basin.

According to Matos et al. (2021) at the end of Albian/early Cenomanian, South

America was completely separated from its conjugate margin in Africa. Although, plate
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dynamics and crustal adjustments remain in the Borborema Province during the Early
Cretaceous and Cenozoic. Therefore, Late Cretaceous and Cenozoic magmatic events in
the Borborema Province reflect mantle thermal anomalies yet associated with the
SACRS (Souza et al., 2003; Matos et al., 2021).

For instance, during the Cenomanian to Campanian the Cu6 basaltic flows took
place in the Borborema Province (Sial et al., 1981; Aragjo et al., 2001; Mizusaki et al.,
2002). This magmatic event yields K-Ar ages between 99 and 80 Ma (Mizusaki et al.,
2002) placing this magmatism temporally very close to the fluid circulation found in the

breccia pipes of the Crato Formation.

5.4- Fluid Circulation

The dolomitic cement that occurs between the fragments of laminated limestone
and filling fractures, in addition to the calcite veins developed during the reactivation
episodes of the Triunfo Fault zone register as fluid circulation system during the post-
rift phase of the Araripe Basin (Fig. 14). During an interval of about 14Ma
(Cenomanian - Campanian) the chemical composition of this carbonate fluid varied,
becoming poorer in Mg. However, the origin of the fluid that involved the formation of
breccia pipes is still a source for much discussion (Fig. 14-a). These fluids could have
come from paleo-aquifers possibly belonging to the sandstones of the Cariri Formation,
underlying the Crato Formation, through fault systems, as initially proposed by Martill
et al., (2008). However, another possible source for these fluids is the crystalline
basement, underlying the Cariri Formation, which flowed upwards through faults
causing the hydrofracturing of the rocks. These regions would function as reservoirs of
fluids and supply the faults that act as conduits for fluids (Sibson, 1990; Lavoie and Chi,

2001; Packard et al., 2001; Al-Aasm et al., 2002; Davies and Smith, 2006; Hollis et al.,
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2017; Grare et al., 2018; Koeshidayatullah et al., 2020). Within the study area in the
region of the crystalline basement, tectonic breccias with calcite cement and calcite-
filled veins are found (Celestino et al., 2020). This suggests the basement has the
potential to supply the overlying fault systems during episodes of fault reactivation;
however, in the portion of the studied area we cannot rule out a contribution from the
paleo-aquifer Cariri Formation. A geochemical study is necessary to confirm the origin
of these fluids. In addition, to the pre-existing faults and fractures that possibly served
as conduits for the fluids, it is important to take into account that before the breccia
formed, the pipes had already been formed, as previously discussed, and this region
may have functioned as a preferred channel for transporting new fluids. The proximity
of the breccia pipes to faults is an important factor for the circulation of these fluids
(Fig. 2).

According to Davies and Smith, (2006), argillites and evaporitic rocks act as
seals for underlying rocks and contribute to the location of dolomitization. The Crato
Formation presents levels with layers of argillites and shales, and overlying this
formation there are evaporites from the Ipubi Formation. The salt of the Ipubi
Formation could act as barriers for the percolation of fluids in the overlying layers.
These fluids that may have been channeled through pipes and blocked by the
evaporative layers. This would have caused the concentration of fluids only in the Crato
Formation and, concentrating the formation of breccias pipes in places where the
absence of these lithologies occurred.

The dolomitic fluids accompanied by Pb during the Cenomanian to the Turonian
ascended along the faults and / or by means of the pipes that already existed. After later
fault reactivations in the Campanian the carbonate fluid poor in Mg migrated along the

available structural conduits, causing new brecciation in the breccia pipes (Figs. 13 and
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14), widening of pre-existing fractures and cementation within them (Figs.7 and 14).
The hydrothermal origin for theses fluids that acted on the laminated limestones is still
unclear, but some characteristics point to this possible hydrothermal source for the
formation and the brecciation of the breccia pipes. The observed mineral association of
saddle dolomite, dolomite, calcite, galena, pyrite and barite (Figs. 5- 7), is commonly
found in hydrothermal environments (e.g., Davies and Smith, 2006; Lima and De Ros,
2019; Lima et al., 2019). However, the occurrence of barite was observed in the contact
between the Crato and Ipubi formations by Cabral et al., (2019). These authors
associated this occurrence with a sulfation process in the laminated limestone. On the
other hand, barite can also be precipitated in environments with hydrothermal fluids
(Griffith and Paytan, 2012; Okubo et al., 2020). For a fluid to be considered
hydrothermal it must have a higher temperature in relation to the embedding rock
(Davies and Smith, 2006). But in all cases, an isotopic and geochemical study is

necessary to define whether the mineral phases found are hydrothermal.

5.5- Impact on ReservoinrBperties

In fault zone regions, the permeability of rocks can be increased due to the
greater density of fracturing (Blundell et al., 2003; Kolb et al., 2004) and/or decreased
later due to the filling of the fractures. Brecciated intervals (fault core) and permeable
facies of the rock can also be factors that contribute to the fluid flow or act as a
hydraulic barrier (Phillips, 1972; Sibson, 1987; Sibson, 1990; Knipe, 1993; Knipe et al.,
1998: Billi et al., 2003; Fossen et al., 2005; Tarasewicz et al., 2005; Davies and Smith,
2006; Grare et al., 2018). In this study we investigated the role of the crystalline
basement structures (Triunfo fault zone) on the formation and evolution of breccia pipes

in a carbonate reservoir analogue (Crato Formation). Our results indicate that the
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breccia pipe’s formation is directly associated with the circulation of fluids along fault
planes. Nevertheless, these heterogeneities show complex structural diagenesis, which
may represent significant variations in the reservoir quality (porosity and permeability
distribution) (e.g., Laubach et al., 2010; Lima et al., 2020). For example, Lima et al.
(2020) show clear evidence of diagenesis that is related to an intense hydrothermal
alteration in the Pre-Salt reservoirs from the Campos Basin, SE Brazil. These authors
suggested that the hydrothermal fluid circulations along fault planes have a strong
impact on the perm-porosity distribution of the Pre-Salt reservoirs. This study shows
that the investigation of rock faults (e.g., breccia) together with the associated fracturing
in analogue reservoirs still has huge importance in delivering insights on the structural

diagenesis of real carbonate reservoirs.

6- Conclusiosa

Based on our study of the laminated limestones of the Crato Formation, we
suggest the following conclusions:
(1) During the post-rift phase of the Araripe Basin, even after the opening of the South
Atlantic, tectonic reactivations continued to occur. The proximity of the carbonate
breccia pipes to the Triunfo Fault zone show a clear structural control associated with
the development of the breccia pipes. These structures acted as conduits for the
carbonate fluids, as well as the pipes themselves.
(2) The analysis of data obtained from the analysis of EDX, optical microscopy and
cathodoluminescence made it possible to identify two generations of fluid entering the
system, recorded as dolomite cement between fragments of limestone and in fractures,
in addition to the calcite that occurs essentially filling veins. Other vein fillings were

identified as gypsum and calcite rich in Fe.
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(3) Two U-Pb ages of carbonate-vein mineralization, Late Cretaceous of 94.9 + 3.8 Ma
(Cenomanian to Turonian) and 80.2 + 3.0 Ma (Campanian), provide constraints on two
brittle reactivation episodes of the Triunfo Fault Zone, and the entry of fluids from
different compositions during post- rift deformation of the Araripe Basin.

(4) The circulation of fluids along the pre-existing faults and pipes were responsible for
the polyphase deformation in the breccia pipes that occurred between the Cenomanian

to Campanian.
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3.3 CLASSIFICACAO DAS ROCHAS DE FALHA DA FALHA TRIUNFO

Zonas de falhas sdo compostas por trés elementos arquiteturais: a) zona de dano, b)
nacleo e c) protolito (CAINE et al., 1996; LIN & YAMASHITA, 2013; CHOI et al., 2016;
LIAO et al., 2019). A zona de dano ocorre em ambos os lados da falha e € dominada por uma
maior frequéncia de estruturas rdpteis. O nucleo de falha é caracterizado pela presenca de
rochas de falhas, como cataclasistos, brechas e gouges, e por superficies de deslizamento.
Nesta regido as texturas originais da rocha nédo sdo preservadas. O protoélito representa a rocha
ndo deformada ou pouco deformada.

3.3.1 Nucleo da Falha Triunfo

O nucleo da Falha Triunfo é caracterizado pela ocorréncia de rochas de falha, como
cataclasitos e brechas tectonicas, com protélito metamdrfico (ortognaisses do Complexo
Granjeiro) e sedimentar (arenitos da Formacdo Cariri) (Fig. 7). O nucleo da Falha Triunfo
apresenta localmente espessura de cerca de 30 m, e € composto essencialmente por brecha de
falha.

A brecha de falha de composicao ortognaissica, que esta associada ao ndcleo da Falha
Triunfo, apresenta fragmentos angulosos com tamanhos que variam de centimetros a
milimetros (Fig. 7- A). Esta rocha de falha também pode ocorrer localmente foliada. A textura
milonitica, dos ortognaisses do embasamento cristalino, pode ser utilizada como guia na
observacdo da rotacdo dos fragmentos das brechas de falha. Esta observacdo € mais evidente
com a utilizacdo da catodolunescéncia (Fig. 8- A). A matriz das brechas de falha é composta
por fragmentos inequigranulares dispostos de forma difusa, sem a possibilidade de rearranjo.
O cimento das brechas é marcado pela a ocorréncia de argilominerais e de o0xidos de ferro. As
brechas da Falha Triunfo também apresentam uma forte cimentacdo por calcita ao longo de
toda rocha ocupando os espagos vazios (Fig. 8- B). A calcita também ocorre como veios
cortando a matriz e os fragmentos, indicando que possivelmente corresponda a uma segunda

fase de entrada de fluido carbonético associado as brechas da Falha Triunfo (Fig. 8- C e D).
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Figura 7- A) Brecha tectdnica do embasamento cristalino, ortognaisse milonitico; B) Brecha tectdnica da

Formacéo Cariri composta por inimeras bandas de deformacéo marcando o ndcleo da Falha Triunfo. C)

Cataclasito bastante fraturado e D) Detalhe do cataclasito ilustrando a ocorréncia de veios de calcita.
e et S PP, A (B)

s

Fonte: Autor (220).

Figura 8- Fotomicrografia da brecha tecténica do embasamento cristalino. A) Fragmentos do ortognaisse
milonitico imersos no cimento de calcita. Na porcéo central é possivel observar que os clastos apresentam
deslocamentos indicativos de esforco transtensional, setas em branco. Esses clastos apresentam uma foliacdo
milonitica que ocorre de forma continua mesmo apés o faturamento da rocha indicando que ndo ocorreu rotacao
significativa entre os clastos; B) Fragmentos angulosos de quartzo e feldspato, cortados por veios de calcita e
imersos em cimento calcitico, que preenche toda a rocha; C) Fragmento milonitizado da brecha tectdnica,
cortado por veio de calcita. Observe que este veio corta o clasto e o cimento (calcita), indicando duas geracées
de calcita; D) Veio de calcita, seta azul, ocorre deslocando o cimento de calcita com sentido de movimento
sinistral. Nic6is cruzados. Objetiva 5x. Frg- fragmento; Ca- calcita.

& “*‘:— : : B ISR §
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A partir da andlise de catodoluminescéncia foi possivel observar de forma mais clara a
ocorréncia da calcita em duas fases distintas: a) veios; e b) cimento. A catodomuminescéncia
contribuiu para observacdo do padrdo de fraturamento e arranjo dos clastos nas rochas de
falha. Na Figura 9-A, é possivel observar uma série de falhas de cinemaéticas distintas
(sinistrais e dextrais), que é comum em rochas intensamente fraturadas. Estes falhamentos
tendem a ocorrer com e sem envolvimento de calcita.

O cataclasito observado na area de estudo, possivelmente esta associado as falhas de
idade Paleozoica de dire¢cdo N-S (Fig. 7-C,D). Esta rocha apresenta fragmentos angulosos,
granulacdo mais fina e sdo compostos por ortognaisses. As ocorréncias de calcita nessas
rochas ocorrem principalmente como veios, diferente das brechas tectdnicas associadas a
Falha Triunfo (Fig. 7-D e 9- B-D). Sua matriz apresenta uma granulacdo muito fina com

alguns fragmentos de quartzo e feldspatos se destacando.

Figura 9- A) Fotomicrografia ilustrando cimento de calcita na porcéo esquerda da imagem e de veios de calcita
dispersos. Setas rosas indicam a ocorréncia de fraturamento da rocha com e sem interagdo com calcita. Nesta
rocha os clastos ocorrem deslocados, com sentido de movimento sinistral e destral. Na por¢do direita da imagem
ha a ocorréncia de falhas em dominé com cinematica destral. As linhas brancas correspondem aos planos de
microfalhas; B) Fotomicrografia do cataclasito. Fragmento do ortognaisse e uma matriz de granulacéo fina
inequigranular com veio de calcita no centro. C) e D) Fotomicrografia do cataclasito ilustrando a ocorréncia de
veio preenchido por calcita com algumas inclusGes de quartzo e feldspato. Nicdis cruzados. Objetiva 5x. Frg-

_ fragmento; Q‘{:I- calcita.

B 'y ‘A
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3.3.2 Analise de DRX

A andlise de DRX foi realizada com intuito de mapear as diferentes composic¢des do
material que preenche os planos de falha (gouge) da zona de dano da Falha Triunfo. A partir
dessa andlise observou-se que os difratogramas de DRX obtidos para as 20 amostras coletadas
de planos de falhas e fraturas no embasamento cristalino, Complexo Granjeiro, apresentam
semelhanca significativa nas posi¢cBes dos picos e intensidades, que sdo refletidas na
composi¢do mineraldgica semelhante (Fig. 10). Quatro difratogramas foram escolhidos como
mais representativos dentre os 20 difratogramas analisados (Fig.11).

O afloramento analisado apresenta duas facies: méfica, classificada como anfibolito, e
uma félsica, classificada como um ortognaisse. A diferenca composicional da rocha é reflita
no material que preenche os planos de falhas e também no desenvolvimento de estruturas.
Foram definidos trés dominios composicionais que ocorrem preenchendo os planos de falha.
O dominio 1 é marcado por fraturas preenchidas por calcita com ou sem presenca de
argilominerais do tipo 2:1, e ocorre na porcao inferior do afloramento (Fig. 11- A e B). O
dominio 2 ocorre na por¢do mafica da zona de dano, onde ocorre 0 maior desenvolvimentos
de falhas. As composicdes dos gouges de falha refletem a composicdo original da rocha e
alguns minerais de alteracdo (anfibdlios, plagioclasio, epidoto, clorita, carbonatos, além de
algumas argilas, como caulinita, e argilas 2:1) (Fig. 11- C). O dominio 3 esta localizado na
porcdo félsica da zona de dano, nessa porcao a rocha apresenta um aspecto mais cataclasado.
O preenchimento das estruturas rapteis € composto basicamente por quartzo, feldspatos,
biotita, anfibolio e piroxénios, e alguns minerais acessorios como, zircdo, titanita, carbonato,

rutilo e epidoto. Além de alguns argilominerais (e.g., caulinita) e argilas 2:1 (Fig. 11- D).
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Figura 10- Modelo digital de afloramento da zona de dano da Falha Triunfo, Complexo Granjeiro, o qual foi
utilizado para analise composicional do preenchimento das falhas e fraturas. Destaque para as estruturas rapteis
onde foi realizada a coleta do material para analise de DRX, exceto as falhas 10, 13, 18 e 19, que ndo apresentam
rocha de falha (gouge). Em amarelo (dominio 1) estéo evidenciadas as estruturas preenchidas por calcita; em
vermelho (dominio 2) estdo destacadas os planos das falhas preenchidas por anfibélio e plagioclasio em sua
maioria, além de argilominerais; e as fraturas em verde (dominio 3), de composicéo quartzo-feldspaticas com

presenca de anfibolio, piroxénio, argilominerais e alguns minerais acessorios.
e 7 \ N
oo

Fonte: Autor (2020).
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Figura 11- Difratogramas de amostras coletadas ao longo dos planos de falhas do Complexo Granjeiro. A)
Difratograma de fratura preenchida por calcita; B) Difratograma de uma fratura preenchida por calcita e argilas
2:1; Difratogramas representativos de planos de falha localizadas na facies C) méfica e D) félsica da rocha.
Observar a clara diferenca dos preenchimentos em cada facies do embasamento cristalino.
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4 CONCLUSOES

Esta dissertacdo apresenta a analise estrutural multiescalar da zona de falha Triunfo e
suas implicagcdes na evolucdo tectbnica da borda norte da BA. Para a identificacdo dos
elementos arquiteturais da Falha Triunfo e definicdo dos seus eventos deformacionais foram
utilizados dados topograficos de satélite e aeromagnéticos, mapeamento geoldgico- estrutural
(1:25.000), com aplicacao da técnica de scanline, microtectdnica (catodoluminescéncia e
EDX), geocronologia (U-Pb, carbonato) e DRX.

A zona de falha da Falha Triunfo apresenta trés elementos arquiteturais: a) protolito,
compreende a ortognaisses (footwall), arenitos e calcarios (hangingwall) pouco deformados;
b) zona de dano, composta por ortognaisses (footwall), arenitos e calcarios (hangingwall),
intensamente fraturados; ¢) ndcleo, composto por brechas de falha e cataclasitos. A espessura
da zona de dano foi estimada variando de 240 a 290 m no footwall e de 372 a 610 m no
hangingwall, é assimétrica, refletindo possivelmente heterogeneidades mecénicas das rochas,
bem como variacdo no padrdo geométrico da falha.

O nucleo da Falha Triunfo no setor do embasamento é caracterizado pela presenca de
brechas tectonicas e cataclasitos, comumente com calcita ocorrendo como cimento e
preenchendo veios. A relagdo temporal entre esses dois tipos de ocorréncia de calcita foi
observada, e reflete que ambos foram formados em periodos diferentes, possivelmente
durante episodios de reativacdo das falhas com entrada de fluidos carbonaticos.

Este trabalho propde trés estagios deformacionais para borda norte BA: 1- Dn
(Neoproterozoico), deformagéo ddctil; 2- Dn+1 (Paleozoico), deformacdo ductil- raptil e 3-
Dn+2 (Cretaceo), ruptil. Os eventos deformacionais Dn+1 e Dn+2 refletem a transicdo da
deformacdo ductil- ruptil da zona de cisalhamento Patos e a consequente geracdo da zona de
falha Triunfo. Esta pesquisa propde que apos o evento Dn+2 a Falha Triunfo continuou ativa
durante a fase pds-rift da BA.

As brechas carbonéticas (pipes) da Formacdo Crato estdo diretamente associadas ao
sistema de falhas da zona de falha Triunfo. Os dados petrograficos e geocronolégicos
sugerem que o0 desenvolvimento estrutural dos pipes brechas teria ocorrido durante
reativagdes episodicas (94.9 + 3.8 Ma e 80.2 = 3.0 Ma) das falhas, associadas a entrada de
fluidos de diferentes composi¢fes quimicas. Processo semelhante a este também ocorreu nas
brechas tectonicas encontradas no footwall (embasamento) da Falha Triunfo. A associagéo
mineral encontrada nos pipes (dolomita em sela, dolomita, calcita, galena, barita) se

assemelha a paragénese mineral encontrada em reservatérios carbonaticos que apresentam
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alteragdes hidrotermais (e.g., reservatorio pré-sal, Bacia de Campos). No caso das brechas
carbonaticas da Formacdo Crato, o sistema de falhas da borda norte da BA funcionou como
condutos para o transporte de fluidos possivelmente vindos da Formacdo Cariri e/ou
embasamento.

As anélises DRX permitiram mapear na zona de dano (footwall) da Falha Triunfo os
preenchimentos dos planos de falhas, classificando-os em trés dominios composicionais. Os
dominios analisados ilustram a ocorréncia de calcitas preenchendo completamente fraturas ou
associadas a outros minerais, além de argilas do tipo 2:1. Ambos minerais (calcita e argilas
2:1) sdo importantes no processo de datacdo de falhas e de rochas de falha, através dos
métodos U-Pb, utilizando calcitas, ou K-Ar, utilizando ilitas (argila 2:1). Apesar de nédo ter
sido realizado o tratamento para diferenciar o tipo de argila 2:1, as amostras analisadas
ilustram um bom potencial para 0 método de datacdo K-Ar, além do método U-Pb utilizado
neste trabalho.

Recomendo que sejam realizados estudos mais detalhados nos pipes brechas, visando
identificar a origem dos fluidos, a partir da anélise geoquimicas (8*°C, §*°0, ®Sr/*®Sr), além
de inclusdes fluidas para verificar a temperatura do fluido atuante na formacdo da dolomita.
Recomendo também analisar os processos de silicificacdo que ocorre na Formacao Cariri e
analisar se existe alguma correlacdo com as deformagOes observadas na Formacdo Crato

discutidas nesta dissertacéo.
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