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“Isn't it splendid to think of all the things there are to find out about?
1t just makes me glad to be alive - it's such an interesting world.
It wouldn't be half so interesting if we know all about everything, would it?

There'd be no scope for imagination then, would there?”

In Anne of Green Gables, by Lucy Maud Montgomery
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ABSTRACT

Extensional structures such as rift systems, have been widely studied in the context of
sedimentary basins. The study of structural traps in exploratory basins, by the oil industry,
allowed the development of techniques such as analogue and numerical modelling. The aim of
this study was to understand the initial stages of rifting in the context of an intracratonic basin,
inspired by the example of the evolution of the Pimenta Bueno and Colorado grabens of the
Parecis Basin, centre-west Brazil. These structures seem to have been developed from inherited
structures from a previous orogenic event. Analogue and numerical modelling experiments
were developed to study the initial stages of continental rifting, focusing on the formation of

two parallel to sub-parallel rifts developed by the reactivation of inherited structures.

In the analogue modelling experiments, we used a sandbox apparatus to understand what
the conditions in which two grabens were mutually interfered, and what were the resulting
deformational patterns. Two sets of experiments were performed (set 1 and 2). In both sets the
distance and geometry of two basal velocity discontinuities (VDs) was varied to represent
reactivated inherited structures. In all experiments, a total extension of 3 cm (scaling to 12 km
in nature) was applied to a 3 cm thick sand pack. In the 1% set of experiments (P-experiments),
we systematically varied the distance between the VDs. In the other set (O and TJ experiments),
we varied the angles between the VDs using different configurations. As a result, when the VDs
were initially close (< 2 cm) the resulting grabens interfered while if the spacing between VDs
1s > 2cm, the grabens did not mutually interfere and developed independently. The prescription
of VDs to the base of the sand pack always led to the formation of asymmetric grabens, except
when the VDs were initially in contact. In the experiments with conjugate “triple-junction”
grabens, the extension was shared between two independent asymmetric grabens when the VDs
were at a certain distance from each other, and the formation of a wide graben when they
became closer or intersected. In this case, the grabens were symmetric or asymmetric depending

on the initial geometric configuration of the velocity discontinuities.

The numerical models were developed with the Underworld code to understand the effects
of varying both the distance between inherited structures (seeds) and the assumed continental-
crust rheological profiles (Créme Brilée” vs. “Jelly Sandwich”). Three series of 2D numerical
models were developed, where these variables were systematically varied. With these models,
we discussed to what extent the twin rifts mutually interfered and whether one of the rifts
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became dominant over the other. The results show that either the existence and distance of seeds
nor the rheological crustal structure can individually explain the mechanics of early rifting
geometries. The rifting patterns were recognized only when these effects were considered
together. Also, it was observed that double riffing is expected when only one seed is present in

the crust, or in the cases where there were no inherited weaknesses.

Keywords: Analogue modelling; Numerical modelling; Initial stages of rifting; Parecis Basin;

Parallel rifts.
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RESUMO

As estruturas extensionais, como os sistemas de rifte, sdo amplamente estudadas no
contexto de bacias sedimentares. Na industria do petrdleo o estudo de armadilhas estruturais
em bacias de exploracdo permitiu o desenvolvimento ¢ avango de técnicas como a modelagem
analoga e numérica. O objetivo deste estudo foi entender a evolugdo dos estagios iniciais de
rifteamento em contexto de bacias intracratonicas, inspirado no exemplo da evolugdo dos
grabens Pimenta Bueno e Colorado da Bacia dos Parecis, no centro-oeste do Brasil. O
desenvolvimento dessas estruturas aparenta ter sido induzido por estruturas reativadas de um
evento orogénico anterior. Foram realizados modelos analogos e numéricos para estudar os
estagios iniciais de rifteamento continental, mais especificamente, a formagao de dois riftes

paralelos a sub-paralelos como consequéncia da reativacao de estruturas herdadas.

Nos experimentos de modelagem andloga foi utilizado um aparato do tipo caixa de areia
para entender em que condigdes os dois grabens interferem e quais os padroes de deformacao
resultantes. Foram executados dois sets experimentais (sef 1 e 2). Em ambos se variaram a
distancia e geometria das velocity discontinuities (VDs), representando as estruturas herdadas
reativadas. Em todos os experimentos foram prescritos 3 cm de extensdo total (escalados na
Natureza como 12 km) a um pacote de areia de 3 cm. No primeiro set (experimentos P) a
distancia entre as VDs foi variada sistematicamente. No segundo set (experimentos O e TJ)
foram testadas diferentes configuragdes com a variacdo dos angulos entre as VDs. Como
resultado, quando as VDs estavam inicialmente proximas (< 2 cm), os grabens interferiram, e
quando as VDs estavam mais distantes (> 2 cm), os grabens desenvolveram-se
independentemente. A colocag@o das VDs na base do pacote de areia originou sempre grabens
assimétricos, exceto quando as VDs estavam inicialmente em contato. Nos experimentos com
os grabens conjugados em juncdo triplice, a extensdo foi partilhada entre dois grabens
assimétricos e independentes quando as VDs estavam a uma certa distdncia uma da outra, e
ocorreu formacdo de um graben largo e simétrico quando as VDs estavam proximas ou se
intersectavam. Nesse caso, os grabens formados sdo simétricos ou assimétricos, dependendo da

configuracdo geométrica inicial das VDs.

Os modelos numéricos foram desenvolvidos com o codigo Underworld para estudar os
efeitos de variar tanto a distancia entre as estruturas herdadas (seeds) como os perfis reoldgicos
assumidos para a crosta continental (Creme Brialée” vs. “Jelly Sandwich”). Foram
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desenvolvidos trés sets de experimentos onde esses parametros foram variados. Com base
nesses modelos, discutimos até que ponto os riftes paralelos interferem, e se um dos riftes
prevalece sob o outro. Os resultados mostraram que somente a existéncia de seeds ou dos perfis
reologicos assumidos para a crosta continental, ndo conseguem explicar a mecénica das
geometrias de inicio de rifteamento. Os padrdes de rifteamento sdo somente reconhecidos
quando estes fatores sdo considerados em conjunto. Além disso verifica-se que o rifteamento
duplo € esperado quando uma sé seed esta presente na crosta, ou também quando ndo existe

nenhuma heterogeneidade.

Palavras-chave: Modelagem analoga, Modelagem numérica, Estagios iniciais de rifteamento,

Bacia dos Parecis, Riftes paralelos.
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the package was 3 cm. Note the variable position of the basal velocity discontinuities (VDs).
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Figure 3. Configuration of all the experiments. A. Configuration of the 1* set of experiments
(P-00, P-01, P-02, P-03, P-04, and P-05), with the spacing of the VDs varying between 0 and 5
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with their distance varying continuously between 1 and 5 cm. D. TJ-01. The configuration
between the VDs varies along-strike; they are placed parallel (orthogonal to the extension) in
the southern part of the box and diverge with an angle of 60° towards the northern boundary. E.
TJ-02. The VDs make an angle of 60° between them (and in relation to the moving walls),
intersecting at the centre of the box. Note that in the southern part of the box one of the VDs is
covered by the sandpaper attached to the other wall, and thus does not affect the sand cake.
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Figure 4. Results of the experiment P-00 with the two VDs initially in contact: topview
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Figure 5. Results of the experiment P-01 with the two VDs initially distancing 1 cm: topview
evolution and cross-sections of the final stage. A. Topview of the experiment after a
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Figure 6. Results of the experiment P-02 with the two VDs initially distancing 2 cm: topview
evolution and cross-sections of the final stage. A. Topview after a displacement of 1 cm — it is
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evolution and cross-sections of the final stage. A. Topview after a displacement of 1 cm. B.
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Topview after a displacement of 2 cm — new inner faults formed inside the grabens. C. Final
stage — it is possible to observe a complex fault interference pattern, dominant in the southern
part of the model. D, E and F. Final stage cross-sections A-A’, B-B” and C-C’. In the north part,
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A. Topview after a displacement of 1 cm. B. Topview after a displacement of 2 cm. C. Final
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Figure 16. Analysis of the topview results of the 1% set of experiments with parallel VDs. A and
B. Charts showing the evolution of the widths of grabens 1 and 2, respectively, for experiments
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Figure 18. Analysis of the topview results of the 2™ set of experiments. A and B. Widths of the
grabens 1 and 2 (GB1 and GB2) as a function of extension, for experiments O-02 and O-02a.
C and D. Widths of the grabens 1, 2 and 3 (GB1, GB2 and GB3) as a function of extension, for
experiments TJ-01 and TJ-02........ o e, p.56

Figure 19. Scheme illustrating the final stage of experiment TJ-01. A. Blue dashed lines mark
the initial positions of the VDs. B. Cross-section A-A’ crosscutting grabens 2 and 3. C. Cross-

section B-B’ crosscutting @raben L.........c.ccoveiiiiiiiriiieiie ettt ee e p.57

Figure 20. Scheme of the evolution of symmetric and asymmetric grabens in this work. A, B,
C and D. Represent t0, tl, t2 and t3 stages of evolution similar to the graben evolution of
experiments P-00, P-01 and graben 1 of experiment (TJ-01). E, F, G and H. Represent t0, t1,
t2, and t3 stages of evolution similar to the graben evolution of experiments P-01, P-02, P-03,
P-04, and P-05. Red lines — main active faults; Orange lines — partially active rotating faults;

Yellow lines — partially inactive rotating faults................c..o i, p.59

Figure 21. A. Interpreted seismic line 0295 0001 crossing both Pimenta Bueno and Colorado
grabens (modified from Haeser et al., 2014). Basement — Paleoproterozoic; Lower Carbonate
Sequence — Neoproterozoic (more than 635 My); Puga Formation — Neoproterozoic (between
635 and 627 Ma); Araras Group — Neoproterozoic (between 627 and 582 My); Serra Azul and
Raizama Formations — upper Neoproterozoic. B. A comparable cross-section of one of our

eXperiments (P-03) . ... o e p.63

CHAPTER 5

Figure 1. Conceived model setup for the three (RI, RII and RIII) groups of carried-out numerical
experiments. All models have the same (300.6 x 50.4 km) domain dimensions, the same
boundary conditions, and the same number of (0, 1 or 2) rift-seeding weaknesses, set at the
same range of tested distances (10 to 50 km). A - “Créme Brilée” RI model setup: both a 10
km thick upper crust (UC) and a 30 km thick lower crust (LC) were ascribed non-Newtonian,
thermal-dependent, viscous rheologies (Patrice-Arrhenius viscosity). However, the upper crust
was additionally set to be able to yield plastically (Drucker-Prager criterion). B — “Thin-Jelly
Sandwich” RII model setup: the upper and lower crust have the same thicknesses as in RI, but

a plastic yielding criterion was additionally ascribed to the LC in this case. C — “Thick-Jelly
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Sandwich” RIII model setup: as in RII, non-Newtonian viscosity and plastic yielding were
ascribed to both the upper and lower crust, although in this case both these units were set to
have a thickness of 20 km. In the Effective Viscosity charts, the strong viscosity (in the colour

blue) assumes the default strain rate of 1077s™!

, and corresponds to the crustal profile in a region
away from the seeds in the final stages of the model, after the localization of the deformation
along discrete shear zones; the weak viscosity (in the colour orange) assumes a strain rate of
105s!, corresponding to the early stages of deformation, when deformation is more
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Figure 2. “Créme Brulée” RI model results. A - RI-01 benchmark model (absence of rifting-
seeds). Al to A2: initial markedly delocalized fault pattern in the upper crust, and simultaneous
(homogeneous) viscous strain accommodation in the lower crust; A3: relatively late rift
nucleation and crustal break-up. B - RI-02 model (single rifting-seed). B1: relatively early rift
nucleation above the seed, amid still some fault-delocalization in the upper crust; B2:
accentuated (extensional) strain localization above the seed and markedly asymmetric rift
development; B3: asymmetric break-up. C - RI-03 model (two rifting-seeds, 10 km apart). C1:
early (extensional) strain nucleation above both nearby seeds (note the upper crust tectonic
interference between both corresponding main grabens); C2: preferential (extensional) strain
accommodation above one of the seeds, while rifting around the other starts to wane; C3:
symmetric single-rift crustal break-up. D - RI-07 model (two rifting-seeds, 50 km apart). D1:
early incipient development of two individual rifts, with two main asymmetric grabens forming
above each of the distant seeds; D2: waning and eventual abandonment of one of the early
formed upper crustal grabens, and simultaneous development of the other as an asymmetric rift;
D3: asymmetric single-rift crustal break-up. All insets depict the (line drawing) interpretation
of the main structures above the viscosity output, and the corresponding strain-rate output
overlain by the velocity field. Yellow arrows: sites of strong (extensional) strain localization,
rifting and eventual crustal break-up. White arrows: sites of rift waning and
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Figure 3. “Thin-Jelly Sandwich” RII model results. A — RII-08 (absence of rifting-seeds). Al:
initial markedly delocalized fault pattern affecting both strong crustal layers above and below
the weak thin (sandwiched) layer; A2: rift nucleation in two interfering upper-crustal grabens;
A3: crustal break-up achieved throughout one of the grabens and simultaneous waning of
extensional rifting in the other. B - RII-09 model (single rifting-seed). B1: relatively early rift
nucleation above the seed; B2: continued strong strain localization in the rift-seeded graben
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with a markedly symmetric configuration; B3: symmetric crustal break-up. C - RII-10 model
(two rifting-seeds, 10 km apart). C1-C2: early (extensional) strain nucleation above both nearby
seeds and formation of two (tectonically interfering) main grabens; C3: crustal (relatively
wider) break-up is achieved through only one of the grabens, while the other is abandoned. An
overall symmetric geometry is nevertheless preserved. D - RII-14 model (two rifting-seeds, 50
km apart). D1: early development of two individual, symmetric, main grabens, nucleated above
each of the distant seeds; D2: one of the grabens begins to shut down while the other evolves
to become a symmetric rift; D3: symmetric, single-rift, crustal break-up. All insets depict the
(line drawing) interpretation of the main structures above the viscosity output, and the
corresponding strain-rate output overlain by the velocity field. Yellow arrows: sites of strong
(extensional) strain localization, rifting and eventual crustal break-up. White arrows: sites of
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Figure 4. “Thick-Jelly Sandwich” RIII model results. A — RIII-15 (absence of rifting-seeds).
Al: bulk extensional strain is accommodated by a pervasive delocalized fault pattern in the
strong portion of the upper crust (UC), and by viscous homogenous stretching in the weak
middle-crust layer. No faults/shear zones are localized in the strong top segment of the lower
crust (LC); A2: continued fault localization in the strong UC renders a relatively larger distance
between faults/shear zones (less pervasive distribution); A3: rifting is localized in the UC only
at a relatively late stage. The underlying strong top portion of the LC is only mildly perturbed.
B - RIII-16 model (single rifting-seed). B1: early extensional-strain nucleation above the LC
rifting-seed marked by the formation of two UC main grabens. Note that the grabens are aligned
atop each of the flanks of the seed-related LC rift; B2: strain localization in the previously
formed UC grabens results in the formation of two main UC rifts. Simultaneously, the seed-
related LC rift undergoes significant bulging and widening; B3: relative narrow crustal break-
up configuration, expressing a significant amount of decoupling in the way through which
extensional-strain is accommodated above and below the middle-crust weak layer. C - RIII-17
model (two rifting-seeds, 10 km apart). C1 to C3: evolution similar to the one depicted in B
(RIII-16 model). The two closed seeds interfere and coalesce, exerting a rheological control on
the evolving rift configuration similar to the one observed for the single rifting-seed case above.
D - RIII-21 model (two rifting-seeds, 50 km apart). D1: early development of two UC graben-
like structures above each of the two LC seed-related rifts; D2: the previously formed pairs of
UC grabens evolve into well-defined rift structures, although only one in each pair eventually

evolves to render UC break-up (while the other wanes and shuts down); D3: final, wide,
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laterally duplicated, crustal break-up configuration, denoting the same decoupled nature of
extensional-strain accommodation as in B3 and C3. All insets depict the (line drawing)
interpretation of the main structures above the viscosity output, and the corresponding strain-
rate output overlain by the velocity field. Yellow arrows: sites of strong (extensional) strain
localization, rifting and eventual crustal break-up. White arrows: sites of rift waning and
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Figure 5. Schematic illustration of the control exerted by different fundamental crustal
rheological configurations on the formation of upper-crustal fault/shear-zone distribution
patterns during continental rifting (e.g., Nagel and Buck, 2004, 2006, 2007; Keppler et al.,
2013): A - “Creme Brilée” rheological stratification; B - “Thick-Jelly Sandwich” rheological
stratification and; C - “Thin-Jelly Sandwich” rheological stratification. UC: Upper crust; LC:

015 g ] P p.92

Figure 6. Schematic illustration of different possibilities of UC graben nucleation above a single
rifting-seed weakness, depending on different assumed archetypal rheological configurations
and implied modes of fault/shear zone — distribution/localization patterns. A: “Thick-Jelly
Sandwich” rheological stratification renders a relatively less pervasive fault distribution pattern
(relatively longer distance between main graben depocentres), which favours early double-
graben nucleation and double-rift evolution above the rifting-seed; B - “Thin-Jelly Sandwich”
rheological stratification renders a much more pervasive fault distribution pattern (relatively
shorter distance between main graben depocentres), favouring early single-graben nucleation
and single-rift evolution above the rifting-seed; C - “Créme Briilée” rheological stratification
renders a much wider fault distribution pattern (very long distance between main asymmetric
hemi-graben depocentres), favouring again single-graben nucleation above the rifting
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CHAPTER 1. INTRODUCTION

1.1. Presentation

In this document, are presented the results of the author’s research on the early stages of
rifting using the techniques of analogue and numerical modelling inspired by the development
of the sub-parallel grabens of Pimenta Bueno and Colorado of the Parecis Basin. The research
was developed in the Observatdrio Sismologico - Instituto de Geociéncias (SIS-IG), within the
scope of the Programa de P6s-Graduagao em Geologia (PPG) of the Universidade de Brasilia
(UnB). The laboratory experiments were developed in the Laboratorio de Tectonofisica e
Tectonica Experimental (LATTEX) of the Faculdade de Ciéncias da Universidade de Lisboa
(FCUL) and Laboratorio de Modelamento Estrutural (LME) of the Departamento de Geologia
of the Universidade Federal do Rio Grande do Norte (UFRN) in collaboration with Dr. Jodo
Duarte, MSc. Afonso Gomes, Dr. Filipe Rosas and Dr. Fernando Alves da Silva. The numerical
models were developed in collaboration with Dr. Jodo Duarte, Dr. Filipe Rosas, MSc. Afonso

Gomes and MSc. Jaime Almeida from FCUL.

This thesis is divided into six chapters, including two scientific papers (chapters 4 and 5).
In this chapter, the geological problem approached during this research is introduced by
explaining the motivations, aims of the study and a brief description on the methodology used
for the development of the models. The different hypotheses for the geological-tectonic
framework of the area of study (Parecis Basin) are described in chapter 2. Chapter 3 presents
the state of the art of the techniques used in this study — analogue and numerical modelling,
outlining their history and development. In the next chapter (Chapter 4) are the results from the
analogue modelling experiments, displaying the 1% scientific paper, in order to understand the
development of parallel, oblique and triple-junction grabens/rifts and correlate these with the
initial development of the Parecis Basin and other similar structures. Chapter 5 contains the 2™
scientific paper and the results of the numerical modelling experiments developed with the

Underworld code. In chapter 6 are the final considerations of this research.



1.2. Motivation

Geological and geophysical information, such as field work, gravity, seismic and
seismological surveys, can be complemented by experimental laboratory and computational
models using analogue and numerical modelling techniques. With these models, it is possible
to study the nucleation, evolution, and tectonics of a determined geological structure (McClay

et al., 2001).

Analogue and numerical modelling are tools that revealed to be especially important for
simulating and understanding the development of geological structures. Through laboratory
experiments in sandbox apparatus and computational experiments it is possible to conduct

studies on the tectonic evolution of a geological area or a specific geological structure.

These techniques can be applied to the different areas of the geosciences, such as structural
geology, tectonics, sedimentary processes, igneous intrusions, and salt tectonics. The
application of these techniques to the study of sedimentary basins and to the oil industry allowed
the development of new tools with the aim to extract the maximum of information of a
determined structural model. Such structures are important to be studied through modelling to

understand how they formed and developed, such as, for example hydrocarbon traps.

Using these techniques and inspired by the initial stages of development of two parallel
grabens in the Parecis Basin — Pimenta Bueno and Colorado, it is possible to elaborate analogue
and numerical models to understand how these specific and similar structures have developed.
With these models, the most initial stages of continental rifting and the formation of parallel
and sub-parallel grabens can be discussed, including comparing the results with the natural
analogues. The analogue models are developed at a laboratory scale and the numerical models
by using an open-source modelling code. In both cases, the models obey the relations of scale
between the natural prototype (Parecis Basin and adjacent structures) and the analogue and

numerical models, set by Hubbert (1937).

This research is included in the Universal-CNPq project “Estudos tectonicos sobre a Bacia
dos Parecis”, coordinated by Professor Dr. George Sand Franca with the participation of

Professor Dr. Reinhardt Fuck.



1.3. Parecis Basin

The Parecis Basin is located in Mato Grosso and Ronddnia states in the centre-west of
Brazil, with an arca of approximately 500,000 km? (Siqueira, 1989; Fig. 1.1.). Although
considered as a new frontier hydrocarbon exploration basin (Haeser, 2013), there are several
hypotheses for its tectonic-stratigraphic evolution. Authors as Siqueira (1989), Braga and
Siqueira (1996), Silva et al. (2003), Bahia et al. (2006, 2007) and Bahia (2007) consider the
basin evolution as being of the IF/IS type (IF — interior rift — interior fracture produced by
extension; IS — interior sag — interior depression caused by vertical movement), as in the
Kingston et al. (1983) classification. On the other hand, recent research (e.g. Haeser, 2013;
Haeser et al., 2014; Vasconcelos et al., 2014; Loureiro, 2016; Loureiro et al., 2017) consider
that the basin includes a foreland component related to the Neoproterozoic Paraguay Fold Belt,
therefore presenting a distinct stratigraphy from the previously established one. Although
several studies (mainly geophysical) have been carried out to understand the basin’s
development, more geological data are still needed to better correlate the Parecis Basin infill

with the Paraguay Belt stratigraphy (Santos and Flexor, 2013).
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Figure 1.1. Location map of Parecis Basin. PAR — Parecis Basin; CGB — Colorado Graben; PBGB — Pimenta Bueno Graben;
RBH - Rio Branco High. Source: shapefiles from Servigo Geologico do Brasil (CPRM).



1.4.

Aim of the work

The aim of this research is to understand the influence of inherited structures in the initial

stages of development of parallel and sub-parallel rifts in the context of continental rifting,

inspired by the example of the Pimenta Bueno and Colorado grabens of the Parecis Basin, by

using the techniques of analogue and numerical modelling. Other objectives of this research

are:

1.5.

The assemblage of the analogue and numerical models by integrating the published
results, discussions and interpretations of the natural analogue that inspired this
research;

Understanding the influence of varying the distance and geometry of inherited structures
(analogue model velocity discontinuities, VDs, and numerical modelling seeds) and
their influence on the development of parallel, oblique and triple-junction grabens;

In the analogue models, understand what are the conditions in which two nearby
forming grabens interfere and what are the resulting deformational patterns;
Understanding how symmetric and asymmetric graben geometries are developed;

In the numerical models, understand the effects of varying both the distance between
the inherited structures (seeds) and the assumed rheological profiles;

Appling and comparing the obtained models not only to the Colorado and Pimenta

Bueno grabens, but also to other similar structures.

Methodology

In this research, the techniques of analogue and numerical modelling were used to

investigate the initial stages of continental rifting by the reactivation of inherited structures.

Both techniques were used to understand different aspects of rift distance and geometry (in the

analogue models) and the effect of distance and rheology in the numerical models. The state of

the art of these techniques is presented in Chapter 3 and the detailed methodologies are

described in Chapters 4 and 5.



For assembling the analogue and numerical models, published geological/geophysical data
on the Parecis Basin were used, more specifically, the reinterpretation of the Bahia et al. (2007)
tectonic evolution by Loureiro (2016, Fig. 1.2), where the formation and development of the
sub-parallel Colorado and Pimenta Bueno grabens is represented; the proposed depths for the
basin grabens depocenters by the geophysical interpretations of Faria (2015) of ~12 km, and
the proposed crustal thickness by receiver function studies in the Parecis Basin (~40 km) of

Assumpgao et al. (2013) and Albuquerque et al. (2017).
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Figure 1.2. Initial stages of rifting of the Parecis Basin with the formation of the sub-parallel grabens of Colorado and Pimenta

Bueno (Modified from Loureiro, 2016).

1.5.1. Analogue modelling experiments

In this research, we studied two sets of analogue modelling experiments (table 1.1). In the
first set of experiments, the distance between two basal velocity discontinuities (VDs) was
systematically varied. In the second set, different angles and modes of intersection between two
VDs were tested. The VDs were used to represent inherited structures from previous orogenic
events that when reactivated induce a preferential place where the new structures may develop.
In the experimental setup, the VDs were represented by two sheets of sandpaper attached to the
lateral moving walls, with different configurations (Fig. 1.3). These moved over the base of the
box, also covered by a fixed sandpaper sheet to maintain a constant coefficient of friction all
along the base of the experimental box. The lateral moving walls were attached to two stepping
motors moving at a constant velocity of ~1.44 cm/h. The sandbox was filled with a 3 cm thick
sand cake composed of alternating layers of coloured and natural (uncoloured) sand. The sand
was sieved over the box using a mobile elongated funnel running over lateral rails. In these

models, we did not use syntectonic sedimentation as to avoid interfering with the experiment
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and to clearly mark the structures formed on the surface of the experiment. In our experiments,
we used natural and coloured quartz sand. Quartz sand is a good analogue for upper crustal
rocks and it has been commonly used as an analogue for natural brittle materials (e.g.

Vendeville et al., 1987; McClay, 1990; Schellart, 2000; Schreurs et al., 2006).

In the first set of experiments, we systematically varied the distance between two parallel
VDs from 0 to 5 cm, in steps of 1 cm, corresponding to experiments P-00, P-01, P-02, P-03, P-
04 and P-05 (see general configuration in Fig. 1.4A). In a second set, we tested further four
initial VD’s configurations: two oblique (O) and two triple-junction (TJ) geometries (Fig. 1.4B,
C,DandE).

Table 1.1. Summary of the analogue modelling experiments performed in this study.

Experiment Initial spacing Angle between Scaled initial distance between
between VDs VDs VDs
P-00 0cm 0° 0 km
P-01 1 cm 0° 4 km
< P-02 2 cm 0° 8 km
?: P-03 3 cm 0° 12 km
P-04 4 cm 0° 16 km
P-05 Scm 0° 20 km
0-01 variable between 0 ~6° variable between
todem 0to 16 km
0-02 variable between 1 ~6° variable between
= o5 em 41020 km
'%’: 0-02a variable between 1 ~6° variable between
o5 em 4 and 20 km
TJ-01 variable 60° variable
TJ-02 variable 60° variable
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Figure 1.3. Initial configuration of the sandbox apparatus used in this study. The coloured layers represent quartz sand (natural
and coloured). Each layer had a thickness of approximately 0.5 cm and the total thickness of the package was 3 cm. Note the

variable position of the basal velocity discontinuities (VDs). Sandpaper sheet thickness is exaggerated for illustration purposes.

1st Set 2nd Set

Parallel rifts Oblique rifts Triple-junction rifts
P-00/P-01/P-02/P-03/P-04/P-05 0-01/0-02/0-02a TJ-01/TJ-02
/

Figure 1.4. Configuration of all the experiments performed in this study. A. Configuration of the 1% set of experiments (P-00,

P-01, P-02, P-03, P-04, and P-05), with the spacing of the VDs varying between 0 and 5 cm in steps of 1 cm. B. O-01. The

VDs were placed at an angle (~6°) with their distance varying continuously between 0 and 4 cm. C. O-02 and O-02a. The VDs
were placed at an angle (~6°) with their distance varying continuously between 1 and 5 cm. D. TJ-01. The configuration between
the VDs varies along-strike; they are placed parallel (orthogonal to the extension) in the southern part of the box and diverge
with an angle of 60° towards the northern boundary. E. TJ-02. The VDs make an angle of 60° between them (and in relation to
the moving walls), intersecting at the centre of the box. Note that in the southern part of the box one of the VDs is covered by

the sandpaper attached to the other wall, and thus does not affect the sand cake. Note that this configuration causes the migration

of the “triple-point” to the south as the experiment unfolds.



1.5.2. Numerical modelling experiments

The numerical models were developed with the Underworld code (Moresi et al., 2003, 2017,

2018), an open-source geodynamical modular computational framework which uses particle-

in-cell (PIC) and finite element methods, allowing for the parallel computation of thermo-

mechanical tectonic problems (Moresi et al., 2017, 2018).

we

We have performed a total of 21 numerical modelling experiments (Table 1.2), in which

varied the distance between two rift-seeding weak zones for three different rheological

structures of the crust (RI, RII and RIII), according to the following specifications:

a)

b)

The first rheological profile (RI, Fig. 1.5A, Table 1.2) comprises a 10 km thick upper-crust
(UC) and a 30 km thick lower-crust (LC). Both the UC and the LC have a visco-plastic
rheology, with a Patrice-Arrhenius non-Newtonian viscosity. However, while the UC was
set to accommodate plastic yielding (following a Drucker-Prager criterion), the LC was set
to deform only viscously, simulating a Strong UC and a Weak LC in compliance with a
“Créme Brtilée” rheological profile;

The second rheological profile (RII, Fig. 1.5B, Table 1.2) has a layer thickness similar to
RI, but in this case the LC also has a Drucker-Prager plastic yielding. The resulting (non-
linear, thermal dependent) strength-depth configuration comprised an interbedded thin
weak layer (~1.5 km thick) between the strong upper and lower crusts, conforming with a
“Thin-Jelly Sandwich” rheological configuration;

The third rheological profile (RIII, Fig. 1.5C, Table 1.2) has a 20 km thick UC and a 20
km thick LC. In this case both the UC and the LC have the same rheological characteristics
as RII, which render an overall crustal “Thick Jelly Sandwich” rheological profile (see Fig.

10).

For each rheological profile, the distance between the two seeds was systematically varied

between 10 and 50 km (with increments of 10 km). For each set, we have also tested the cases

without and with only one seed.



Table 1.2. Summary of the numerical models developed in this study.

EXPERIMENTAL  CRUSTAL STRENGTH PROFILE Number of Distance
SET between
MODEL weaknesses K
UPPER CRUST ~ LOWER CRUST weaknesses
1 0 -
“Creme Briilee”
2 1 -
3 2 10 km
RI 4 v ak 2 20 km
ery weak (no
5 Strong (10km ;) 4ino criteria, 30 2 30 km
thick) :
km thick)
6 2 40 km
7 2 50 km
8 0 -
“Thin-Jelly Sandwich”’
9 1 _
10 2 10 km
RII 11 Strong FOp @35 Strong top (10 km 2 20 km
km thick) + thick) + Weak
12 Weak thin 2 30 km
bottom (1.5 km bottom (20 km
13 thick) thick) 2 40 km
14 2 50 km
15 0 -
“Thick-Jelly Sandwich”
16 1 -
17 2 10 km
RIII 13 Strong top (10 Strong top (10 km 2 20 km
km thick) + thick) + Weak
19 Weak bottom bottom (10 km 2 30 km
20 (10 km thick) thick) 2 40 km
21 2 50 km
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Figure 1.5. Model setup for the three (RI, RII and RIII) groups of carried-out numerical experiments. All models have the
same (300.6 x 50.4 km) domain dimensions, the same boundary conditions, and the same number of (0, 1 or 2) rift-seeding
weaknesses, set at the same (10 to 50 km) range of tested distances. A — “Créme Brulée” RI model setup: both a 10 km thick
upper crust (UC) and a 30 km thick lower crust (LC) were ascribed non-Newtonian, thermal-dependent, viscous rheologies
(Patrice-Arrhenius viscosity). However, the upper crust was additionally set to be able to yield plastically (Drucker-Prager
criterion). B — “Thin-Jelly Sandwich” RII model setup: the upper and lower crust have the same thicknesses as in RI, but a
plastic yielding criterion was additionally ascribed to the LC in this case. C — “Thick-Jelly Sandwich” RIII model setup: as in
RII, non-Newtonian viscosity and plastic yielding were ascribed to both the upper and lower crust, although in this case both
these units were set to have a thickness of 20 km. In the Effective Viscosity charts, the strong viscosity (in the colour blue)
assumes the default strain rate of 10"'s"!, and corresponds to the crustal profile in a region away from the seeds in the final
stages of the model, after the localization of the deformation along discrete shear zones; the weak viscosity (in the colour
orange) assumes a strain rate of 10"'%s’!, corresponding to the early stages of deformation, when deformation is more

homogeneous.
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CHAPTER 2. NATURAL ANALOGUE: PARECIS BASIN,
TECTONIC FRAMEWORK AND REGIONAL GEOLOGY

The Parecis Basin is located in the centre-west of Brazil and is part of the South American
Platform. This platform was defined by Almeida et al. (2000) as the continental part of the crust
that remained stable, with a small amount of deformation in the last orogenic events — the
Caribbean and Andean orogeneses. The basement of the platform was amalgamated during the
Brasiliano/Pan African Orogeny (900-500 Ma) as part of the Gondwana supercontinent
(Almeida et al., 2000). The sediment covers date to the Phanerozoic and were mostly developed
since the Ordovician as part of the Gondwana and Pangea supercontinent evolution

(Schobbenhaus and Brito Neves, 2003).

Brazil was divided into structural provinces by (Almeida et al., 1977, 1981) and over the
years several additions and changes to this configuration occurred due to new geochronological,
geological and geophysical data. In the study area of this research the Parecis Basin, the
Amazonian Craton and the Paraguay Fold Belt can be highlighted.

The geological and tectonic history of the Parecis Basin is quite controversial. At first, this
basin was identified as a Palaeozoic intracratonic basin by several authors (e.g. Siqueira, 1989;
Braga and Siqueira, 1996; Silva et al., 2003; Bahia et al., 2006, 2007; Bahia, 2007). However,
recently, new data, interpretations and analysis provided a new hypothesis for this basin’s
tectono-stratigraphic evolution. In this new hypothesis, the initial stages of development of the
basin are dated to the Neoproterozoic, long before the age suggested in the previous hypothesis
(Haeser, 2013; Haeser et al., 2014; Vasconcelos et al., 2014; Alvarenga et al., 2016; Loureiro,
2016; Vidotti et al., 2016; Loureiro et al., 2017; Vilela et al., 2020).

Although this research is focused on the early stages of development of the basin, in this
chapter, a synthesis of the geological and tectono-stratigraphic evolution of the Parecis Basin
is presented, as well as the adjacent areas which are considered the basin’s basement — the

Amazonian Craton and the Paraguay Fold Belt.
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2.1. Adjacent basement structures

2.1.1. Amazonian Craton

The Amazonian Craton is one of the larger and less known cratons of the world (Tassinari
et al., 2000) and one of the major tectonic units of South America, with ~5,600,000 km?
(Santos, 2003). The craton is divided into two Precambrian shields — Central Brazil Shield and
the Guianas Shield, separated by the Phanerozoic Solimdes and Amazon basins (Tassinari et
al., 2000). The craton’s western limit is difficult to establish because it is separated from the
Andean belt by an extensive Cenozoic cover - the Colombian Llanos, the Venezuelan Llanos
and the Paraguay-Bolivian Chaco (Santos, 2003). The craton’s extension to the west is indicated
by Greenvillian fragments in the Oriental Cordillera (e.g. Garzén and Santa Marta,

Kroonenberg, 1982; Priem et al., 1989).

In the Brazilian territory, the Amazonian Craton underlies an area of about 4,400,000 km?
and is limited by the Araguaia belt (Baixo Araguaia Supergroup) to the east and by the Paraguay
belt, comprising the Cuiabd, Corumba and Alto Paraguai groups to the south and southeast
(Tassinari et al., 2000; Santos, 2003). The concept of craton was here applied regarding the
rocks developed in the Brasiliano Orogeny, representing a pre-Brasiliano stabilized area
(Santos et al., 2000). The Amazonian Craton is partially covered by Phanerozoic sedimentary
basins as the ones of Parnaiba (east), Xingu and Alto Tapajos (south), Parecis (southeast),

Solimdes (west), Tacutu (north) and Amazon (center, Santos, 2003).

The Amazonian Craton (Almeida, 1978) followed the previous classification of shield
(Barbosa and Andrade Ramos, 1959) and platform (Ferreira, 1969; Suszczynski, 1970; Amaral,
1974). While this area is complex, there are two main models for the subdivision of this

structure: the geophysical-structural and the geochronological.

The geophysical-structural model was proposed by Hasui et al. (1984) and Costa and Hasui
(1997) and considers the Amazonian Craton as a mosaic of twelve blocks or paleo plates with
granite-greenstone characteristics and with Archean to Paleoproterozoic ages. These blocks are
surrounded by nineteen collisional belts or shear belts, also with ages between the Archean and
the Paleoproterozoic, and reactivated in the Phanerozoic. This model was based on geophysical

data such as the gravity map of South America and the magnetic map of Brazil in addition to
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structural data. In this model, only Himalayan collision type processes (continent-continent)
were considered. Costa and Hasui (1997) suggest several areas that may consist of granulitic
rocks, located in the shear zones between blocks, which would indicate the existence of high-

grade terrains related to collision processes.

The geochronological model had several contributions over the years. Initially proposed
by Amaral (1974), this model divides the craton into geochronological provinces based on the
Rb-Sr radiometric age method that were produced by the Amazonian Radar Project. Amaral
(1974) divided the craton into three geochronological provinces: Amazonia Oriental, Amazonia
Central and Amazodnia Ocidental (Fig. 2.1A). Cordani et al. (1979) followed the proposal of
Amaral (1974), changed some of the province’s names and added an additional province — the
Rondoniana Province (1400—-1100 Ma, Fig. 2.1B). With this model was possible to realize the
existence of an ancient core that formed the craton — the Amazonia Central Province (Archean
or Paleoproterozoic) surrounded by fold belts formed in the Paleoproterozoic. However, due to
the low reliability of the Rb-Sr radiometric age method, the values disagreed with the regional
stratigraphic framework and had to be amended (Santos, 2003). Teixeira et al. (1989)
considered the previous model and classified only Amazonia Central as a province, and the
others as fold belts. These authors presented some changes, including separating the
Rondoniana Fold Belt from the Sunséas Fold Belt (1200-900 Ma, Fig. 2.1C). Tassinari et al.
(1996) and Tassinari and Macambira (1999), based on Rb-Sr and U-Pb radiometric ages,
adopted the province nomenclature and modified the limits and age intervals of the previous
models, creating a new province between Rio Negro-Juruena and Amazodnia Central — the
Ventuari-Tapajos Province (1900-1800 Ma, Fig. 2.1D). Santos et al. (2000) and Santos (2003)
made several reinterpretations of the provinces based on data from U-Pb and Sm-Nd
radiometric age data and geological mapping results (Fig. 2.1E). Tassinari and Macambira
(2004) based on Sr, Pb and Nd radiometric ages divided the craton in six geochronological

provinces.

More recent studies, as the ones of Scandolara et al. (2017) and Tavares et al. (2018)
propose new interpretations for the geotectonic evolution of different parts of the Amazonian
Craton. Tavares et al. (2018) studied the Carajas Province region, suggesting the superposition
of three compressional-extensional cycles for the orogenic and sedimentary events. This
proposal is consistent with other studies of Archean cratonic nuclei, where the Archean-
Paleoproterozoic deformation could be explained by processes related to plate tectonics.
Scandolara et al. (2017) propose an accretionary orogenic belt in the southwestern part of the
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Amazonian Craton (bordering the Parecis Basin) — the Juruena accretionary orogen. This
orogen was originated by the interaction of the Jamari and Juruena terranes (Scandolara et al.,
2017). The study was based on geological mapping, geochemical and geochronological data,
which confirm the connection of these terrains. This structure does not have the same general

trend as the previously proposed geochronological provinces.
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Figure 2.1. Evolution of the geochronological models for the Amazonian Craton. A. Model from Amaral (1974). B. Model
from Cordani et al. (1979). C. Model from Teixeira et al. (1989). D. Model from Tassinari (1996). E. Model from Santos et al.
(2000). Figure modified from Faria (2015), adapted from Santos (2003).

2.1.2. Paraguay Fold Belt

The Paraguay Fold Belt is located along the south-southeast margin of the Amazonian
Craton and the east margin of the Rio Apa Block (Dantas et al., 2009). The fold belt consists of
metasedimentary rocks that progressively change towards the craton to sedimentary covers.
These are contemporary in part, structurally rippled, faulted and not metamorphosed
(Alvarenga and Trompette, 1993). The sedimentary section presents a thick sequence of glacial-
marine, turbiditic, carbonate and siliciclastic sedimentary rocks, which form a passive margin

(Alvarenga and Trompette, 1993). The fold belt is approximately 1500 km long and ~300 km
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wide (Souza, 2015). It extends from the Rio das Mortes area (Mato Grosso - MT) passing
through the Cuiaba area (MT), where there is an inflection to the N-S direction, extending to
Corumb4 and Serra da Bodoquema (Mato Grosso do Sul — MS, Silva, 2007). This section was
folded and metamorphosed (greenschist facies) during the Brasiliano Orogeny and intruded by
late- to post-tectonic granites (end of Neoproterozoic/beginning of Cambrian, Alvarenga et al.,

2000).

Almeida (1984) divided the Paraguay fold belt and the adjacent part of the Amazonian
Craton into three structural zones, which were defined and characterized as: 1) sedimentary
platform covers; ii) external folded zone (minor or no metamorphism); iii) internal zone
(metamorphosed with granitic intrusions). A large portion of the rocks of the internal zone is
masked by the post-Ordovician sedimentary basin covers of Parand, Parecis and Pantanal basins

(Alvarenga and Trompette, 1993).

Alvarenga and Trompette (1993) included the lithostratipgraphic units (from the
Neoproterozoic to Cambrian) in three large associations: lower unit (glacial-turbiditic), central

unit (carbonate) and upper unit (detritic).

There is controversy concerning the Paraguay Fold Belt stratigraphy. There are several
proposals for the stratigraphic column, more precisely in the transition between the internal and

external structural zones of the fold belt (Alvarenga, 1984). Two of these proposals are:

1. Two large structural and stratigraphic units, the older composed of folded and
metamorphosed rocks of the Cuiaba Group (internal zone) and the rocks of the Diamantino,
Raizama, Araras, Puga and Bauxi Formations, representing the external part of the fold belt
and the cratonic cover (Figueiredo and Olivatti, 1974; Ribeiro Filho and Figueiredo, 1974;
Ribeiro Filho et al., 1975; Nogueira and Oliveira, 1978; Corréa et al., 1979; Oliva et al.,
1979; Schobbenhaus Filho and Oliva, 1979; Schobbenhaus Filho et al., 1981, 1984; Araujo
et al., 1982; Barros et al., 1982; Del’Arco et al., 1982; Almeida, 1984);

2. Puga and Bauxi Formations, which are the partially contemporary deposits of the
sedimentary rocks that form the lower part of the cratonic platform covers, the external zone
of the belt and the Cuiaba Group, consisting of metasedimentary rocks of the internal zone
of the fold belt (Almeida, 1964, 1965, 1974; Alvarenga, 1985, 1988; Alvarenga and
Trompette, 1988, 1992).

The northern portion of the Paraguay Belt presents four lithostratigraphic successions that

include from the oldest to the newest: fine-grained metasedimentary rocks of the Cuiaba Group;
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glacial diamictite-tubidite of the Cuiaba Group and Puga Formation; metacarbonates of the
Araras Group and metasedimentary epiclastic rocks of the Alto Paraguay Group (Alvarenga
and Trompette, 1993; Alvarenga et al., 2004). Table 2.1 shows the lithostratigraphic
nomenclature of the units that form the Paraguay Belt (Dantas et al., 2009), highlighting the

formations and groups that can also be observed in the Parecis Basin.

Table 2.1. Neoproterozoic lithostratigraphic nomenclature of the Paraguay Fold Belt. In bold are the formations and groups

that also occur in the Parecis Basin (from Dantas et al., 2009).

PERIOD NORTHERN PARAGUAY FOLD BELT

LITHOSTRATIGRAPHIC GROUP FORMATION LITHOLOGY

SUCCESSION
Edicardian Upper Alto Diamantino Arkosic siltite and sandstone
Paraguai -
Raizama Sandstone
Carbonate Araras Nobres Dolostone and sandy dolostone
Guia Limestone and mudstone
Mirassol d’Oeste ~ Cap-dolostone
Cryogenian Glacial diamictite-turbidite Puga Diamictite
(~635 Ma)
Cuiaba Undivided Diamictite, conglomerate,
sandstone and fine-grained rock
Lower Lower Graphite Phyllite

2.2. Parecis Basin

The Parecis Basin, also known as Parecis/Alto Xingu Basin, covers an area of
approximately 500,000 km? of Rondénia and Mato Grosso (Fig. 1.1) in the centre-west of Brazil
(Siqueira, 1989). It is considered as a new frontier of exploration for hydrocarbon resources and
has been of interest to the oil industry. However, its geological history, tectonic evolution and

stratigraphy are widely discussed.
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Siqueira (1989) compiled the results obtained in several geological campaigns, analysed,
and discussed the stratigraphy and tectonic evolution of the Parecis Basin correlating it to other
Brazilian intracratonic basins. In his study, the Parecis Basin was classified as interior fracture
(IF)/ interior sag (IS), according to the Kingston et al. (1983) basin classification. The IF phase,
dated to the Silurian, comprises the development of rifts that later, in the Carboniferous-
Permian, turned to sag characteristics — IS phase (Siqueira, 1989). The basin was divided into
three distinct areas according to their structural-stratigraphic organization: Rondoénia Tectonic
Trench (western area) characterized by two well defined grabens — Pimenta Bueno and
Colorado grabens; the Parecis Gravity Low (central area), represented by a -40 mgal anomaly;
and the Alto Xingu Depression (eastern area, Siqueira, 1989). Two depositional transgressive-
regressive cycles, separated by a regional unconformity, took place in the Palaeozoic (Siqueira,
1989). The first cycle includes the deposition of the Ponta Grossa, Pimenta Bueno and Fazenda
da Casa Branca formations (Siqueira, 1989). The second cycle comprises the basaltic flows of
Anari and Tapirapua formations (dated to the Jurassic), after which the sediments of the Parecis

Formation were deposited (Siqueira, 1989).

Using gravity and magnetic data, Braga and Siqueira (1996) established the structural
limits of the basin’s basement. These results were then analysed by (Bahia et al., 2006, 2007)
and Bahia (2007) to review the stratigraphy and the tectonic-sedimentary evolution of the

Parecis Basin, based on Siqueira (1989).

An integration of the tectonic-sedimentary evolution of the basin was made in the work of
Bahia et al. (2006). Their stratigraphic column of the Parecis Basin (Fig. 2.2) presents the
sedimentary units with the same nomenclature used in previous contributions (Siqueira, 1989;
Bahia and Pedreira, 1996; Bahia et al., 1996). In some of the time intervals, absence of
sedimentary deposits is indicated by unconformities, evidencing sedimentation hiatuses (Bahia
etal., 2006). The sedimentation started in the Neo-Ordovician, during the rift phase of the basin,
when the Cacoal Formation was deposited (Ronddnia Tectonic Trench), representing the
continental portion of the sedimentary sequence of the basin (Bahia et al., 2006). The Devonian
Furnas Formation is represented by costal sediments deposited in the Alto Xingu Depression,
followed by the Ponta Grossa Formation of marine sediments (Bahia et al., 2006). During the
transitional Carboniferous-Permian rift/sag phase climate changes occurred when the
glaciogenic Pimenta Bueno and the periglaciogenic Fazenda da Casa Branca formations were
deposited (Bahia et al., 2006). Before the deposition of the Parecis Group, extensional events
triggered the Mesozoic Anari and Tapirapud basaltic flows (Bahia et al., 2006). More recent

17



studies on the stratigraphic framework of the Cretaceous in the Parecis Basin (Batezelli and
Ladeira, 2016; Rubert et al., 2017, 2019) also follow this hypothesis and bring new insights and
proposals for the stratigraphic chart of the basin (Fig. 2.2).
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Figure 2.2. Stratigraphic chart of the Parecis Basin (from Rubert et al., 2017, modified from Bahia et al., 2006).

Bahia et al. (2007) were the first authors that aimed to record the tectono-sedimentary
evolution of the Parecis Basin with geophysical data. Analysis of the gravity map made it
possible to obtain the geometric signature of the main faults of the basin, as well as the

structures of the geophysical domains and location of the main basin depocenters. Bahia et al.
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(2007) concluded that the basin was formed by extensional processes in the Amazonian Craton
area, originating the Pimenta Bueno and Colorado grabens that were infilled with continental
and marine sedimentary sequences. These authors also agreed with the previously proposed
evolution by Siqueira (1989) — interior fracture/interior sag. Figure 2.3 shows the proposed
tectonic evolution (Bahia et al., 2007). The first stage of development (Fig. 2.3A) — the rift
phase, is marked by N-S extensional forces forming the Pimenta Bueno and Colorado grabens.
During the rift phase, there was the sedimentary infill of the grabens with the Cacoal and
Pimenta Bueno formations (Fig. 2.3B). After this, the sag phase happened through regional
subsidence and the Fazenda da Casa Branca, Rio Avila, Anari and Parecis formations were

deposited (Fig. 2.3C).

The work of Faria (2015) also used geophysical gravimetric and magnetic data to define
the structure of the Parecis Basin, refining its tectonic domains and estimating the grabens

depths to ~12 km (Fig. 2.4).

Figure 2.3. Diagrams illustrating the evolution of the Parecis Basin western portion. A. Rift phase — extension in the SW sector
of the Amazonian Craton forming the Pimenta Bueno and Colorado grabens. B. Deposition of the Cacoal and Pimenta Bueno
formations in the grabens. C. Sag phase — regional subsidence and deposition of the Fazenda da Casa Branca, Rio Avila, Anari

and Parecis formations (from Bahia et al., 2007).

19



-62° -60° -58° -56° -54° -52°

>
Ol

Rondénia Juruena Alto Xingu
sub-basin = sub-basin —— sub-basin

Serra Formosa
Arch

Graben
Caiabis

-11°
okl

Brasnorte
High

oG-

-13°

Colorado
Graben

£F-

Rio Branco
High

Pimenta Bueno
Graben

-14°
Pl

Shallow
Basement

-15°
oSk

-62° -60° -58° -56° -54° -52°
000 10 % mw

Figure 2.4. Tectonic-geophysical domains of the Parecis Basin (from Faria, 2015).

More recently, authors as Haeser et al. (2014), Vasconcelos et al. (2014), Alvarenga et al.
(2016), Loureiro (2016), Vidotti et al. (2016), Loureiro et al. (2017) proposed a new hypothesis
for the evolution of the Parecis Basin. Data of isotopic stratigraphy, new wells, new
interpretations of seismic lines and integration of gravity and magnetic data showed a much
older history than previously established, initiated in the Neoproterozoic and not in the

Palaeozoic.

Vasconcelos et al. (2014) did a stratigraphic revision of the basin through new studies of
the regional framework, reinterpretation of the lithostratigraphy of wells and new seismic lines,
concluding that the pre-Cretaceous sequences in subsurface are folded, correlating them to the

Neoproterozoic folded sequences of the Paraguay Fold Belt.

Haeser et al. (2014) proposed a stratigraphic revision for the Parecis Basin (Fig. 2.5),
discussing the implications for the oil exploration. The authors emphasise that this basin is in
an incipient stage of exploration, but that the existence of hydrocarbon systems is still
speculative. Based on seismic sections, possible reservoir rocks and generating rocks were
suggested. Haeser et al. (2014) suggested the possibility of accumulations related to structural
traps formed in the Neoproterozoic or in compressive events that generated the Paraguay Fold

Belt.

Loureiro (2016) and Loureiro et al. (2017) provided the geologic-tectonic characterization
of the Parecis Basin by integrating gravity and magnetic methods with seismic data aiming to
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understand the sedimentation recorded in the basin. These authors believe that the
sedimentation was associated to tectonic processes of continental scale, such as the Rodinia
Supercontinent break-up, the Neoproterozoic Brasiliano Orogeny, and the formation of part of
the Andes Orogenic Fold belt in the Palacozoic (Loureiro, 2016). The basin infill would have
been controlled by the structural highs and lows and the W-E trending grabens. Loureiro (2016)
inferred that the Neoproterozoic sedimentation in the basin occurred in three relevant tectonic
events: a rift phase, a thermal subsidence and flexural phase (deposition of the Puga Formation,
Araras Group and Serra Azul Formation), followed by a compressive phase generating foreland
basins — beginning of the Brasiliano Orogeny and formation of the Paraguay, Araguaia and
Brasilia fold belts (Fig. 2.6). Some dense bodies found in the gravity models were interpreted
as basic and ultrabasic rocks, that are probably related to previous subduction processes

occurred in the Mesoproterozoic (Loureiro, 2016).
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Figure 2.5. Stratigraphic chart of the Parecis Basin (from Loureiro et al., 2017, modified from Haeser et al., 2014).
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CHAPTER 3. STATE OF THE ART: ANALOGUE AND
NUMERICAL MODELLING

Analogue and numerical modelling are techniques used to simulate the evolution of
geological structures at laboratory and computational scales, respectively. The use of these
techniques allows the better understanding of geological processes that may take millions of

years, at smaller scales and in a relatively short amount of time.

Many studies have been developed through analogue and/or numerical modelling
techniques, aiming to better understand the evolution of geological structures. Today these
techniques are commonly applied to many geological contexts and sub-disciplines of Earth
Sciences such as the development of extensional structures (Vendeville et al., 1987; Brune and
Autin, 2013; Keppler et al., 2013; Zwaan et al., 2016; Beniest, 2017; Beniest et al., 2017; Duretz
et al., 2020), salt tectonics (Rowan et al. 2012; Warsitzka et al., 2013), compressional structures
(McClay and Whitehouse, 2004; Duarte et al., 2011; Rauch, 2013; Rosas et al., 2017), strike-
slip structures (Schellart and Nieuwland, 2003; Schrank et al., 2008; Dooley and Schreurs,
2012; Gomes et al., 2019), mantle plumes and subduction (Schellart, 2004; Boutelier and
Cruden, 2008; Davaille et al., 2011; Bajolet et al., 2013; Duarte et al., 2013; Mériaux et al.,
2016), to get insight on seismic interpretation (Sherlock and Evans, 2001; Buddensiek, 2009;
Krawczyk et al., 2013), and in the context of sedimentology and geomorphology studies
(Bonnet et al., 2007; Del Ventisette et al., 2015).

In this chapter, a brief history of analogue and numerical modelling and the importance of

these techniques for the better understanding of geological structures is presented.

3.1. Analogue modelling

Analogue modelling has been used since the 19" century (Koyi, 1997; Ranalli, 2001;
Schellart, 2002; Schellart and Strak, 2016) to study the formation and development of
geological structures. The first experiments in analogue modelling were developed by Sir James
Hall to understand the development of ductile deformation (Koyi, 1997). Later, it was applied
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in structural geology studies of compressional structures, such as folds and thrust belts (Cadell,
1888, Willis, 1893). Figure 3.1 shows an example of the simple apparatus used by Cadell,
(1888).

Figure 3.1. Cadell’s experiment (1888, from Koyi, 1997).

With the understanding of the gravitational forces in the 1960°s and 1970’s, Hans Ramberg
emphasized its importance and influence in the geological processes (Koyi, 1997). This allowed

to create new experiments focusing on gravity dependent tectonics and structures.

Analogue modelling has been applied to industry and scientific research, showing its
importance in the process of teaching/learning structural geology and tectonics. This is due to
the possibility of simulating the entire development of geological structures, since nucleation
to actual and future stages, at smaller scales than the natural analogues and within a relative
short amount of time. The great advances in the techniques of analogue modelling, such as the
use of auxiliary equipment for the interpretation of structures was possible thanks to its use by
the oil industry. These techniques are used to understand different processes at various scales
and the formation and development of structures of interest, such as hydrocarbon traps
(Szatmari and Aires, 1987; Koyi, 1997). Seismic interpretation was another area that benefited
from these advances of equipment and technology, allowing the development of models to
obtain and interpret seismic data in sandbox apparatuses (Sherlock and Evans, 2001;

Buddensiek, 2009; Krawczyk et al., 2013, Fig. 3.2.).
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Figure 3.2. A. Example of an experimental apparatus and assemblage of a mini-seismic system in the laboratory. B. Example

of a result from the models developed with the apparatus and system from A. Figures from Krawczyk et al. (2013).

One of the most evolved techniques is the Particle Image Velocimetry (PIV) software
which allows the monitoring of experiments highlighting the movement of the particles in each
instant of deformation (Adam et al., 2005; Schmatz et al., 2010; van Gent et al., 2010; Oliveira
and Alves da Silva, 2016). This software assists the interpretation and analysis of analogue
models by the digital record of images obtained during the experiments, using photographic
cameras that allow the elaboration of 2D and 3D models. Figure 3.3 shows an example of results

that can be obtained with PIV.
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Figure 3.3. Results obtained from the digital image processing of the PIV software. a. Monitoring of the displacement vectors.
b. Incremental displacement. c. Horizontal displacement component. d. Vertical displacement component. e. Visualized body
distortion of the vector of the deformation mesh. f. Incremental horizontal strain. g. Shear strain. h. Visualization of the

displacement of material particles by flow lines, showing the pattern of mass movement (from Adam et al., 2005).

3.2. Numerical modelling

The development of numerical modelling techniques is directly related to the geodynamics
history. The establishment of plate tectonics during the 1960°s brought new insights to the
interpretation of data, from a more descriptive field (qualitative) to a more predictive physical

science (quantitative field, Gerya, 2019).

As in analogue modelling, the rocks represented in numerical models must be similar to the
existing rocks in nature. The behaviour of these materials is important to correctly simulate a
geological structure. An important point to understand is that viscous (fluid-like) and elastic
(solid-like) behaviours are characteristic of the Earth, depending on the time scale of
deformation (Gerya, 2019). For example, the mantle is elastic in a “human” time scale but is

viscous in geological time scales and it can be internally deformed due to solid-state creep

(Gerya, 2019).
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In 1970, the first 2D numerical models of subduction were performed by Minear and
Toksoz (Gerya, 2019) and in the following years other 2D numerical models were developed
from 2D mantle thermal convection models (Torrance and Turcotte, 1971) to numerical models
of continental collision (Bird, 1978; Daignicres et al., 1978) and subduction initiation
(Matsumoto and Tomoda, 1983). The first 3D spherical mantle convection models were

developed by Baumgardner (1985) and Machetel et al. (1986).

Since then, several codes have been used to portray 2D and 3D geological problems and
although every code has its limitations, these techniques are powerful tools to understand

tectonics and geodynamics (Gerya, 2019).

In this work, we used the Underworld code (Moresi et al., 2003, 2017, 2018; Moresi, 2013;
Quenette et al., 2005, 2011, 2013, 2015; Stegman et al., 2006) to develop 2D numerical models.
Underworld is an open-source geodynamical modular computational framework developed by
researchers at Monash and Melbourne universities in Australia. This code uses variations of the
particle-in-cell (PIC) and finite element methods and it allows for parallel computation of

mechanical-thermal coupled tectonic problems (Moresi et al., 2007).

3.3. Scaling and materials

In analogue and numerical modelling, all models must be scaled according to the natural
analogue — structure in nature that is intended to be simulated (Koyi, 1997). The evolution of
the model should simulate the evolution that occurred in nature, even if at a smaller scale and
with higher deformation velocities (Koyi, 1997). It is important to mention that although it is
important to fully simulate a whole geological process, there are many complexities involved
that cannot totally be simulated, and it is impossible to control all parameters involved.
Therefore, simplified versions of complex geological processes are simpler to simulate and be

applied not only to a determined structure, but also to similar developing structures.

To better portray the similarity between models and reality, Hubbert (1937) described the
rules for performing scaled experiments of geological structures. Thus, Hubbert (1937) defined

the concept of three similarities — geometric, kinematic and dynamic (Koyi, 1997):

“l. — Two bodies are geometrically similar when all corresponding lengths are

proportional, and all the corresponding angles within the two bodies are equal. The ratio
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between model length and “prototype” length is constant. In order to achieve geometric
similarity, this ratio needs to be applied to all the rock-body’s length units simulated in the

model.”

“2. — Kinematic similarity is achieved if two geometrically-similar bodies undergo similar
changes of shape or position (or both), provided the time required for any given change in one
of the bodies is proportional to that required for the corresponding change in the other. The

1

time-ratio must be constant for motion anywhere within the two bodies.’

“3. — Two bodies which are geometrically and kinematically similar are also dynamically
similar only if the ratio between the forces acting on corresponding particles in the two bodies,

compared kind for kind, is constant:

Fmg Fmv Fmf .
= = = Fr (equation 1
Fpg Fpv Fpf (eq )

where: F is the force on the corresponding particles in the model (m) and the “prototype” (p);

and subscripts g, v and f refer to gravitational, viscous, and frictional forces, respectively.”

A great number of analogue materials can be used in analogue modelling, to simulate the
behaviour of natural rocks. These materials need to present similar physical characteristics to
the natural rocks they are simulating (Szatmari and Aires, 1987). The most used material in
analogue modelling experiments is dry quartz sand (natural or colour dyed), as was the case of
the models here presented. Quartz sand is a good analogue for the upper crust rocks (Naylor et
al., 1994), and has been used as an analogue for brittle materials (e.g. Vendeville et al., 1987;
McClay, 1990; Schellart, 2000; Schreurs et al., 2006). Other materials, such as clay, plaster
powder, glass microbeads, aluminium, silicone (used for the simulation of salt domes), honey
(used for simulating the asthenosphere) are some of the examples that can also be used in

analogue modelling.

Studies as Rossi and Storti (2003), Panien et al. (2006), Gomes and Caldeira (2011) and
Gomes (2013) show the characterization of the granular materials by using the Ring Shear
Tester (RST) equipment. RST reads the physical properties of granular materials such as

cohesion, density, and internal friction angle. An example of this type of result is shown in
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figure 3.4. The study of the physical properties of the materials has been more important and

necessary to analogue modelling for making good comparisons with the natural analogues. The

behaviour of the materials used in analogue modelling ultimately influences the way the

structures are formed. The influence of the materials could depend on a series of other factors

such as sphericity, rounding and size of the grains, which are beyond the techniques used on

the preparation of the experiments (for example the sifting of the materials, Lohrmann et al.,

2003). The actual behaviour of the deformation in laboratory experiments under low normal

stress 1s more complex than used to be thought (Lohrmann et al., 2003).
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Figure 3.4. Example of the results obtained by Ring Shear Tester (RST), representing the variation of the shear stress with

time and deformation by shear strain for some materials (from Panien et al., 20006).
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CHAPTER 4. EVOLUTION OF PARALLEL, OBLIQUE AND
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Evolution of parallel, oblique and triple-junction rifts: insights from

analogue modelling

Magda E. Oliveira' (corresponding author: magdaestrelaoliveira@gmail.com), Afonso S. Gomes*”,

Jodo C. Duarte®’, George S. Franga'*?, Filipe M. Rosas*?, Reinhardt A. Fuck'*, Fernando A. Silva®

"Programa de Pos-Graduagdo em Geologia, Instituto de Geociéncias, Universidade de Brasilia, Brasilia, Brazil
(magdaestrelaoliveira@gmail.com), *Instituto Dom Luiz (IDL), Faculdade de Ciéncias, Universidade de Lisboa, Lisbon,
Portugal, *Departamento de Geologia, Faculdade de Ciéncias, Universidade de Lisboa, Lisbon, Portugal, “Instituto de
Geociéncias, Universidade de Brasilia, Brasilia, Brazil, Observatorio Sismologico, Universidade de Brasilia, Brasilia, Brazil ,

“Departamento de Geologia, Universidade Federal do Rio Grande do Norte, Natal, Brazil

Abstract

The study of extensional structures such as normal faults, grabens and rift systems using
analogue model techniques has been widely used to understand the evolution of sedimentary
basins. These have been particularly helpful to understand the generation of oil reservoirs and
structural traps. The present work was inspired by the discussion on the origins of two sub-
parallel grabens located in the intracratonic Parecis Basin in the centre-west of Brazil. Parallel,
oblique or intersecting grabens may form by the reactivation of inherited basement weaknesses
that can act as velocity discontinuities, with their geometry and proximity controlling the
evolution of the resulting grabens. In this work, we use sandbox analogue experiments to
investigate the geometric and kinematic evolution of two nearby, sometimes intersecting,
grabens. We do this by varying the distance and the geometry of two basal velocity
discontinuities (VDs). In all experiments, an extension of 3 cm (scaling to 12 km) was

prescribed to affect a 3 cm thick sand pack. The materials were deformed using a plexiglas box
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with two basal velocity discontinuities attached to two lateral movable walls. In a first set of
experiments, we varied systematically the distance between the VDs. In the second set, we
varied the angles between the VDs with different configurations, including situations in which
the VDs intersect forming triple junctions. The results show that when the VDs are initially
close (< 2 cm, corresponding to ~8 km in nature) there is the formation of a wide graben
composed of two sub-grabens that interfere with each other, while if the spacing between the
VDs is > 2 cm, the grabens develop independently and do not interfere. Furthermore, it is
possible to conclude that whenever (not interfering) VDs are prescribed to the base of a sand
pack it always leads to the formation of asymmetric grabens, except when the two VDs are
initially close to each other. In the experiments with conjugate triple-junction VDs, the
extension was shared between two independent asymmetric grabens where the VDs were at a
certain distance from each other, and always led to the formation of a wide graben where the

VDs were close or intersect each other.

Keywords: Analogue modelling; Rifting; Parecis Basin; Parallel grabens; Oblique grabens;

Structural style of extensional graben interference.

1. Introduction

The formation of extensional structures that develop in the context of the evolution of
sedimentary basins, has been widely studied through the use of analogue modelling techniques
(Koyi, 1997). These studies include large-scale continental extension (Brune and Ellis, 1997;
Corti et al., 2003; Beniest, 2017; Zwaan et al., 2019) the development of orthogonal and oblique
rifts (Withjack and Jamison, 1986; McClay and White, 1995; Clifton et al., 2000; Corti et al.,
2001; Zwaan et al., 2016) extensional deformation associated with inherited structures (Keep
and McClay, 1997; Henza et al., 2011; Chattopadhyay and Chakra, 2013), and rift
symmetry/asymmetry (McKenzie, 1978; Wernicke, 1985; Allemand et al., 1989; Brun and
Beslier, 1996; Nagel and Buck, 2004).

The starting point to this work was the ongoing discussion on the origin of two nearby
Neoproterozoic g