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ABSTRACT

The study of sedimentary basins is crucial to the global economy, as they are sources
of underground water and hydrocarbon, strategic resources for the industrial development
and human activities. The development of sedimentary basins is linked with the regional
stress imparted by geodynamic processes, thus understanding their tectonic evolution
help to constrain the structural pattern of the upper crust. This way, the study of
sedimentary basins provides a great scientific contribution to global tectonic evolution

and the distribution of resources and sites for CO2 storage.

In sedimentary basins dominated by porous siliciclastic sequences, the syn-
sedimentary basin-boundary faults generally host thin tabular structures known as
deformation bands. Such deformational features can develop as single or in clusters in
response to tectonic processes, and generally reduce the host rock permeability of up to
4-5 orders of magnitude. Thus, linking the tectonic history with deformation bands
evolution in sedimentary basins is important to constrain fluid migration and

accumulation in siliciclastic reservoirs.

In this PhD thesis, the Rio do Peixe (RdP) basin, located in northeast of Brazil, is used
as a case study to understand the intracontinental deformation during the progressive
opening of the Atlantic Ocean in the Lower Cretaceous and the later Cenozoic
reactivation. The effects of such tectonic evolution on the petrophysical properties of

rocks are also documented, and implications for siliciclastic reservoirs are discussed.

The greatest challenge of studying the Rio do Peixe basin is the partial lack of
guantitative data on the syn-rift stage, which leads to distinct interpretations for the
tectonic evolution of the basin. On border faults, only few outcrops are identified, making
it quite difficult to constrain the evolution of stretching directions during basin formation
based only on field data. The syn-rift siliciclastic sequence of the RdP basin is affected
by deformation bands, mm-thick scale with insufficient exposure of kinematic markers
such as fault striae and evolved displacements. Additionally, as they are subseismic
structures, it is very challenging to study using conventional methods such as seismic
interpretation and field structural analysis. In this PhD thesis, multi-scale and
multidisciplinary investigation was performed to constrain the tectonic evolution of the

basin.



In the Rio do Peixe basin, excellent exposures of deformation bands in porous
sandstones are common. These structures are very important for the oil industry as they
substantially affect the petrophysical properties of siliciclastic reservoirs. In this context,
it is very important to understand the deformation processes during the formation and
evolution of deformation bands to predict their impacts on reservoir properties. In this
PhD thesis we investigated the microstructural and petrophysical properties of

deformation bands in connection with the evolutionary stages of the basin.

This PhD thesis is organized in 5 chapters, three of which correspond to articles

acepted or submitted in peer review journals.

The chapter 1 is a brief introduction about the importance of the Rio do Peixe basin
in terms of regional tectonics and its relevance for siliciclastic reservoirs study. Further,
it is explained the fundamentals of anisotropy of magnetic susceptibility (AMS) and its
application on tectonic interpretation of sedimentary basins. A general introduction of

deformation bands and its importance to siliciclastic reservoirs is at the end of the chapter.

Chapter 2 is an article submitted to the Tectonics journal. In this work we performed
AMS and structural analysis to constrain the syn-rift extensional stages of the Rio do
Peixe basin and the intracontinental deformation in northeast Brazil during the Early
Cretaceous. As main result, we observed that two orthogonal syn-rift stages were
responsible for the opening of the Rio do Peixe Basin. The main extension direction of
the basin gradually shifted from NNE to NW reflecting the intracontinental deformation
of the Borborema Province due to the rotation of the stress field in South America
continent during the pre-Pangea Breakup. This contribution is important for better

understand of the opening of the South Atlantic Ocean.

The chapter 3 is an article submitted to the Journal of Structural Geology. In this
contribution, we performed structural/microstructural and petrophysical analysis of
deformation bands formed during the syn- and post-rift stage of the basin. This work
distinguish the deformation intensity and its effects on fluid flow and mechanical
properties on sedimentary units within the basin. As main result, we identified that post-
rift deformation bands are likely to form more effective fluid flow barrier and forms more
intensely comminuted fault core. It occurs because they form in an already tectonically

compacted host rock. This contribution is of crucial importance to the industry, as the



progressive deformation observed due to the tectonic reactivation of the basin directly

affects the sealing potential of siliciclastic reservoirs.

The chapter 4 is an article published in the Journal of Structural Geology. In this work,
we emphasized the contribution of the cataclastic matrix generation in the sealing
behavior of deformation bands. From high-resolution images, we performed 2D and 3D
petrophysical analysis and observed that the amount of cataclastic matrix produced due
to shear is either influenced by the mineralogy or the strain intensity of deformation
bands. This contribution is of interest to the industry, as cataclastic deformation bands are

a frequent problem in siliciclastic reservoirs around the world.

The chapter 5 is a general discussion and conclusions at the end of the thesis,
emphasizing the influence of the tectonic evolution of the basin in silisciclastic reservoir

properties.
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Chapter 1 — Introduction

The goal of this thesis is to constrain the syn-to post-rift tectonic evolution of the
Rio do Peixe basin (RPB), located in northeast Brazil. This knowledge is very important,
as the RPB is an excellent proxy to understand the intracontinental deformation in
Borborema Province during the Early Cretaceous Pangea breakup, contributing to better
constrain the regional stress field evolution responsible for the opening of the Atlantic
Ocean. As tectonic regime may also control the deformation intensity and attributes of
deformational features in sedimentary units, constraining the tectonic evolution of the Rio
do Peixe basin provide an excellent way to link tectonic regimes with development and
characteristics of minor structures such as the deformation bands (DBs). The DBs are
common structures in porous siliciclastic reservoirs worldwide, and received much
attention in the last decades for their role in subsurface fluid flow in acquirers,
hydrocarbon reservoirs, and more recently sites for CO2 storage. In general, it is
commonly accepted that they affect the fluid flow and mechanical properties of rocks by
acting as sealing structures and increasing the rock resistance due cataclasis and pore
collapse. In the case of the RPB, the large exposures of DBs with easy access facilitates
its study, which makes the RPB an outstanding site to be used as analogue of porous
siliciclastic reservoirs. In this PhD thesis, we investigated the petrophysical and
microstructural properties of deformation bands and linked them to the identified tectonic

stages recognized in the basin.

A Dbrief explanation about the importance of studying the RPB basin from both
scientific and economic points of view is provided in the next section. This is followed
by an introduction to the AMS (anisotropy of magnetic susceptibility) method, used to
constrain the tectonic evolution of the basin. This method was of great importance to this
PhD thesis as it was the main tool to constrain the extensional main stretching directions
even on apparently non-deformed zones (i.e., deformed zones with no fault planes or
deformation bands) of the basin. A short review of deformation bands and their effects
on siliciclastic reservoirs is also provided at the end of the introduction. Finally, in
chapters 2, 3 and 4, we present our results as submitted or published papers organized

from regional scale to micro-scale.



1.1 The scientific and economic importance of the Rio do Peixe Basin, NE Brazil

The Rio do Peixe Basin is one of the most important intracontinental sedimentary
basin located in northeast Brazil. The basin owns a great scientific importance because it
Is an excellent proxy to the intracontinental deformation of the Borborema Province
during the Early Cretaceous. The opening of the basin is resulted from extensional stress
related to the opening of the Atlantic Ocean, which caused brittle reactivation of the E-
W-striking Patos and NE-striking Portalegre (Francolin et al., 1994; Sénant & Popoff,
1991, Szatmari et al., 1987) shear zones, branches of the major Proterozoic Transbrazilian
shear zone (Schobbenhaus et al., 1975). In this context, the understanding of the tectonic
evolution of the Rio do Peixe basin is a great contribution to better understand the opening
of the South Atlantic Ocean during the Cretaceous. These questions are better discussed

in chapter 2, where the opening of the Rio do Peixe basin is explained.

The Rio do Peixe basin has also been the focus of several studies with great
importance for the oil industry. Due to its excellent deformation band exposures with easy
access (Araujo et al., 2018; Nicchio et al., 2018; Pontes et al., 2019), the basin is been
recently used as analogue of siliciclastic reservoirs (Nogueira et al., 2021; Silva et al.,
2021; Torabi et al., 2021). The analysis of deformation bands of the Rio do Peixe basin
and its impacts in reservoirs is a great contribution to the petroleum industry, as the
excellent fault-related deformation bands exposures in the basin facilitate researches with

guidelines to predict fault zone structures and permeability in subsurface reservoirs.

1.2 Magnetic fabric of rocks and applications in basin tectonics

The anisotropy of magnetic susceptibility (AMS) method consist in a non-destructive
and fast way to constrain the rock deformation even on apparently non-deformed rock.
The method presents a wide range of use in geological studies as the magnetic properties
of the rock is controlled by the crystallographic characteristics and grain shape of the
main mineralogy of the rock (Borradaile & Henry, 1997; Borradaile, 1988; Lanza &
Meloni, 2006; Rochette et al., 1992). In deformed rocks, the main crystallographic axes
tend to be reoriented parallel to the main extensional direction. The magnetic
susceptibility (K) is obtained from an induced magnetic field and is expressed in “SI”
units. The magnetic fabric is represented represented as an ellipsoid composed of three
main magnetic axes K1>K2>K3 that are inversely correlated to the stress field

(61>62>063) with K1 parallel to 63, thus representing the extensional direction of



deformed zones (Borradaile & Hamilton, 2004; Cifelli et al., 2005). This way, through
the analysis of the magnetic fabric of sedimentary basins, it’s possible to constrain the
stretching direction of deformed zones. The efficiency of the anisotropy of magnetic
susceptibility (AMS) to constrain tectonic evolution of sedimentary basins has already
been proved by several works around the world, working on both extensional (Borradaile
& Hamilton, 2004; Cifelli et al., 2005; Faccenna et al., 2002) and compressive (Test et
al., 2019; Weinberger et al., 2022) regimes. In this thesis, the AMS was a great source of
information to constrain the stretching direction of the main zones of the RPB and applied
as an innovative method producing new relevant data to contribute to an updated tectonic
interpretation. We combined the AMS data with the kinematic features observed in fault
zones. For the rocks of the RPB, the method proved to be an excellent tool to constrain
the extensional syn-rift phases of the basin. The results and interpretations are presented
in chapter 2.

1.3 Deformation bands

Deformation bands (DBs) are millimeter-thick, tabular structures present in fault
damage zones in porous rocks (Antonellini et al., 1994; Aydin, 1978; Fossen et al., 2017).
The DBs can occur as single isolated structures or grouped as two or more sub parallel
structures clustering in small volume of rock (Aydin, 1978). The classification of
deformation bands, described by Fossen et al., 2007 and uptaded by Fossen et al., 2017
is based on kinematics (Fig. 1.2) and deformation mechanism (Fig. 1.3). The kinematic
classification considers the changes in the rock volume and/or the shear. In this sense,
deformation bands can be classified as compactional bands (local volume loss), simple
shear bands (constant rock volume) or dilation bands (local volume increase).
Additionally, as compaction and dilation commonly occur combined with shear, the terms
compactional shear bands and dilation shear bands are used to classify deformation bands
formed due compaction combined with shear and dilation combined with shear,

respectively (Fig. 1.2).
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Fig.1.2 — Kinematic classification of deformation bands by Fossen et. al., (2007).

Four distinct deformation band types are described in terms of deformation
mechanism (Fossen et. al., 2007; 2017). The disaggregation band (Fig. 1.3A) is formed
due to localized disaggregation of grains. The Phyllosilicate bands (Fig. 1.3B) are
common in clay-rich rocks. In this case, phyllosilicates are reoriented and aligned parallel
to shear plane in the deformation band core. In cataclastic deformation bands (Fig. 1.3C),
grain crushing and pore collapse localized in thin tabular structures is the main
characteristic. To form this kind of band, at least some degree of compaction is needed.
The solution and cementation band (Fig. 1.3D) is formed when cementation occurs

preferentially within the band.
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Fig. 1.3. Classification of deformation bands based on deformation mechanism by Fossen
et al., 2007.

In the last decades, a great amount of studies concerning to deformation bands has
been published (Ballas et al., 2012; F. Balsamo & Storti, 2010; Fossen & Bale, 2007;
Philit et al., 2018; Torabi et al., 2013). This importance is given to its capacity to affect
the petrophysical properties of porous siliciclastic rocks (Ballas et al., 2015; Soliva et al.,
2016; Torabi, 2014; Torabi et al., 2013; Torabi & Fossen, 2009), that constitutes
important oil reservoirs around the world, thus being of great interest for the oil industry.
The effects of DBs in petrophysical properties of sandstones is given to its deformational
mechanisms, the most common, grain fracturing and pore collapse, progressively
increasing the strain hardening intensity and sealing potential in reservoirs (Aydin, 1978;
Ballas et al., 2013, 2015; Torabi, 2014; Torabi et al., 2013). As result, the intense porosity
reduction with the permeability reduction reaching up to six orders of magnitude in
respect to the host rock (Balsamo & Storti, 2011; Fossen & Bale, 2007; Nogueira et al.,
2021; Torabi et al., 2013). The main challenge of studying deformation bands in real
reservoirs is the difficulty of getting in loco information, making it necessary to work in
exposed analogue rocks. In this PhD thesis we studied the effects of deformation bands
in coarse sandstones of the Rio do Peixe basin (Brazil) as analogue of siliciclastic
reservoirs. Most of DBs studied in the RPB are cataclastic deformation bands developed
both during Early Cretaceous syn-rift and Cenozoic post-rift phases. We performed
multiscale and multidisciplinary study documenting the influence of basin reactivation on

deformational processes and fluid flow (capillary pressure) properties of deformation
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bands. This way, the deformation mechanism and the impacts of deformation bands in
petrophysical properties of porous rocks described in this work is related exclusivelly to
cataclastic shear compaction bands. A detailed description of these bands are found in
chapters 3 and 4. On of the major finding of this study is that even a mild change in the
stress field may determine capillary pressure properties of deformation bands, thus
impacting fault sealing in porous siliciclastc reservoirs. This study contributes to

predictive works that can be used worldwide in other structurally complex reservoirs.

References used in chapter 1

Almeida, F. F. M. De, Brito Neves, B. B. De, & Dal Ré Carneiro, C. (2000). The origin
and evolution of the South American platform. Earth Science Reviews, 50(1-2), 77—
111. https://doi.org/10.1016/S0012-8252(99)00072-0

Antonellini, M. A., Aydin, A., & Pollard, D. D. (1994). Microstructure of deformation
bands in porous sandstones at Arches National Park, Utah. Journal of Structural
Geology, 16(7), 941-959. https://doi.org/10.1016/0191-8141(94)90077-9

Araujo, R. E. B., Bezerra, F. H. R., Nogueira, F. C. C., Balsamo, F., Carvalho, B. R. B.
M., Souza, J. A. B., et al. (2018). Basement control on fault formation and
deformation band damage zone evolution in the Rio do Peixe Basin, Brazil.
Tectonophysics, 745(August), 117-131. https://doi.org/10.1016/j.tect0.2018.08.011

Aydin, A. (1978). Small faults formed as deformation bands in sandstone. Pure and
Applied Geophysics PAGEOPH, 116(4-5), 913-930.
https://doi.org/10.1007/BF00876546

Ballas, G., Soliva, R., Sizun, J. P., Benedicto, A., Cavailhes, T., & Raynaud, S. (2012).
The importance of the degree of cataclasis in shear bands for fluid flow in porous
sandstone  Provence, France. AAPG Bulletin, 96(11), 2167-2186.
https://doi.org/10.1306/04051211097

Ballas, G., Soliva, R., Sizun, J. P., Fossen, H., Benedicto, A., & Skurtveit, E. (2013).
Shear-enhanced compaction bands formed at shallow burial conditions; implications
for fluid flow (Provence, France). Journal of Structural Geology, 47, 3-15.
https://doi.org/10.1016/j.js9.2012.11.008



Ballas, G., Fossen, H., & Soliva, R. (2015). Factors controlling permeability of cataclastic
deformation bands and faults in porous sandstone reservoirs. Journal of Structural
Geology, 76, 1-21. https://doi.org/10.1016/j.jsg.2015.03.013

Balsamo, F., & Storti, F. (2010). Grain size and permeability evolution of soft-sediment
extensional sub-seismic and seismic fault zones in high-porosity sediments from the
Crotone basin, southern Apennines, Italy. Marine and Petroleum Geology, 27(4),
822-837. https://doi.org/10.1016/j.marpetge0.2009.10.016

Balsamo, Fabrizio, & Storti, F. (2011). Size-dependent comminution, Tectonic mixing,
and sealing behavior of a “structurally oversimplified” fault zone in poorly lithified
sands: Evidence for a coseismic rupture? Bulletin of the Geological Society of
America, 123(3-4), 601-619. https://doi.org/10.1130/B30099.1

Borradaile, Graham J., & Hamilton, T. (2004). Magnetic fabrics may proxy as neotectonic
stress  trajectories, Polis rift, Cyprus.  Tectonics, 23(1), 1-11.
https://doi.org/10.1029/2002TC001434

Borradaile, Graham J., & Henry, B. (1997). Tectonic applications of magnetic
susceptibility and its anisotropy. Earth-Science Reviews, 42(1-2), 49-93.
https://doi.org/10.1016/S0012-8252(96)00044-X

Borradaile, Graham John. (1988). Magnetic susceptibility, petrofabrics and strain.
Tectonophysics, 156, 1-20.

Cifelli, F., Mattei, M., Chadima, M., Hirt, A. M., & Hansen, A. (2005). The origin of
tectonic lineation in extensional basins: Combined neutron texture and magnetic
analyses on “undeformed” clays. Earth and Planetary Science Letters, 235(1-2),
62-78. https://doi.org/10.1016/j.epsl.2005.02.042

Faccenna, C., Speranza, F., Caracciolo, F. D. A., Mattei, M., & Oggiano, G. (2002).
Extensional tectonics on Sardinia (Italy): Insights into thearc-back-arc transitional
regime. Tectonophysics, 356(4), 213-232. https://doi.org/10.1016/S0040-
1951(02)00287-1

Fossen, H., Schultz, R. A., Shipton, Z. K., & Mair, K. (2007). Deformation bands in
sandstone: a review. Journal of the Geological Society, 164, 1-15.
https://doi.org/10.1144/0016-76492006-036


https://doi.org/10.1144/0016-76492006-036

Fossen, H., & Bale, A. (2007). Deformation bands and their influence on fluid flow.
AAPG Bulletin, 91(12), 1685-1700. https://doi.org/10.1306/07300706146

Fossen, H., Soliva, R., Ballas, G., Trzaskos, B., Cavalcante, C., Schultz, R. A., et al.
(2017). A review of deformation bands in reservoir sandstones: geometries,
mechanisms and distribution. Geological Society of London Special Publication,
4509. https://doi.org/10.1144/SP459.4

Francolin, J. B. L., Cobbold, P. R., & Szatmari, P. (1994). Faulting in the Early
Cretaceous Rio do Peixe basin (NE Brazil) and its significance for the opening of
the  Atlantic. Journal of  Structural Geology, 16(5), 647-661.
https://doi.org/10.1016/0191-8141(94)90116-3

Lanza, R., & Meloni, A. (2006). The Earth’s Magnetism. An introduction for geologists.
Berlin: Springer.

Nicchio, M. A., Nogueira, F. C. C., Balsamo, F., Souza, J. A. B., Carvalho, B. R. B. M.,
& Bezerra, F. H. R. (2018). Development of cataclastic foliation in deformation
bands in feldspar-rich conglomerates of the Rio do Peixe Basin, NE Brazil. Journal
of Structural Geology, 107 (December 2017), 132-141.
https://doi.org/10.1016/j.js9.2017.12.013

Nogueira, F. C. C., Nicchio, M. A., Balsamo, F., Souza, J. A. B, Silva, I. V. L., Bezerra,
F. H. R., et al. (2021). The influence of the cataclastic matrix on the petrophysical
properties of deformation bands in arkosic sandstones. Marine and Petroleum
Geology, 124(November 2020), 15.
https://doi.org/10.1016/j.marpetge0.2020.104825

Philit, S., Soliva, R., Castilla, R., Ballas, G., & Taillefer, A. (2018). Clusters of cataclastic
deformation bands in porous sandstones. Journal of Structural Geology, 114(April),
235-250. https://doi.org/10.1016/j.jsg.2018.04.013

Pontes, C. C. C., Nogueira, F. C. C., Bezerra, F. H. R., Balsamo, F., Miranda, T. S.,
Nicchio, M. A., et al. (2019). Petrophysical properties of deformation bands in high
porous sandstones across fault zones in the Rio do Peixe Basin , Brazil. International
Journal of Rock Mechanics and Mining Sciences, 114(May 2017), 153-163.
https://doi.org/10.1016/j.ijrmms.2018.12.009

Robustelli Test, C., Festa, A., Zanella, E., Codegone, G., & Scaramuzzo, E. (2019).

8



Distinguishing the mélange-forming processes in subduction-accretion complexes:
Constraints from the anisotropy of magnetic susceptibility (AMS). Geosciences
(Switzerland), 9(9). https://doi.org/10.3390/geosciences9090381

Rochette, P., Jackson, M., & Aubourg, C. (1992). Rock magnetism and the interpretation
of anisotropy of magnetic susceptibility. Reviews of Geophysics, 30(3), 209-226.

Schobbenhaus, C., C. L. Ribeiro, L. A. Oliva, J. T. Takanohashi, A. G. Lindenmayer, J.
C. Vasconcelos, and V. Orlandi (1975), Folha Goias SD.22, with explanatory text,
in Carta Geoldgica do Brasil Milionésimo, edited by C. Schobbenhaus, DNPM,

Brasilia, DF, Brazil.

Sénant, J., & Popoff, M. (1991). Early Cretaceous extension in northeast Brazil related to
the South Atlantic opening. Tectonophysics, 198(1), 35-46.
https://doi.org/10.1016/0040-1951(91)90129-G

Silva, M. E., Nogueira, F. C. C., Pérez, Y. A. R., Vasconcelos, D. L., Stohler, R. C.,
Sanglard, J. C. D., et al. (2021). Permeability modeling of a basin-bounding fault
damage zone in the Rio do Peixe Basin, Brazil. Marine and Petroleum Geology,
135(October 2021), 105409. https://doi.org/10.1016/j.marpetgeo.2021.105409

Soliva, R., Ballas, G., Fossen, H., & Philit, S. (2016). Tectonic regime controls clustering
of deformation bands in porous sandstone. Geology, 44(6), 423-426.
https://doi.org/10.1130/G37585.1

Szatmati, P., Francolin, J. B. L., Zanotto, O., Wolff, S. (1987). Evolucdo Tectbnica Da
Margem Equatorial Brasileira. Revista Brasileira de Geociéncias, 17(2), 180-188.
https://doi.org/10.25249/0375-7536.1987180188

Torabi, A. (2014). Cataclastic bands in immature and poorly lithified sandstone, examples
from Corsica, France. Tectonophysics, 630(C), 91-102.
https://doi.org/10.1016/j.tecto.2014.05.014

Torabi, A., & Fossen, H. (2009). Spatial variation of microstructure and petrophysical
properties along deformation bands in reservoir sandstones. AAPG Bulletin, 93(7),
919-938. https://doi.org/10.1306/03270908161

Torabi, A., Fossen, H., & Braathen, A. (2013). Insight into petrophysical properties of
deformed  sandstone  reservoirs. AAPG  Bulletin, 97(4), 619-637.



https://doi.org/10.1306/10031212040

Torabi, A., Balsamo, F., Nogueira, F. C. C., Vasconcelos, D. L., Silva, A. C. E., Bezerra,
F. H. R., & Souza, J. A. B. (2021). Variation of thickness, internal structure and
petrophysical properties in a deformation band fault zone in siliciclastic rocks.
Marine and Petroleum Geology, 133, 105297.
https://doi.org/10.1016/j.marpetge0.2021.105297

Weinberger, R., Alsop, G. I., & Levi, T. (2022). Magnetic fabrics as strain markers in
foldes soft-sediment layers. Journal of Structural Geology.
https://doi.org/10.1016/j.js9.2022.104513

10



Chapter 2 - An integrated structural and magnetic fabric study to constrain

the progressive extensional tectonics of the Rio do Peixe Basin, Brazil

This chapter is presented in the form of manuscript. The manuscript is under
preparation to be submited to Tectonics. In this article we combined structural and
Anisotropy of Magnetic Susceptibility (AMS) data to constrain the extensional tectonics
of the Rio do Peixe basin. This is a contribution to better understand the tectonics of the
Borborema Province (Brazil) resulted from the opening of the Atlantic Ocean,
Cretaceous. This work brings new information to support the development of the
knowledge about the Pangea breakup. As main conclusion, we proposed an evolutionary
model with two main stretching directions that resulted in the syn-rift I and syn-rift Il

deformational stages of the Rio do Peixe basin as a response to a progressive deformation.

Nicchio, M.A2"; Balsamo, F?; Cifelli, F°; Nogueira, F.C.C%; Aldega, L.%; Bezerra,
F.H.R¢; Vasconcelos. D. L¢; Souza, J.A.Bf

2 Department of Chemistry, Life Science and Environmental Sustainability, University of Parma,
Parma, Italy;

bDipartimento di Scienze, Universita Roma TRE, Rome, Italy;

¢ Laboratorio de Pesquisa Em Exploragédo Petrolifera, Departamento de Engenharia Do Petroleo,
Universidade Federal de Campina Grande, Campina Grande, PB, Brazil,;

d Dipartimento di Scienze dela Terra, Sapienza Universita di Roma, Rome, Italy;

¢ Universidade Federal Do Rio Grande Do Norte, Campus Universitario, Natal, RN, Brazil;

f Petrobras, Rio de Janeiro, RJ, Brazil.

Abstract

We constrained the tectonic evolution of the intracratonic Cretaceous Rio do Peixe
basin (RPB), combining structural and Anisotropy of Magnetic Susceptibility (AMS)
data. We analyzed structural features of 4 sites along two major faults bordering the basin,
the NE-striking Portalegre fault and the E-W-striking Malta fault. AMS data from 42 sites
distributes along the basin suggest two stretching directions driving the opening of the
RPB. The early syn-rift phase | resulted from N-S to NNE stretching direction with
vertical o1, producing normal fault displacement along the E-W-striking Malta fault and
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right-lateral transtension along the NE-striking Portalegre fault, Sitio Sagui and Lagoa do
Forno faults. The syn-rift phase 11 results from NW stretching direction with vertical 61,
causing normal displacement on NE-striking major faults and left-lateral transtension on
E-W-striking major faults. Additionally, the NW extension was responsible for forming
NE-striking extensional faults and deformation bands in sedimentary units. The RPB
developed due to the intraplate deformation on Borborema Province during the early stage
of the Pangea Breakup. The stretching direction gradually shifted from NNE to NW as a
consequence of the South America clockwise rotation. The extensional stress orthogonal
to the main E-W-striking and NE-striking Precambrian shear zones facilitated the opening

and evolution of the RPB.

2.1 Introduction

The Anisotropy of Magnetic Susceptibility (AMS) has been widely used as a proxy
for the tectonic interpretation of sedimentary basins (Borradaile & Jackson, 2004;
Faccenna et al., 2002; Garcia-Lasanta et al., 2018; Porreca & Mattei, 2012). As the
magnetic fabric is concordant with the gross petrofabric of the rock (Borradaile, 1988), it
represents a powerful tool for tectonic reconstructions, even in rocks at a low grade of
deformation or in zones where deformation is not visible (Cifelli et al., 2004; Schwehr &
Tauxe, 2003).

The Pangea Breakup is one of the most important events of the tectonic history of the
Earth. This event had its begining in (145 Ma) and determined the actual continent
disposal (Heine et al., 2013; Moulin et al., 2010; Peace et al., 2020). Its understanding is
of crucial importance as one of its main results is the opening of the Atlantic Ocean. The
event was responsible to rifting events that resulted in several sedimentary basins in South
America and Africa continents not only at the coast but also in intracontinental zones
(Frizon De Lamotte et al., 2015; Heine et al., 2013; Moulin et al., 2010). Thus, the tectonic
study of the syn-rift intracontinental basins is an excellent proxy to better understanding
of the Pangea Breakup event (Frizon De Lamotte et al., 2015). In Borborema Province
(northeast Brazil), the initial stress responsible for the Pangea Breakup is recorded in dyke
intrusions (Matos et. al., 2021) and intracontinental syn-rift sedimentary basins (Celestino
et al., 2020; Peralta Gomes et al., 2018).

In this study, we use the Rio do Peixe Basin (RPB) as case of study to contribute to

the understanding of the Pangea Breakup event and its effects on the Borborema Province.
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In the Rio do Peixe Basin (RPB), the lack of structural field information, mostly from its
central regions, where apparently undeformed fine sandstones and shales are exposed
(Sénant & Popoff, 1991; Francolin et al., 1994), turns the tecnonic study of the basin into
a very challenging task. The intrabasinal deformation occurs as deformation bands mainly
developed on coarse sandstones, while a complex network of deformation bands and
minor faults are localized in the proximity of major basin-boundary faults (Araujo et al.,
2018; Nicchio et al., 2018; Pontes et al., 2019; de Souza et al., 2021; Nogueira et al.,
2021; Torabi et al., 2021; Silva et al., 2022). The lack of clear kinematic features, typical
of deformation bands, makes the interpretation of the displacement direction and

paleostress field evolution within the sedimentary units very complex.

Utilizing structural data, seismic interpretations, and potential data, previous studies
discussed the Cretaceous syn-rift (Sénant & Popoff, 1991; Francolin et al., 1994; de
Castro et al., 2007, 2008; Marques et al., 2014; Peralta Gomes et al., 2018; Celestino et
al., 2020) and the Cenozoic post-rift tectonic inversion (Marques et al., 2014; Nogueira
et al., 2015; Vasconcelos et al., 2021) of the intracontinental basins of Northeast Brazil
during the Pangea breakup. However, the evolution of intraplate tectonic activity
responsible for opening of intracontinental sedimentary basins in the Borborema Province
during the Cretaceous syn-rift stage is still debated and poorly constrained by regional
geophysical and field data (e.g., de Castro et al., 2007, 2008; Marques et al., 2014;
Nogueira et al., 2015). Such information is of paramount importance to better constrain

the tectonic evolution of Northeast Brazil during the Pangea Breakup

In this study, we present a new interpretation about the development and tectonic
evolution of the Rio do Peixe Basin (RPB) focusing mostly on the stretching direction
along the whole basin during the syn-rift stage. We used AMS analysis of deformed and
undeformed sedimentary rocks and structural data collected on both main border faults
and intrabasin domains. Two main stretching directions responsible for the opening of
the RPB are oriented NNE-SSW and NW-SE. The NNE-SSW stretching direction is
observed on border fault zones. It has been predominant during the syn-rift phase I, thus
resulting in the development of normal kinematics of the N-dipping, E-W-trending Malta
fault. The same stretching direction was responsible for the dextral transtensive
displacement of the NE-SW-trending Portalegre Fault. The syn-rift phase Il is marked by
NW-SE stretching direction and is observed on the west Malta fault and intrabasin

deformation on sedimentary units, being predominant during the late syn-rift stage. It is
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responsible for the left-lateral transtensive displacement on the western portion of the E-
W Malta fault and NE-striking normal faults within the basin. The overall stress field
responsible for the Pangea Breakup event was recorded in intracontinental deformation
of the Borborema Province in northeast Brazil and is observed in the main structures of
the Rio do Peixe basin.

2.2 Geological Settings

The Rio do Peixe (RPB) is an intracontinental basin located along Precambrian shear
zones in the Borborema Province, northeast Brazil (Fig. 2.1A). The RPB is one of the
most important sedimentary basins in the region, tectonically correlated with other basins
in northeastern Brazil (Matos, 1992). The RPB is composed of three sub-basins, from W
to E, named Brejo das Freiras (BFSB), Sousa (SSB) (Fig. 1B), and Pombal. All sub-basins
are subgrabens presenting a major faulted border and a flexural border (Sénant & Popoff,
1991; Nogueira et al., 2004). The sub-basins are elongated following the trend of their
border faults: NE Portalegre Fault (Brejo das Freiras), E-W Malta Fault (Sousa) and NE
Rio Piranhas Fault (Pombal). Two main depocenters were identified in the basin by
gravimety (Nogueira et al., 2004; de Castro et al., 2007) and seismic data (Rapozo et al.,
2021; Vasconcelos et al., 2021). In the BFSB, the depocenter is localized in the southern
zone of the Portalegre fault and follows the fault trend. In the SSB, the depocenter is
aligned along the Malta fault with deeper portions at the inflection zones between the NE-
trending faults (Sitio Sagui and Lagoa do Forno) and the Malta Fault (Fig. 2.1B).

The RPB presents a tectonic evolution characterized by syn- and normal faulting and
post-rift transpression (Nogueira et al., 2015; Vasconcelos et al., 2021). The opening of
the basin is related to the brittle reactivation of the E-W-striking Patos and NE-SW-
striking Portalegre ductile shear zones (Fig. 2.1A). This reactivation led to the
development of the E-W-striking Malta Fault at the southern border of the SSB and the
NE-SW-striking Portalegre Fault at the eastern border of the BFSB (Sénant & Popoff,
1991; Frangolin et al., 1994) (Fig. 2.1B). The RPB presents Devonian pre-rift units
(Lourenco et al., 2021; Rapozo et al., 2021; Vasconcelos et al., 2021) and Cretaceous rift
units that span from the early (145 My) to late Cretaceous (125 My) (Braun, 1969; Lima
& Coelho, 1987; Arai, 2006; Sousa et al., 2018). It was suggested that the Cretaceous
rifting of the basin is related to intracontinental deformation during the initial opening of
the Atlantic Ocean (Matos, 1992).
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The extensional tectonics of the basin is still under debate, as different interpretations
have been proposed. Szatmari et al. (1987) interpreted that the basin was formed due to
N-S-oriented extension. According to the authors, during the initial stage of the opening
of the Atlantic Ocean, the clockwise rotation of the South American continent would have
pressed the northeastern region of Brazil against the African continent, resulting in an E-
W-oriented compression and a N-S-oriented extension. Following a similar
interpretation, Francolin et al. (1994) suggested that the initial opening of the RPB is
marked by NW-SE-oriented extension as a result of ENE-SWS-oriented compression,
thus generating a left-lateral wrenching. On the other hand, Sénant & Popoff (1991)
proposed that the N-S-oriented extension with vertical o1 might have been the initial

stretching direction of the basin.

The post-rift stage of RPB was marked by tectonic inversion, identified through
reverse reactivated border faults (Nogueira et al., 2015), inverted deep normal faults
within the basin (Vasconcelos et al., 2021), and conjugate systems of minor strike-slip
faults and deformation bands overprinting the syn-rift normal faults (Nicchio et al.,
submitted). During this inversion stage, an E-W-oriented compression was responsible
for the reactivation of the rift faults under a strike-slip stress field (Nogueira et al., 2015;

Vasconcelos et al., 2021).

Three main synchronous and heterolytic syn-rift siliciclastic formations occurs in the
RPB. The Antenor Navarro Formation is a fluvial deposit composed of braided rivers,
where basal trough cross-bedding conglomerates are predominant (Braun, 1969;
Frangolin et al., 1994). They occur as metric-scale channel deposits, where the
conglomerates are overlapped by medium and fine sandstones on fining upwards
deposits. The Sousa Formation is composed of fine-grained deposits, with the
predominance of mudstones, muddy sandstones, and marls occurrences (Sénant &
Popoff, 1991). The Sousa Formation is composed of meandering river deposits
interspersed with flood plains. The Rio Piranhas Formation is composed of coarse
conglomerates that interfinger with sandstones and siltstones. Its occurrence is restricted
to the border faults and is interpreted as alluvial fan deposits, which resulted from the
fault evolution during the opening of the basin (Sénant & Popoff, 1991; Francolin et al.,
1994). Based on X-ray diffraction analysis of clay minerals of outcrop and borehole
samples, Nicchio et al. (submitted) suggested that the three Formations experienced a

maximum burial depth <1-2 km.
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Fig. 2.1 - (A) Location of the Rio do Peixe Basin in a simplified tectonic framework of
northeastern Brazil (modified from Nogueira et al., 2015). (B) Geological map of the Rio
do Peixe Basin with major structures (modified from Nogueira et al., 2021). Red boxes
indicate the studied outcrops for structural analysis. White and yellow boxes indicate the
sampling point for AMS (Anisotropy of Magnetic Susceptibility) analysis and the name
of the sample. Yellow boxes indicate the samples analyzed with X-ray diffraction (XRD).

é.S Methods

Field data consist of structural analysis and paleocurrent analysis. The structural
analysis was performed on four areas (red boxes in Fig. 2.1B) along the main fault zones.
We collected structural data from faults, open fractures, and deformation bands along the

northern and southern areas of the Portalegre fault, and the eastern and western areas of
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the Malta fault (Fig. 2.1B). In the exposures close to the bordering fault, we compared
structural data from the crystalline basement (35 fault planes and 73 fractures) with rift
units deformation of the major fault damage zone (19 fault planes and 44 deformation
bands). As only a few striae and kinematic indicators were identified on the border fault,
we used joint to infer the extensional direction on crystalline basement, since joint
directions strike perpendicular to the minimum principal stress (c3) (Dyer, 1988). In
addition, we measured a total of 88 paleocurrent data from 15 outcrops, considering the
trough axis inclination of the cross-trough bedding and crest direction of ripples as

indicative of paleocurrent direction.

We also performed AMS analysis, which is a non-destructive method that allows
characterizing depositional and deformation patterns of sedimentary deposits. AMS is
defined by a symmetric second rank tensor and represented geometrically by an ellipsoid
with principal axes K1, Kz, Ks. Several parameters have been defined both for quantifying
the magnitude of anisotropy and for defining the shape of the ellipsoid (Table 2.2;
Hrouda, 1982). The T-shape parameter varies from +1 (perfectly prolate ellipsoid, K1 >
Kz = K3) to -1 (perfectly oblate ellipsoid, Ki = Kz > K3), while a value of 0 corresponds
to a triaxial ellipsoid. The magnetic lineation L (K1/K2) is defined by the orientation of
K1, while the magnetic foliation F (K2/K3) is defined as the plane perpendicular to Ks.
The anisotropy degree is expressed by the parameter Pj. The mean magnetic susceptibility
(Kmean = (K1 + K2 + K3)/3) gives a relative estimation of the amount of magnetic minerals
in the sample (Borradaile, 1988; Rochette et al., 1992).

In undeformed units, the magnetic susceptibility ellipsoid is generally oblate with the
foliation plane subparallel to bedding; this fabric is attributed to depositional and/or
compaction processes (Hamilton et al., 1970; Teh-Quei Lee et al., 1990; Paterson et al.,
1995). If sediments undergo tectonic deformation, an AMS sub-fabric progressively
develops, modifying the primary magnetic fabric according to the nature and extent of
deformation (e.g., Borradaile and Tarling, 1981). Particularly in extensional basins, the
magnetic lineation usually coincides with the maximum stretching direction, which is
orthogonal to the main normal faults and generally aligned with the bedding dip (Mattei
et al., 1997; Cifelli et al., 2005).

In this study, we collected a minimum of four cylindrical cores with a battery-powered
driller equipped with a cooling water pump in 42 sites (Fig. 2.1B). When possible, the
sampling was performed on clay-rich rocks. Extracted cores (2.5 cm in diameter and 3-
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15 cm long) were oriented in situ by a magnetic compass. All oriented samples were cut
in cylindrical standard specimens of 2.5cm in diameter and 2.1 in height. For each site,
we performed a minimum of nine AMS measurements. A total of 531 AMS
measurements were carried out on samples collected along the whole basin, being 316 on
the SSB and 225 on the BFSB.

The low field magnetic susceptibility (k) was measured in the laboratory of
Paleomagnetism at Roma Tre University. We used the KLY-3 from the Kappabridge
equipment. For data processing, we used the software Anisoft 4.2, applying the Jelinek’s
statistics (Jelinek, 1981) to evaluate and validate the acquired anisotropy degree and shape
parameter data. As primary structures of rocks might influence the AMS fabric
(Borradaile, 1988; Rochette et al., 1992), we compared the acquired magnetic fabric of
each sample with the bedding and paleocurrent of each site to constrain better the origin
of the magnetic fabric, either sedimentary or due to tectonic deformation. To interpret the
type of magnetic fabric of each sample, we used the stereonet interpretation methodology
proposed by Lanza & Meloni (2006).

2.4 Results
2.4.1 Paleocurrent analysis of syn-rift units

The Antenor Navarro Formation is composed of interbedded fine conglomerates and
coarse sandstones (Fig. 2.2A). The main facies of the Antenor Navarro Formation is
composed of several decimetric to metric beds of fine conglomerates, which present
features of high-energy river channels forming cross-trough bedding (Fig. 2.2B).
Subparallel decimeter sandstone layers occur as lenses within the conglomerate beds (Fig.
2.2A). The Sousa Formation is composed of laminated shale and clay-rich fine sandstones
to siltstones with ripple marks (Fig. 2.2C). The reconstructed paleocurrent directions are
not homogeneous along the basin, and three main directions were observed: NE-SW,
NW-SE, and E-W (Fig. 2.2D). In the BFSB, the inner zones show paleocurrent directions
toward SE and SSW, thus the Portalegre Fault direction. Close to the Portalegre Fault,
the paleocurrent also occurs in the opposite direction, following the fault dip direction
towards NW. In the SSB, different paleocurrent directions are observed. Near to the Malta
Fault, the paleocurrent direction shows sedimentation towards the border fault (SE and
SW directions), subparallel to the border fault (toward W), and following the fault dip
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direction towards NE. In the inner portions of the SSB, the paleocurrent direction spans
from SE, SW to NW direction (Fig. 2.2D).

Paleocurrent

1
38°30'W ; 3
Direction 7'
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das - Bedding
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East Malta Fault

Fig. 2.2— Host rock characteristics. (A) Section view of sandstone layers interbedded
within two conglomerate layers (Antenor Navarro Fm.). (B) Detailed section view of
conglomerate with cross-bedding (Antenor Navarro Fm.). (C) Detailed plan view of fine
sandstone with ripple marks (Sousa Fm.). (D) Map view of paleocurrent direction (red
arrows). Red stereogram indicates cumulative paleocurrent direction. Blue stereogram
indicates the azimuth direction of the bedding in the outcrops.

2.4.2 Structural Data

The border faults were analysed in four distinct sites. Two sites were st