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ABSTRACT

The Paramirim aulacogen is understood as an intracontinental rift system, nucleated around
1.75 Ga, in the central region of the São Francisco craton (CSF), which enabled the deposition
of thick sedimentary sequences, predominantly siliciclastic, such as the Espinhaço and São Fran-
cisco supergroups. The complex tectonic evolution of the CSF involves, recently, an intense pro-
cess of collisions and docking during the Brasiliano cycle around 640-500 Ma, which culminated
in the formation of the western Gondwana megacontinent. In this context of tectonic inversion,
the Paramirim aulacogen developed important shear zones and intracratonic thrust and fold belts.
Despite the intense study regarding the tectonic evolution of the area, little is known in quantitative
terms about the geometry, kinematics, magnitude and mechanisms of the deformation involved
in the aforementioned geological event. In this study, strain magnitude and tectonic shortening
across the Western Chapada Diamantina fold-and-thrust belt are calculated by finite strain analy-
sis using mainly detrital quartz grains as strain markers and by cross-section restoration and for-
ward models. A total of 9 complete 3D strain analyses on oriented samples were conducted by the
Inertia Tensor method and best fit ellipsoids were computed, resulting in strain ratios (X/Z) varying
from 1.190 to 2.504. Predominant oblate shaped ellipsoids related to down-dipping stretching di-
rections are associated with regional transport direction from SW to NE, with reverse faults, upright
axial-plane fold and sub-horizontal axis. The restoration of the cross-section yielded a shortening
of 19.37%, understood as the minimum tectonic shortening associated displacement associated
with faults, bed rotation and the ductile strain flattening related with the unfolding. The proposed
model is consistent with the geometry relationship between the former rift architecture controlling
the folding style affecting the sedimentary cover, where the reactivation of normal faults rules the
localization and kinematics of thrust ramps, with basement involvement in a thick-skinned tectonic
style. Similarly, the assessment of the forward models resulted in a minimum shortening of 18.5%.
Comparably, finite strain data integration techniques yielded a total of 21.65% of regional tectonic
shortening, representing the horizontal component of ductile flattening strain across the section
due to penetrative strain. Therefore, we present, by three different and independent approaches,
an estimate range of tectonic shortening between 18-22% at the western Chapada Diamantina re-
gion, but the total amount of shortening across the Paramirim aulacogen might have been greater.
These results suggest that the western and eastern parts of the São Francisco craton could not
be considered as rigidly linked during the Neoproterozoic - Cambrian Brasiliano orogeny being
separated by the Paramirim aulacogen.
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RESUMO

O aulacógeno do Paramirim é entendido como um sistema de riftes intracontinentais, nucle-
ado em torno de 1,75 Ga, na região central do cráton do São Francisco (CSF) que possibilitou
a deposição de espessas sequências sedimentares, predominantemente siliciclásticas, como os
supergrupos Espinhaço e São Francisco. A complexa evolução tectônica do CSF envolveu um
intenso processo de colisões e docagens durante o ciclo Brasiliano em torno de 640-500 Ma,
que culminou na formação do megacontinente Gondwana ocidental. Nesse contexto de inver-
são tectônica, o aulacógeno do Paramirim desenvolveu importantes zonas de cisalhamento e
cinturões de empurrão e dobramento intracratônicos. Apesar do intenso estudo a respeito da
evolução geotectônica da área, pouco se sabe, em termos quantitativos e práticos, à respeito da
geometria, cinemática, magnitude e mecanismos da deformação envolvidas no evento geológico
supracitado. Neste estudo, a magnitude da deformação e o encurtamento tectônico ao longo do
cinturão de empurrão e dobramento Chapada Diamantina Ocidental são, respectivamente, calcu-
lados por análise de deformação finita usando grãos de quartzo como marcadores de deformação
e estimados por restauração de seção geológica e forward models. Um total de 9 análises de de-
formação 3D completas em amostras orientadas foram conduzidas pelo método do Tensor de
Inércia e os elipsóides de melhor ajuste foram calculados, resultando em razões de deformação
(X/Z) variando de 1,190 a 2,504. Elipsóides de formato oblato estão relacionados às direções de
alongamento de mergulho down-dip e associados à direção de transporte regional de SW para
NE, com falhas reversas, plano axial vertical em dobras e eixo sub-horizontal. A restauração da
seção geológica resultou um encurtamento de 19,37%, entendido como o encurtamento tectônico
mínimo associado ao deslocamento associado às falhas, à rotação de camadas e à deformação
dúctil relacionada ao desdobramento. O modelo proposto é consistente com a relação geométrica
entre a antiga arquitetura inicial do rifte controlando o estilo de dobramento que afeta a cobertura
sedimentar, onde a reativação das falhas normais rege a localização e cinemática das falhas de
empurrão no estilo tectônico thick-skinned. Da mesma forma, a avaliação dos modelos forward

resultou em um encurtamento mínimo de 18,5%. Comparativamente, as técnicas de integração
de dados de deformação finita resultaram um total de 21,65% de encurtamento tectônico regional,
representando o componente horizontal da deformação de dúctil em toda a seção devido à de-
formação penetrativa. Portanto, apresentamos, por três abordagens diferentes e independentes,
um intervalo estimado de encurtamento tectônico entre 18-22% na porção ocidental da Chapada
Diamantina, porém a quantidade total de encurtamento em todo o aulacógeno do Paramirim pode
ter sido muito maior. Estes resultados sugerem que as partes ocidentais e orientais do cráton do
São Francisco não podem ser consideradas como rigidamente ligadas durante a ciclo Brasiliano
sendo separadas pelo aulacógeno do Paramirim.
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1 INTRODUCTION

The Paramirim aulacogen or corridor is understood as an intracontinental rift system nucleated
in the Statherian Period in the central area of the São Francisco-Congo craton, which provided an
accommodation space for a long bacinal stage with alternating pulses of mechanical and flexural
subsidence (Pedrosa-Soares and Alkmim, 2011; Cruz and Alkmim, 2017). The filling units are
mainly siliciclastic and metavolcanic rocks of the Espinhaço Supergroup that outcrop in the North-
ern Espinhaço range toward west, in the Paramirim valley in the central region and in Chapada
Diamantina in the eastern region (Fig. 1)(Danderfer Filho, 1990; Danderfer and Dardenne, 2002;
Guimarães et al., 2008; Cruz and Alkmim, 2017).

During the Brasiliano-Pan African orogenic cycle (Ediacaran period), the Paramirim aulacogen
was partially inverted due to the amalgamation of Western Gondwana paleocontinent. During
this context of tectonic inversion, two thrust-and-fold belts were developed, Northern Espinhaço
range and Chapada Diamantina, with thick and thin skinned deformation. Thus, the dominant
model suggests that the Paramirim aulacogen is an inverted rift, where the normal faults were
reactivated as thrust faults, encompassing the Neoproterozoic deformation and the fold-and-thrust
belts crossing the central portion of the craton (Cruz and Alkmim, 2006; Cruz et al., 2015; Cruz and
Alkmim, 2017; Danderfer and Dardenne, 2002; Guimarães et al., 2008; Danderfer Filho, 1990).

Although the model of an indivisible São Francisco craton, as proposed by Almeida (1977),
has been predominant in the regional literature, another models have already been proposed, as
the existence of two cratons, São Francisco and Salvador, separated by the Paramirim aulacogen
(Cordani, 1973a,b, 1978; Trompette et al., 1992b,a).

Furthermore, the confined character of the Araçuai – West Congo orogen, as proposed by
Pedrosa-Soares et al. (2001), due the existence of the Gabon – Salvador bridge joining the São
Francisco and Congo cratons, puts geometrical and kinematic issues on the orogenic tectonic
evolution, as well as in the role and displacement of the aulacogens crossing the São Francisco
craton. (Cavalcante et al., 2019; Fossen et al., 2020). One of the hypotheses proposed to solve
the question is the “nutcracker” model by Alkmim et al. (2006).

Processes of inversion and basement fault reactivation during the Neoproterozoic evolution can
be eased by structural inheritance, which act as an important control on intracratonic deformation
(Butler et al., 2006). Apart from the Paramirim aulacogen, structural inheritance is observed else-
where within the São Francisco craton (Martins-Ferreira, 2019).

Thus, the refinement of the models currently proposed for the São Francisco craton and its as-
sociated units comprises challenges and issues still under discussion. Among these, quantitative
approaches to deformation, such as 3D strain analysis, the use of forward models and restorable
cross sections are scarce in Brazilian orogen-related basins, but they are no less necessary.

Quantitative strain data represent an important aspect of deformation style and kinematics in
orogenic belts, and can provide hints of processes for tectonic evolution. For this region, this
procedure is easily applied in low-grade metasedimentary rocks, due to the high exposure of
outcrops and meta-sandstones units capable of registering deformation on single quartz grains.
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On the other hand, section balancing is a classical technique to obtain and evaluate the ac-
curacy and consistency of an interpreted geological section, where the main purpose consists of
validating the structural interpretation of the proposed model and its geometry, by adding extra ge-
ometric rules that need to be followed in order to consider a section balanced (Dahlstrom, 1969).
Additionally, in areas where subsurface data is scarce and the geology is complex, forward mod-
elling is a powerful tool to test ideas and understand the processes and kinematics involved in the
deformation (Mount et al., 1990).

Having said that, the main goals of this study are (i) to compute and discuss 3D strain data of
best-fit ellipsoids from single detrital quartz grains as strain markers (ii) to estimate the minimum
amount of tectonic shortening suffered by the Paramirim aulacogen. For these purposes, balanced
cross-sections were constructed across the Chapada Diamantina Fold-and-Thrust Belt, based on
surface data, forward models were created and strain analysis were carried out on rocks from the
Espinhaço Supergroup. In this way, new insights were obtained to analyze the amount of displace-
ment and deformation involved within the Paramirim aulacogen, which is the main objective of the
present contribution.

2 REGIONAL GEOLOGICAL CONTEXT

The study area is located in the São Francisco craton (SFC) (Figure 1), understood as an
Archean to Paleoproterozoic continental block which maintained tectonic stability during the oro-
genetic processes of the Neoproterozoic Brasiliano-Pan African cycle (Almeida, 1977). Due to
previous residency in the Rodinia supercontinent, the SFC has its cratonic counterpart present in
the African continent today, which together composed the São Francisco - Congo paleocontinent
(Brito Neves et al., 1999; Almeida, 1977).

The basement of the São Francisco craton is the result of accretionary processes of Meso
to Neoarchean continental fragments and it is composed essentially of medium to high grade
metamorphic rocks such as orthogneisses, K-rich metagranitoids, TTG’s suites and associations
granite-greenstone belts, corresponding mainly to the elongated North-South segment of the cra-
ton (Teixeira et al., 2017). The main archean nucleus of the cratonic basement are the Gavião
Block on the western sector and the Serrinha and Jequié blocks to the east, all of which regis-
ter post and late-orogenic granite intrusions during Rhyacian and Orosirian ages (Pedreira et al.,
1975; Barbosa and Sabaté, 2002, 2004; Cruz et al., 2016)

The Paramirim aulacogen, originally called the Espinhaço aulacogen (Costa and Inda, 1982),
is understood as an intracontinental rift system occurring on the Gavião block, associated with the
development of several sedimentary basins from the Statherian, ca. 1775 ± 75 Ma until the Tonian
(ca. 850 Ma) (Cruz and Alkmim, 2006, 2017; Pedrosa-Soares and Alkmim, 2011; Danderfer and
Dardenne, 2002; Danderfer et al., 2009; Alkmim et al., 2001). Crystallization ages of ca. 1750 Ma
of alkaline anorogenic intrusive metagranitoids of the Lagoa Real Intrusive Suite as the volcanic
suites of the Rio dos Remédios Group are interpreted as the the age of initial rifting process
(Cordani et al., 1992; Turpin et al., 1988; Cruz and Alkmim, 2006; Cruz et al., 2007).
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Figure 1: A: Tectonic compartment of the Paramirim aulacogen within the São Francisco-Congo craton and the adja-
cent Araçuaí-West Congo orogen. Modified from Pedrosa-Soares et al. (2008); B: The red line bounds the study area
location and adjacent morphological domains. The white rectangle represents the area of Figure 8 and the yellow line
is the studied cross section (A-A’).

The main sedimentary filling units that cover the aulacogen’s basement are the Espinhaço
and São Francisco supergroups. The Espinhaço Supergroup is the main subject of this study
and it is a succession of siliciclastic rocks, comprising metasandstones, metaconglomerates and
metapelites, with intercalation of metavolcanic rocks. The Espinhaço Supergroup outcrops in a
large area, but it is mainly recognized in the Northern Espinhaço range and Chapada Diamantina
thrust-and-fold belts. In the Chapada Diamantina region (Fig. 2), the entire package is subdivided
from bottom to top in the Serra da Gameleira Formation and three groups, Rio dos Remédios,
Paraguaçu and the homonyms group Chapada Diamantina (Guimarães et al., 2008, 2012).

The Serra da Gameleira Formation occurs as a continuous composed predominately of aeolian
sandstones, on top of the basement marked by a regional erosive and angular unconformity, inter-
preted as a pre-rift sedimentation phase (Guimarães et al., 2008). Petrographic analysis for this
units points to clast supported sandstones, composed predominantly by fine-medium single quartz
grains, with the presence of muscovite within the matrix and no contribution of lithic fragments.

The Rio dos Remédios Group comprises a succession of acid lavas and lacustrine to alluvial
sedimentary units and registers mechanical and thermal subsidence events that took place at the
basin during the syn-rift phase (Guimarães et al., 2008). It is subdivided into three formations:
The basal Novo Horizonte Formation covers a range of volcanic and epiclastic rocks, interpreted
as deposited associated with initial rifting pulses and the related magmatism. It is followed up-
wards by the Lagoa de Dentro Formation, grouping interbeded sandstones and pelites. Finally, at
the top of the group, lies the Ouricuri do Ouro Formation, a package of conglomerates and sand-
stones. Both the Lagoa de Dentro and Ouricuri do Ouro formations corresponds to the continental
sedimentation phase that followed the initial rifting (Guimarães et al., 2008).
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The Paraguaçu Group overlaps the lower Rio dos Remédios Group by an erosional or tec-
tonic unconformity and marks a shift from tectonic control to a passive subsidence sedimentation
pattern, being commonly associated to post-rift sag sequence in a phase of basin expansion,
subdivided into two formations (Cruz and Alkmim, 2017; Guimarães et al., 2008; Loureiro et al.,
2009). At the base, Mangabeira Formation comprises essentially marine sandstones and pelites.
The upper Açuruá Formation is composed by shallow marine sandstones and pelite (Guimarães
et al., 2008).

Figure 2: Stratigraphic chart of Chapada Diamantina in the Paramirim Aulacogen. Based from Alkmim and Martins-
Neto (2012), modified after Cruz and Alkmim (2017). The colors match the same color code by formation of Fig. 8.

Finally, the Chapada Diamantina Group has a major North-South orientation with a sag ge-
ometry very similar to the post-rift Paraguaçu Group’s, switching from marine sedimentation into
continental sedimentation marked by an erosive unconformity (Guimarães et al., 2008). Only
two of the three formations that compose this group outcrop at the study area. At the base, the
Tombador Formation comprises a package of fluvial/shallow marine sandstones and detritical dia-
mond bearing conglomerates that grade upward into shallow marine pelites with carbonate lenses
of Caboclo Formation (Guimarães et al., 2008; Cruz and Alkmim, 2017).

Although depositional ages are well constrained by recent contributions (Guadagnin et al.,
2015; Guadagnin and Chemale Jr., 2015), the sedimentary package’s thickness is not, lacking a
precise estimate of maximum thickness. Geological mapping surveys estimate a total thickness
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around 5.700 meters, with possible major variation within the sedimentary cover (see Guimarães
et al. (2008) and references therein).

During the Brasiliano-Pan African Global orogenic cycle, there were successive terrane colli-
sions and docking that resulted in the last amalgamation of the ancient cratons, including the SFC,
to form the supercontinent Gondwana, between 640 and 500 Ma (Campos Neto, 2000; Almeida
et al., 2000). In this context, the tectonic inversion of the aulacogen took place under a general
ENE-WSW compression, which also corresponds to the general stress field to which the craton
was subjected during the collisional event (Cruz and Alkmim, 2006; Cruz et al., 2015).

The overall structural framework of the Paramirim Aulacogen consists of two main fabric ele-
ments associated to original extensional processes related to rifting and contractional structures
associated to the inversion of the basin (Danderfer Filho, 1990; Cruz and Alkmim, 2006; Cruz
et al., 2015). Field data and map interpretation indicate that pre-existing normal faults can be con-
sidered as mechanical anisotropies planes, effectively controlling localization and kinematics of
thrust ramps and are related to fold nucleation on the sedimentary cover (Martins-Ferreira, 2019).

3 MATERIAL AND METHODS

3.1 Database

The used database consisted of field data and oriented samples collected along a section
nearly orthogonal to the regional structures, as well as published and unpublished archival and
open-access structural data from geological mapping, from the Geological Survey Company of
State of Bahia (Companhia Baiana de Pesquisa Mineral - CBPM). Surface geometries are based
on 1:200.000 scale syntheses geological maps of the Paramirim aulacogen and also on Digital
Terrain Model obtained from 30 m resolution SRTM images (USGS/NASA). Once there are not any
seismic lines and/or borehole within the study area, the subsurface interpretation is constrained
only by surface geometry and lithological relationships.

3.2 Finite Strain Analysis

Oriented samples for strain analysis were collected along the section trace, focusing specially
on quartz grains-supported sandstones and siltstones units. For each sample, 2D shape preferred
orientation (SPO) analysis were carried out on roughly orthogonal planes, using the methodology
described by Launeau and Cruden (1998). With the mean ellipse adjusted for each plane, a 3D
best-fit ellipsoid was then fitted for each sample and used to calculate the 3D finite strain ellipsoid.
The finite strain analysis workflow is summarized in Figure 3.
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3.2.1 Sample Preparation

Cut planes for 2D strain analysis were made for each sample and measured with its orienta-
tion (strike/dip) annotated using the RHR rule (Fig. 3A). The planes need not to be necessarily
perpendicular, although further calculation is optimized when high angles (approximately 90°) are
included (Ramsay, 1967; Robin, 2002).

Two photomicrographs were taken and used to draw quartz grains using the Illustrator vector
graphical editor software (Figs. 3B-C) from which the Shape Preferred Orientation (SPO) was
obtained by the Inertia Tensor method (Robin, 2002; Launeau and Cruden, 1998).

3.2.2 2D Strain Measurement

Shape Preferred Orientation method was applied to the prepared samples to automatically
generate best-fit ellipses of clasts and produce measurement-orientation of the shape ratio (Sr)
and long-axis orientation (φ) of each grain (Launeau and Cruden, 1998). At least 80 clasts for
each plane were analyzed and the results were used to calculate the Mean Shape Preferred
Orientation of the 2D section and its aspect ratios, Sr and φ, by stacking all individual SPO of the
grain population on their gravity center (Figs. 3D-E).

Because of the erasing of all grains cut by the image border required by the inertia tensor
method, a test of invariance by translation is setup to proof that 2D SPO are unbiased (Launeau
and Robin, 2005). To do so, in this study, a subset window set to a 3

4 of the image is translated on
4 positions with an overlapping of 50% between each other’s allowing the calculation of 4 subset
SPO per image (Fig. 3E). A simple standard deviation between subset SPO for all parameters
allows the evaluation of the homogeneity of the data throughout the full image and will attest of their
unbiased quality. Similar analysis with subsets is commonly used in mathematical morphology
(Serra, 1982). All results of SPO analysis are reported in the Appendix.

One must bear in mind that the computed tensor solely describes the shape of the object and
do not necessarily correspond to the finite strain ellipsoid. However, for deformed objects whose
initial geometry is approximately equidimensional tending to spherical or elliptical shapes, such as
quartz grains, and there is no viscosity contrast between the clast and the matrix, the strain and
shape ellipsoid can be assumed as equal (Launeau and Robin, 2005,?; Faleiros, 2008).

3.2.3 3D Strain Best Ellipsoid Fitting

Based on the sectional ellipse data from arbitrary non parallel planes AC, AB and BC for each
sample, the measurement-orientation parameters, such as the shape ratio (Sr), inclination and
planar orientation, were used to calculate a best-fit 3D ellipsoid using the software ELLIPSOID

(Robin, 2002; Launeau and Robin, 2005). This method consists of an algebraic solution, where
sectional data for each sample can build a system of linear equations used to compute the six
unknown coefficients that describe the ellipsoid (Robin, 2002).
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The program ELLIPSOID also quantifies the difference between measured ellipses of any
faces, a scalar parameter called “incompatibility index” (

√
F̃ ) from a section of the best-fit re-

sulting ellipsoid (Robin, 2002). The 2D SPO test of invariance by translation giving 4 subset SPO
per image section their combination results in 64 (43) subsets of 3D ellipsoids for every outcrop
(Fig. 3F) (Launeau and Robin, 2005). Having around 80 grains per section combined by roughly
3 times 60 (180) grains per subset ellipsoid (N ≈ N − 1) we may consider 2σ as an estimation of
a 95% confidence interval for all parameters.

Figure 3: (A): Block diagram representing general orientations of AC, AB and BC thin-section cut planes for each
sample; (B): Oriented thin-section photomicrograph of sample CD-30A; (C): Raster image containing single quartz
grains digitized from thin-sections photomicrographs of sample CD-30A.; (D): Once all images from each sample were
processed through steps B and C, the Mean Shape Preferred Orientation (SPO) for each plane was analysed. The
Shape Ellipse can be understood as the strain ellipse acting on the given plane (see text); (E): SPO ellipses calculated
by the test of invariance by translation, and its measurement and orientation parameters, such as long-axis (α), short-
axis (β) and the shape ratio Rs; (F): 64 subset ellipsoids produced for sample CD-30A, with 2σ confidence interval
around each axial pole. All the result parameters for the ellipsoid are reported in Table 1 and in the Appendix.

7



3.3 Balanced Cross Sections and Forward Models

Balancing (Dahlstrom, 1969) can be defined as a set of geometric rules applied to geological
cross sections to validate the kinematical and geometrical viability of the proposed model. This
method is usually applied to quantify deformation, reverse the process of strain as a mode to
illustrate geologic evolution through time and reduce geological uncertainty in deep subsurface.

Balancing a cross section requires mass conservation before and after deformation, as in a
balance (Figure 4). A further common constraint in contractional settings is conservation of bed
length of stratigraphic units before and after deformation (line length validation). The construction,
balancing and restoration of the geological cross sections area a powerful method to analyze and
quantify the deformation of an area, while also validating structural interpretations, calculating
minimum tectonic shortening and assessing subsurface crustal structures presents in the model
(Dahlstrom, 1969; Elliott, 1983).

Figure 4: The concept of a balanced geological cross section with area (mass and length) conservation in the pre-
deformation state and deformed state (Groshong Jr, 2006).

There are four principles that a geologic model must meet to be considered as balanced
(Dahlstrom, 1969; Elliott, 1983; Vidal-Royo et al., 2015):

i) Accuracy: it must fit the available data constraints;

ii) Admissibility: it must conform to structural geometries recognized in local or analogous
areas, usually natural, but sometimes experimental or theoretical;

iii) Restorability: it can be returned to a pre-deformational geometry, in a single step or in
multiple steps;

iv) Balance: the restoration must display balanced bed lengths and/or areas, among others.

The field of Structural Geology is often concerned about the errors involved in the construction
of cross sections, where the initial stratigraphic settings are the primary source of error for further
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interpretations (Judge and Allmendinger, 2011). In areas with limited subsurface data, forward
modelling is a useful method which can provide insights regarding the style and kinematical evo-
lution of structures during deformation (Mount et al., 1990). Forward modelling is a technique that
simulates, from geological information, the evolution of a model in order to replicate a synthetic
outcome that matches actual observations.

We conduct the construction of forward models to approximate the observed regional struc-
tures, respecting dip data, dimension of structural and overall main geometry, following the fault-
related fold theory (Suppe, 1983). Repeatedly modelling was necessary to estimate the parame-
ters that best visual fit the original data and interpretation to reach a closer match.

Forward models and balanced cross sections were constructed using the 2D kinematic mod-
elling algorithms implemented in the Petex MOVE® software. For forward modelling the Simple
Shear algorithm was used for both normal faulting during extension phase and thrusting, dur-
ing tectonic inversion. The Trishear algorithm was also used during the inversion to generate
fault-propagation folds. The algorithms used might trigger minor thickness variations close to the
hanging walls, but it doesn’t affect the overall regional geometry of the model. The cross-section
restoration used the bed-length method, which models deformation by flexural slip, which main-
tains bed thickness.

3.4 Strain Integration

The strain integration technique is described by Woodward et al. (1986), which computes the
undeformed length of a strain trajectory by a simple integration of the reciprocal stretch along the
trajectory in the current deformed state. This method can be used to estimate the regional strain
and the amount of shortening due to penetrative strain (Hossack, 1978).

Once the ellipsoids are adjusted and the stretches are calculated for each locality, the recipro-
cal stretch, represented by 1/S, where stretch (S) is defined as the ratio between the final and the
initial length of a line, is plotted versus the distance along the section. The area under the curve is
equivalent to original length (Lo):

Lo =

∫
1

S
dl (1)

Then the original length (Lo) and the current deformed length (L) gives the percentage of
shortening in the section represented by its elongation (e).

e =
L− Lo

Lo
∗ 100 (2)
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4 RESULTS

4.1 The Studied Area

A field section was carried out from the localities of Caraguataí, Piatã, Inúbia, Érico Cardoso
and Paramirim (Bahia State) trying to be as orthogonal as possible to the regional geological struc-
tures (Fig. 8). It encompass the main lithostragraphic units of the Western Chapada Diamantina
region, including the Archean basement represented by the Gavião and Paramirim complexes as
well granitic rocks, and the Statherian to Stenian low-grade metasedimentary and metavolcanic
units of the Espinhaço Supergroup (see Fig. 8).

The region is characterized by open to gentle regional folds with hectometric to kilometric wave-
length and decametric to hectometric amplitudes, as well by steep reverse faults. The Archean
basement and the basal Rio dos Remédios Group occupy the cores of the major anticlines, and
the upper Paraguaçu and Chapada Diamantina groups the cores of main synclines. The different
lithostratigraphic units usually show a strong geomorphological contrast, specially the Tombador
Formation of the Chapada Diamantina Group , allowing to perceive the main structural framework
in the topography and digital terrane models, easing the contact tracing.

The Archean basement outcrops in the Teixeira range, next to the cities of Caraguataí and
Abaíra, as well in the westernmost portion of the studied area, where the Archean Paramirim
Complex is thrusted over the Espinhaço Supergroup. The upper Paraguaçu and Chapada Dia-
mantina groups outcrop mainly in the Piatã and Érico Cardoso synclines.

As the rocks of the Espinhaço Supergroup are affected by very low grade metamorphism (low
greenschist facies), the primary structures in metasedimentary and metavolcanic rocks are abun-
dant, as well preserved plane-parallel bedding, cross-stratification, ripple marks and conglomer-
atic beds. A fine slaty cleavage is developed characterized by the alignment of fine sericite and
elongation of clastic grains, pebbles, volcanic amygdules and tuffs. The slaty cleavage usually
cross cuts the sedimentary bedding at moderate to high angles, except near shear zones and
faults, where a parallelism between bedding and tectonic cleavage is observed. The metasand-
stones and metapelites in thin-section generally feature visible primary structures, with very low
grade metamorphism. They show sub-rounded to rounded clastic texture and are moderately
sorted, being dominantly composed by single quartz grains (Fig. 6D-E). Kinematic indicators in
the collected samples show mainly an overall sense of transport to northeast (Fig. 6F). On the
other hand, the basement rocks are affected by much higher grade of metamorphism (medium to
high amphibolite) with isoclinal folding and transposition of gneissic bands and leucossomes, with
strong foliation and stretching lineation.

Orientation data compiled from Guimarães et al. (2008) and our field collected data are shown
in stereograms (Fig. 5). Figure 5A shows the primary bedding poles delineating a great circle
girdle denoting the open to gentle folding, with a mean sub-horizontal NE fold axis and two clus-
ters with moderate dips to NE and SW, reflecting the fold limbs. Calculated π − pole of 334/03
(trend/plunge) coincides with the clustering of intersection lineation data, interpreted as the main
fold axis orientation. Figure 5B shows the tectonic foliation poles with a cluster indicating a mean
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upright attitude with NE strike and strong dip to SW. Figure 5C shows the stretching lineation with
mean down-dipping attitudes regarding the tectonic foliation. The attitude data and kinematic indi-
cators corroborate the regional transport direction from SW to NE, associated with reverse faults,
fold upright axial-plane and sub-horizontal axis.

Figure 5: Stereogram (lower hemisphere, equal area projections) presenting structural data collected by 1:200.000
scale geological mapping (Guimarães et al., 2008) and our field work.
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Figure 6: Geological micro- and macro-structures from the study area. A) Mesoscopic scale fold from the upper
beds of Paraguaçu Group, showing very gentle folding pattern. B) Deformed orthogneiss with isoclinal folding afecting
pegmatitic leucossomes with a plane-axial schistosity. C) Thin section of CD-11 sample, a fine-medium metasandstone
with indicated directions of primary bedding (S0) and orthogonal slaty cleavage (Sn). D-E) Thin section of CD-30A and
CD-11 samples respectively showing very well preserved sedimentary grains and texture. F) XZ plane of sample CD-05
evidencing type σ quartz porphyroclast acting as a shear sense indicator, with top unit being thrusted to northeast.
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4.2 Finite Strain

The new strain results provided in this study, reported in Table 1B and in Figure 8, illustrate the
overall pattern of strain distribution in the Chapada Diamantina fold-and-thrust belt. Complete raw
data are shown in the Appendix.

In the northeast part of the study area, the basement core is bounded by the Rio dos Remédios
Group. The CD-01B sample is a high grade metamorphic rock, composed basically by quartz,
plagioclase and K-feldspar from the Archean Gavião Complex. Two samples, CD-06A and CD-
03A, come from the Rio dos Remédios Group, close to the contact with the crystalline basement by
reverse shear zones. The CD-03A sample is an extremely foliated metarenite, with deformation of
detrictic quartz grains subordinated to the main foliation (Novo Horizonte Formation). The CD-06A
sample is a poorly sorted impure metarenite, from the Ouricuri do Ouro Formation, with sub-
angular to sub-round quartz grains, oriented preferably, parallel to the preferred slaty cleavage. All
these three samples show the highest values computed in this presented work.

Northwestwards of this region, in the western limb of the Piatã Brachysincline, sample CD-11,
from the Açuruá Formation, is very close to the contact with Tombador Formation. The sample is
a well sorted metarenite, with sub-angular to sub-rounded quartz grains, in which slaty cleavage
is well marked and arranged perpendicularly to the bedding.

The CD-16 sample is a very fine metasiltite, with a very well-defined slaty cleavage, from the
Ouricuri do Ouro Formation lying close to the hinge region of the Catolés anticline. For this sample,
mud pellets were used as strain markers and, therefore, the rock’s competence must be taken into
account when evaluating the calculated deformation intensity.

Towards southwest, the CD-23 sample is a fine, well sorted metarenite, with sub-angular to
sub-rounded single quartz grains, from the Açuruá Formation. It lies close to the hinge region
of the Rio de Contas syncline. For this sample, more than 900 grains were processed and all
sections yielded low shape ratios, ranging from 1.1 to 1.2.

In the western part of the study area, samples CD-30A and CD-28 are close to each other, lying
near to a thrust fault, separating the Itaguaçu Anticline to east and the Érico Cardoso inverted
Brachysincline to west. The CD-30A sample is a fine, well sorted quartz-metarenite from the
Ouricuri do Ouro Formation and the CD-28 sample is a fine, well sorted, mature quartz-metarenite
from the Açuruá Formation. Both show an overall low strain magnitude.

At the most southwestern region of the study area, sample CD-40 from the Serra da Gameleira
formation (pre-rift phase sedimentation) lies near a major thrust fault system, which thrusts the
basement units on top of the sedimentary cover towards northeast. The sample is from a well-
sorted metarenite, with lepid-granoblastic texture, with low strain ratio values.

While in the most of the thin sections single quartz grains were used as strain markers, the
samples CD-01B and CD-16 used ilmenite crystals and mud-pellets, respectively. The total in-
tensity from sample CD-01B agrees with the distribution of the computed data, but the intensity
parameter computed by CD-16 lies very far from other data.
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Table 1: Three Dimensional (3D) Strain Data - Best Fit Ellipsoid

Panel A: Positional and lithologial data for each sample and axial length for the best-fit ellipsoid reported as Stretch (S).

Sample Code Location Map Unit Lithology Axial length

Longitude Latitude X ± 2σ Y ± 2σ Z ± 2σ

CD-01B 41º 40’ 09.2" S 13º 16’ 11.7" W Gavião Complex Orthogneisse 1.314 ± 0.188 1.025 ± 0.125 0.746 ± 0.023
CD-03A 41º 35’ 33.3" S 13º 16’ 11.7" W Novo Horizonte Fm. Meta-sandstone 1.232 ± 0.059 1.055 ± 0.029 0.770 ± 0.017
CD-06A 41º 43’ 05.1" S 13º 16’ 36.0" W Ouricuri do Ouro Fm. Meta-sandstone 1.185 ± 0.044 1.085 ± 0.035 0.778 ± 0.024
CD-11 41º 56’ 12.5" S 13º 05’ 21.6" W Açuruá Fm. Meta-sandstone 1.141 ± 0.043 1.047 ± 0.034 0.838 ± 0.019
CD-16 42º 02’ 13.4" S 13º 06’ 54.6" W Ouricuri do Ouro Fm. Meta-siltstone 1.466 ± 0.082 1.165 ± 0.055 0.586 ± 0.013
CD-23 42º 00’ 58.9" S 13º 18’ 41.4" W Açuruá Fm. Meta-sandstone 1.219 ± 0.045 0.962 ± 0.034 0.854 ± 0.023
CD-28 42º 03’ 37.5" S 13º 25’ 30.8" W Açuruá Fm. Meta-sandstone 1.084 ± 0.009 1.013 ± 0.021 0.911 ± 0.017

CD-30A 42º 03’ 28.3" S 13º 25’ 15.6" W Ouricuri do Ouro Fm. Meta-sandstone 1.087 ± 0.026 1.049 ± 0.029 0.877 ± 0.014
CD-40 42º 12’ 55.5" S 13º 26’ 13.7" W Serra da Gameleira Fm. Meta-sandstone 1.116 ± 0.037 1.001 ± 0.032 0.896 ± 0.029

Panel B: Ellipsoid main parameters

Sample Code
√
F̃ * εs** 2σ (εs) ν*** Flinn’s K 2σ (K) X/Z ratio 2σ (X/Z) Ellipsoid Shape

CD-01B 5.3% 0.383 0.010 0.363 0.896 1.248 1.765 0.296 Oblate
CD-03A 7.6% 0.374 0.040 0.452 0.455 0.254 1.602 0.112 Oblate
CD-06A 3.6% 0.305 0.040 0.841 0.238 0.778 1.525 0.094 Oblate
CD-11 3.0% 0.222 0.010 0.328 0.375 0.350 1.362 0.071 Oblate
CD-16 2.2% 0.637 0.010 0.463 0.265 0.147 2.504 0.117 Oblate
CD-23 2.2% 0.227 0.006 -0.316 2.288 1.749 1.428 0.077 Prolate
CD-28 1.6% 0.116 0.001 0.441 0.668 0.566 1.190 0.024 Oblate

CD-30A 2.5% 0.158 0.010 0.712 0.203 0.335 1.241 0.037 Oblate
CD-40 3.3% 0.133 0.001 0.207 1.078 0.846 1.245 0.072 Oblate

*
√
F̃ is the Incompatibility Index;

**εs is octahedral shear strain;
***ν is the Lode’s ratio, which quantifies the strain ellipsoid’s shape.

Panel C: Axial Orientation for best fit ellipsoids.

Sample Code X Orientation Y Orientation Z Orientation

Trend ± 2σ (º) Plunge ± 2σ (º) Trend ± 2σ (º) Plunge ± 2σ (º) Trend ± 2σ (º) Plunge ± 2σ (º)

CD-01B 149.8 ± 13.6 66.5 ± 8.0 357.5 ± 17.0 20.6 ± 12.6 026.8 ± 17.6 09.8 ± 5.5
CD-03A 099.4 ± 06.4 42.7 ± 1.6 329.2 ± 06.4 34.9 ± 04.4 218.0 ± 04.6 27.4 ± 2.0
CD-06A 260.9 ± 68.3 45.7 ± 4.9 351.8 ± 68.2 00.7 ± 04.0 082.4 ± 05.9 44.3 ± 2.2
CD-11 274.8 ± 34.5 33.1 ± 5.0 176.8 ± 34.5 12.4 ± 09.9 068.7 ± 10.6 54.1 ± 3.5
CD-16 307.0 ± 16.2 64.4 ± 3.2 163.2 ± 16.1 21.1 ± 01.3 067.8 ± 03.4 13.7 ± 1.1
CD-23 177.2 ± 05.5 36.0 ± 3.1 032.7 ± 06.4 48.2 ± 05.0 281.1 ± 06.3 18.3 ± 3.6
CD-28 111.2 ± 18.0 70.8 ± 3.4 335.4 ± 17.9 14.1 ± 07.3 241.9 ± 07.6 12.9 ± 4.0

CD-30A 293.5 ± 54.1 33.2 ± 7.1 154.5 ± 54.1 49.1 ± 07.0 038.7 ± 07.9 21.3 ± 6.5
CD-40 155.7 ± 22.6 38.7 ± 7.5 020.9 ± 23.7 41.1 ± 20.3 267.9 ± 22.3 24.8 ± 9.2
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The intensity of deformation for the 3D ellipsoids represented by the strain ratio (X/Z) varies
from 1.19 to 2.504 with average uncertainty of 0.1 (octahedral shear strain εs, varying from 0.116 to
0.383 ) (Table 1B). The sample CD-16 shows the highest strain ratio X/Z equals to 2.504, far from
other intensity data computed (Table 1 and Fig. 9A-B). Sample CD-16 is the only meta-siltstone
analysed, where the strain markers were not single quartz grain, but mud pellets.

The very high strain intensity computed by CD-16 sample may provide a general idea of the
strain intensity values in the most incompetent layers, while the competent units have a strain
intensity very well constrained by all other computed samples.

Most of the best-fit ellipsoids have an oblate shape (k<1, ν Lode’s ratio > 0 ), with the exception
of sample CD-23 with a prolate shape (k > 1, ν Lode’s ratio < 0). However, samples CD-40 and
CD-01B can be approximated to a plane strain shape (k ≈ 1, ν Lode’s ratio ≈ 0)( (Fig. 9A-B).

Regarding axial orientations, the Z and Y strain ellipsoid axes are well constrained with small
variability in orientation, while the X axis shows a little more dispersed pattern (Fig. 9C). Z axes
exhibit a mean ENE sub-horizontal orientation compatible with a steep NNW flattening mean plane,
and Y axes show a NNW sub-horizontal orientation. Although the X axes are more dispersed, its
mean orientation is near down-dip regarding the mean flattening plane, and the dispersion is due
to the CD-06A, CD-11, CD-30A and CD-16 samples which are the most oblate and thus have a
well defined flattening plane with less defined X and Y axes (Table 1C).

Since the cross-section is generally drawn parallel to Z axes of the samples, the Z axial length,
reported as stretch in Table 1A, will be used to calculate the amount of shortening by the strain
integration technique (Hossack, 1978; Woodward et al., 1986). After computing the original length
by Eq. 1, the amount of shortening was calculated by the elongation equation (Eq. 2), yielding a
total of 21.65% of shortening.

Figure 7: Finite strain trajectory integration: plot of the reciprocal stretch of Z axes along the section trajectory, where
the area under the curve is the original length of the strain trajectory.
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Figure 8: Geological map of the studied area overlaid on digital elevation model with location of strain samples pre-
sented in this study (modified from Guimarães et al. (2008). I: Érico Cardoso Brachysyncline; II: Itaguaçu Anticline; III:
Rio de Contas Syncline; IV: Catolés Anticline; V: Piatã Brachysyncline.
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Figure 9: A: The Nadai-Hsü Plot; B: Flinn Diagram representing the ellipsoid’s shape with 95% confidence interval.
C: 3D finite strain ellipsoid X-, Y- and Z-axial orientations. Black points are axial orientations for all samples, Kamb
contours are filled in gray scale at 2σ intervals and red numbered square are Bingham axial distribution eigenvectors.
(Low-hemisphere equal-area stereograms and Bingham parameters produced using Stereonet 11 (Allmendinger et al.,
2011; Cardozo and Allmendinger, 2013), Flinn and Nadai-Hsü plots by EllipseFit (Vollmer, 2018);
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4.3 Geological Model

In this section, we present and describe the structural styles proposed for the study area, based
on the forward models (Fig. 10) and structural balancing process of the main section (Fig. 11).
The proposed section runs across the Chapada Diamantina Fold and Thrust Belt (FTB) involving
large thin- and thick-skinned structures.

Based on the forward models, the origin of the Chapada Diamantina FTB can be geometrically
and kinematic explained by the reactivation of minor and major extensional normal faults sepa-
rating structural highs and grabens in an initial rift type sedimentary basin. Although not shown
here, the model was built since extensional phases, where we applied simple shear algorithm
to simulate extension with syn-subsidence sedimentation. After rifting phase, a short phase of
erosion is applied on top of the syn-rift to construct the unconformity between syn- and post-rift
sedimentation (Fig. 10a).

The tectonic inversion process begins with the reactivation of the two easternmost faults, where
fault (1) is responsible for uplifting the major Archean block comprising the Teixeira range (Fig
10b). The following stage depicts back-thrusts with basement uplift and associated folding of
sedimentary cover by possible reactivation of minor buried normal faults (3) and reactivation of
extensional faults (4 and 5) as reverse (Fig. 10c).

In order to model the Érico Cardoso overturned syncline, new thrust faults were modelled to
account for thick-skinned tectonics represented by fault (6), a footwall shortcut thrust (Fig. 10d).
The propagation of fault 7 is responsible for more folding onto the structure and overturning the
syncline. Using a topographic line similar to the present configuration, the model display similar
overall structural distribution of the study area (Fig. 10e).

Having the subsurface structural scenario presented by the forward models and respecting
available surface data of the geological maps, balanced cross sections were constructed oriented
orthogonally to the main structures (Fig. 11a). The proposed cross section is approximately 77
kilometers long with an average vertical thickness of 5,564 meters for the sedimentary package.

Our cross section (Fig. 11a) infers a major décollement level at 21 km deep within the crys-
talline basement where reactivated normal faults detach. Additionally, the model supposes the
reactivation of normal faults as reverse, but also depicts shallow thrusts within the sedimentary
cover, without involving the basement, specially in the Catolés Anticline (Fig 11a).

Thickness variation occurs mainly with the syn-rift units, Novo Horizonte and Ouricuri do Ouro
formations, with thickening close to the hanging walls of normal faults. The restored cross sec-
tion shows a horst and graben basins architecture reflected by the basement, with a increased
depositional space in the center of the model.

The comparison between the present day interpretation and restored cross section show a
difference of 18.6 kilometers. This value yields a total of 19.37% of shortening, understood as the
minimum tectonic shortening for the proposed model (Fig. 11b).
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Figure 10: Forward modelling of section. Geological evolution is described in text. We warn the reader that the
proposed model stops just after the outcropping basement core in the Teixeira range, and consequently the presented
easternmost horizontal beds do not represent the actual geology of the area, but it is rather an artifact of the model.
See Guimarães et al. (2008) for more details of the regional main geological structures.
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Figure 11: Balanced and restored cross-sections through the Chapada Diamantina Fold and thrust belt. (a) Present day interpretation of geological cross section. See
Fig. 8; (b) Conceptual restored cross section to pre tectonic inversion of the Paramirim aulacogen. The comparison with the balanced section yields a minimum tectonic
shortening of 19.37%.
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5 DISCUSSION

5.1 Finite Strain

In order to use the Inertia Tensor method for finite strain analysis, here utilized by the shape pre-
ferred orientation (SPO) software (Launeau and Cruden, 1998), at least two assumptions should
be fulfilled. The initial shape of the deformed objects should be approximately equidimensional
(tending to be circular or spherical), and the deformation has be passive, i.e. there was no viscos-
ity contrast between the measured objects and their interstitial matrix.

We consider that these conditions have been met in the present work, since (i) mainly quartz
grains in metasandstones were analysed, which original sedimentary grains shape may be as-
sumed as approximately spherical; (ii) rock matrix has a similar mineralogical composition, leading
to a non rheological contrast with quartz grains. Even the samples CD-01B and CD-16, in which
ilmenite crystals and mud-pellet were respectively used, these conditions were fulfilled.

Furthermore a good agreement was obtained between the ellipsoid axis and the field measured
for flattening foliations and stretching lineations (compare figures 5 and 9C) leading to a steep
NNW striking and SW dipping flattening plane with nearly down-dipping main stretching direction.
It should be noted that the applied strain techniques were completely independent from the field
foliation and lineation measures.

The higher strain ratios were obtained in samples from northwest of the studied region, corre-
sponding to a basement sample (CD-01B) or samples near to shear zones limiting the basement
and the supracrustals rocks (CD-03A and CD-06A), while low to intermediate strain magnitudes
are scattered along the sedimentary cover.

Anyway these results most probably represents a minimum strain values since mainly more
rheological competent metasandstones sample were analysed while metapelitic and volcanic were
subsampled, due the limitations of the applied techniques.

The oblate shape of most samples associated with down-dipping stretching directions could
be interpreted as a transpressional regime (Sanderson and Marchini, 1984; Fossen et al., 1994;
Fossen and Tikoff, 1998). Nevertheless, the possibility that the oblate shape is related to a volume
loss cannot be totally ruled out, once pressure solution along the tectonic cleavages commonly
occurs in low-grade metasedimentary rocks (Ramsay and Wood, 1973). More data and different
approaches are needed to better constrain this specific question.

5.2 Geological Cross Section

The adopted model for the construction, balancing and restoration of the cross section as-
sumes the reactivation of normal rift faults as reverse (steep thrust) faults, where the structural
architecture of the area is mainly controlled by rift geometrical settings. In practice, this means
that the initial normal faults served as anisotropies planes and started to act as reverse faults con-
trolling the localization of thrust or serving as shortcut thrust ramps during the tectonic inversion
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phase. Our model is consistent with this assumption as it reassembles the initial rift geometry
when unfolding the section.

In the Chapada Diamantina region, the lack of seismic profiles and borehole data in addition to
the complex initial stratigraphic geometry, comprising structural highs and grabens, impose a im-
portant limitation and high uncertainty in the recognition of deep structures. For this region, forward
models were constructed to assess this assumptions and the results (Fig. 10) show geometrical
and kinematical viability of the proposed model, reinforcing this assumption.

When balancing by the line length technique, after restoration the line lengths should not de-
viate more than 5% from the initial interpretation in order to fulfill the balance criteria to consider
the section balanced, which is the case for our model (Lingrey and Vidal-Royo, 2015). Once all
the other criteria, such as accuracy, admissibility and restorability, are achieved in our model it can
considered balanced.

The rift architecture imposes several difficulties to also preserve thickness after restoration
(area balancing the cross-section). This fact is mainly because some units are not horizontally
continuous along the basin and vary in thickness, such as the Rio do Remédios Group (Fig. 11).
Even so, the proposed model resulted in an average 5,564 meters thick stratigraphic package
of the Espinhaço Supergroup. When compared to published data for the region and gravimet-
ric basement topography models (D’Angelo et al., 2019) or to geological mapping survey report
(Guimarães et al., 2008) the average thickness of the units may be considered as a reasonably
compatible result.

Our model shows an expressive pile of volcanic rocks from the Novo Horizonte Formation un-
der the Érico Cardoso Overturned syncline, which is constrained solely by geometric relationships
from maps. We interpret this feature as the onset of the rifting phase with extended acid volcanic
activity from partial melting of crustal older rocks (Guimarães et al., 2008; Teixeira, 2005). East-
ward of this region, the restored section shows a meaningful accommodation space in which the
Ouricuri do Ouro formation was deposited. This reflects the strong tectonic control in the interior
of the basin, characterized by continental siliciclastic phases deposition restricted to grabens, with
conglomerates rocks generated by gravitational flux close to normal faults, predominant fluvio-
lacustrine depositional processes with high faciological variation and immature clastic deposits of
the Ouricuri do Ouro Formation (Guimarães et al., 2008).

The contact with the upper marine/coastal unit, Mangabeira Formation, is a clear erosional
and/or tectonic unconformity (Fig. 11b), marking the shift of tectonic regime of the basin. The
restored post rift phase is in agreement with a sedimentation with no major tectonic activity and
little lithofaciological variation within the sequence as reported by Guimarães et al. (2008). Finally,
the basin is covered by continental deposits (eolian, fluvial and marine sediments) related to the
Tombador and Caboclo formation, reflecting a sag sedimentation phase (Guimarães et al., 2008).

Our model incorporates an inferred basal detachment fault, around 21 km deep, separating the
volcanic - sedimentary cover from the basement with the reactivation of inital rift faults as reverse
controlling the cover folding. This allows the coexistence of thin- and thick-skinned deformation
style, clearly shown in the Érico Cardoso overturned syncline and in the Teixeira range, respec-
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tive. This interpretation is popular in the regional geological literature (Cruz and Alkmim, 2006).
However additional studies are badly needed to investigate the possible existence of shallow de-
tachment levels within the sedimentary cover.

The basement architecture and deep structures proposed in our model are favored by the
work of D’Angelo et al. (2019), which show a general graben and horst geometry of the crys-
talline basement rock under the sedimentary cover, based on 3D Euler solutions from magnetic
data. Therefore, the basement blocks were modelled with vertical to sub-vertical fault net slip con-
trolled mainly by the ancient SW-NE normal faults. The rift interpreted paleo-relief of the Chapada
Diamantina fold-and-thrust system shows regional “highs” and “lows” of the crystalline basement
matching anticline, as the Serra do Barbado anticline, and synclines, as the Érico do Cardoso
overturned syncline, respectively. This regional architecture is also consistent in the proposed
forward models (Fig. 10e).

In our model, the overall geometry and kinematic evolution of the system is well constrained
as possible, allowing us to obtain robust results in the structural-geometric reconstruction of the
Western Chapada Diamantina fold-and-thrust system. However, we acknowledge that the style of
thick-skinned structures in subsurface represents a large source of uncertainty, since the contact
between the crystalline basement and the sedimentary cover has not been fully mapped to verify
the geometric relationships. Another source of uncertainty may be the assumption of plane strain,
inherent to the concept of section balancing, when there are clear structural evidences of N-S
contractional event affecting the fold-and-thrust system (Cruz and Alkmim, 2006, 2017).

5.3 Estimated shortening across the section

Three different and independent approaches were applied to estimate the tectonic shortening
in the section: integration of ductile finite strain across the section (Fig. 7), restoration of the
balanced section (Fig. 11) and the assessment of forward models (Fig. 10).

The calculation of 21.65% of shortening provided by the integration of the finite strain repre-
sents the horizontal component of ductile flattening strain across the section. It’s an estimation of
regional strain and the component of shortening due to penetrative strain, representing a minimum
shortening value as body rotation is not considered (Woodward et al., 1986; Hossack, 1978).

The balanced cross-section was restored by flexural slip folding mechanisms, which maintains
bed thickness. This procedure include the displacement associated with faults, bed rotation by the
flexural slip and the ductile strain flattening associated with the unfolding. Thus, the amount of
19.37% of shortening from cross-section restoration and unfolding represents the minimal magni-
tude of deformation. The 18.5% of tectonic shortening estimated by the forward model follows the
same principles and can be used to estimate the amount of deformation.

These are the first attempts to estimate the amount of shortening affecting the area and they
provide new insights to investigate the evolution of the Paramirim aulacogen and the São Francisco
craton. However, our model does not take in account the transverse deformation in a major SE-
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NW direction, orthogonal to the section plane, as proposed by (Cruz and Alkmim, 2006), assuming
a major plane strain deformation, in order to apply the balancing techniques.

5.4 Regional Tectonic Implications

The field and petrographic evidence, as well as the cross-section modelling indicate the base-
ment involvement in the deformation of the Western Chapada Diamantina, i.e. a thick-skinned
tectonic style, with the basement been thrusted over the volcanic-sedimentary cover in different
areas of the section.

The amount of shortening estimated for the Western Chapada Diamantina region rises ques-
tions about the role of the Paramirim corridor during the Brasiliano orogeny. The Paramirim corridor
is composed by two marginal and opposed vergent fold-and-thrust belts, the northern Espinhaço
range on the west, the Chapada Diamantina region on east, with a central metamorphic high-grade
block uplifted in the Paramirim valley. Thus the total amount of shortening across the Paramirim
aulacogen might be much greater than the estimated range of tectonic shortening between 18-
22% at the Western Chapada Diamantina region. As a consequence, we can assume that the
western and eastern parts of the São Francisco craton could not be considered as rigidly linked
during the Neoproterozoic - Cambrian Brasiliano orogeny.

Structural inheritance can be considered one of the main boundary conditions conducting the
development of basement involved fold and thrust belts within cratonic domains (Butler et al.,
2006). In the Paramirim corridor, structural inheritance from Paleoproterozoic terrane amalga-
mation is definitive, where older crystalline basement structures and geometry controlled basin
formation and the inversion tectonics (Martins-Ferreira, 2019; D’Angelo et al., 2019). Interesting
point is that structural trends in the older 1.8 Ga basement (Gavião and Paramirim complexes)
and in the volcanic-sedimentary cover (Espinhaço Supergroup) are strictly parallel (see Fig. 5),
although developed in very different metamorphic grades.

According to Butler et al. (2006), cratons are assumed to have lower heat flow and thicker
lithospheric mantle, and therefore would have a higher resistance, comparing to young rifted con-
tinental lithosphere, with a thin mantle component. Nonetheless, this is not true for the SFC in the
studied region, where shortening efficiently propagated into continental crust reaching domains
regarded as intracratonic (Martins-Ferreira, 2019). Lacombe and Bellahsen (2016) proposed that
tectonic inversion occurring in far-foreland domains commonly relies upon specific boundary con-
ditions to ensure efficient transmission of stress and propagation of deformation, such as thermal,
structural and/or compositional inheritance or weakening as key factors.

As the rheology of continental lithosphere appears to be an important factor in deformational
processes, models show that rock viscosity are extremely sensitive to temperature (Hansen and
Nielsen, 2003). Thus, regional increase of temperature might be the cause for physical weakening
of the craton, and consequently fault reactivation in crystalline basement and folding, as the cra-
tonic domains becomes efficient in lithospheric stress transmission (Martins-Ferreira, 2019). The
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rising of temperature across the Paramirim aulacogen is evidenced by the Late Ediacaran and
Cambrian K-Ar and Ar-Ar ages (Cordani, 1973a; Süssenberger et al., 2014).

Ultimately, we want to reinforce that the estimated range of minimum tectonic shortening be-
tween 18-22% at the Western Chapada Diamantina region is an important result that can provide
new parameters to future research of the kinematical and geological evolution of the São Francisco
craton and related orogens.

5.5 Future Developments

Some issues need future approaches to better constrain the discussion involved:

i. The relationships and contacts between the basement and cover deserve be better studied.
Particularly the metamorphic contrast between both having the same structural trend is an
intriguing question;

ii. Stratigraphic variation and maximum thickness must be further investigate to provide new
kinds of constraints to the model;

iii. The deformation regime, i.e. the relative proportions of pure and simple shear could be
achieved by vorticity analysis techniques, using for example quartz C-axis patterns;

iv. New models supposing shallower detachment levels within the sedimentary sequence would
also be constructed and tested and compared with the here presented model;

v. Since our model does not take in account the transverse deformation regarding the studied
cross-section, assuming a major plane strain deformation, new sections can be constructed
in order to make a three-dimensional model;

vi. Construct more sections across the entire Paramirim aulacogen.
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6 CONCLUSIONS

This work, carried out in the Western Chapada Diamantina fold-and-thrust belt, presents the
results of strain analyses, the entire process of construction, balancing and restoration of a geo-
logical cross-section and the use of forward models as well. The results show a direct geometric
relationship between the inversion of normal faults related to rifting settings and the development
of thrusts faults, responsible for the deformation and folding of the sedimentary cover. The key
findings from this study can be summarized below:

(i) The intensity of deformation for the 3D ellipsoids represented by the strain ratio (X/Z) vary
from 1.190 to 2.504 with average uncertainty of 0.1 (octahedral shear strain εs, varying from
0.116 to 0.637 ). Most of the best-fit ellipsoids have an oblate shape (k<1, ν Lode’s ratio > 0

), with the exception of one sample with a prolate shape (k > 1, ν Lode’s ratio < 0) and two
that are more close to a plane strain (k ≈ 1, ν Lode’s ratio ≈ 0);

(ii) A good agreement was obtained between the ellipsoid axis and the field measured for flat-
tening foliations and stretching lineations leading to a steep NNW striking and SW dipping
flattening plane with nearly down-dipping main stretching direction;

(iii) The higher strain ratios were obtained in samples from eastward of the studied region, cor-
responding to a basement sample or samples near to shear zones limiting the basement
and the supracrustals rocks, while low to intermediate strain magnitudes are scattered along
the sedimentary cover. These results represents a minimum strain values since mainly more
rheological competent metasandstones sample were analysed while metapelitic and volcanic
were subsampled, due the limitations of the applied techniques;

(iv) Three different and independent approaches (finite strain analyses, cross section restoration
and forward modelling) were applied to estimate the tectonic shortening in the section result-
ing in a range of tectonic shortening between 18-22% at the Western Chapada Diamantina
region. These results represents a minimum shortening values;

(v) The amount of shortening estimated for the Western Chapada Diamantina region rises ques-
tions about the role of the Paramirim corridor during the Brasiliano orogeny. As the Western
Chapada Diamantina corresponds to the eastern branch of the Paramirim corridor, which is
also composed by the Northern Espinhaço range toward west and the central uplifted base-
ment of the Paramirim valley, the total amount of shortening across the Paramirim inverted
aulacogen might have been greater than the estimated range of 18-22% at the Western Cha-
pada Diamantina. Thus the western and eastern parts of the São Francisco craton could not
be considered as rigidly linked during the Neoproterozoic - Cambrian Brasiliano orogeny, in
which the Paramirim aulacogen exerted an import role into the mobility of the São Francisco
craton.
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8 APPENDIX

8.1 Sample Field Data

This section presents field data from outcrops where the samples used in this presented work
were collected. All data is shown in Table 2.

Table 2: Attitude geological data from the sample outcrops. Both bedding and foliation are represented using the Right
Hand Rule (RHR) convention, whereas lineation data follows the trend/plunge system.

Sample Code Location Map Unit Lithology Attitude Data

Longitude Latitude Sedimentary Bedding Foliation Intersect Lineation

CD-01B 41º 40’ 09.2" S 13º 16’ 11.7" W Gavião Complex Orthogneisse - 352/85 -
CD-03A 41º 35’ 33.3" S 13º 16’ 11.7" W Novo Horizonte Fm. Meta-sandstone - 355/80 -
CD-06A 41º 43’ 05.1" S 13º 16’ 36.0" W Ouricuri do Ouro Fm. Meta-sandstone 165/86 - -
CD-11 41º 56’ 12.5" S 13º 05’ 21.6" W Açuruá Fm. Meta-sandstone 336/33 150/35 336/01
CD-16 42º 02’ 13.4" S 13º 06’ 54.6" W Ouricuri do Ouro Fm. Meta-siltstone 323/14 167/75 350/06
CD-23 42º 00’ 58.9" S 13º 18’ 41.4" W Açuruá Fm. Meta-sandstone 019/25 118/86 127/20
CD-28 42º 03’ 37.5" S 13º 25’ 30.8" W Açuruá Fm. Meta-sandstone 148/20 338/67 150/05

CD-30A 42º 03’ 28.3" S 13º 25’ 15.6" W Ouricuri do Ouro Fm. Meta-sandstone 308/25 149/75 321/07
CD-40 42º 12’ 55.5" S 13º 26’ 13.7" W Serra da Gameleira Fm. Meta-sandstone - - -

8.2 2D and 3D Strain Data

For the supplementary data of 2D strain analysis, we present the Shape Preferred Orientation
ellipses of each sample obtained by the Inertia Tensor method (Launeau and Cruden, 1998). Later,
all ellipses were used to compute the best fit ellipsoid using the using the software ELLIPSOID

(Robin, 2002; Launeau and Robin, 2005). Finally, Table 3 summarizes the 2D strain data obtained
for all samples used in this study followed by all microphotographs and computed shape preferred
ellipses for all samples.

Table 3: Two Dimensional (2D) Strain Data - Shape preferred orientation ellipses for all planes used to compute best fit
ellipsoids.

AC Plane AB Plane BC Plane

Sample Code n Rs φ (°) Strike/Dip n Rs φ (°) Strike/Dip n Rs φ (°) Strike/Dip

CD-01B 89 1.675 080.03 090/34 69 1.164 112.03 348/84 120 1.448 100.2 254/56
CD-03A 176 1.650 029.02 266/05 121 1.260 53.04 359/89 152 1.459 60.04 091/88
CD-06A 211 1.408 178.00 354/49 135 1.022 146.91 176/35 202 1.492 134.64 078/89
CD-11 237 1.350 037.47 240/80 208 1.088 132.39 159/41 176 1.214 175.4 344/48
CD-16 82 1.915 141.63 018/15 156 1.346 96.47 174/80 99 2.207 73.34 272/86
CD-23 164 1.219 123.67 242/04 405 1.218 128.14 318/88 364 1.125 112.37 046/86
CD-28 184 1.143 087.46 034/74 245 1.103 67.17 274/24 236 1.067 53.57 130/70

CD-30A 209 1.248 070.19 231/62 200 1.155 98.53 041/35 198 1.052 15.94 138/85
CD-40 150 1.146 043.03 143/82 164 1.117 131.93 237/55 158 1.133 110.67 039/40

* n is the number of quartz grains analyzed in each thin section to compute the Shape Preferred Orientation ellipse.
** Strike and Dip attitude follows the right hand rule convention (RHR) and represents the orientation of the thin section.
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CD-01B

Figure 12: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-01B,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-01B, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample
CD-01B.

Sample CD-01B is a high grade metamorphic rock, composed basically by quartz, plagioclase
and K-feldspar from the Gavião Complex. For this sample, opaque minerals, mainly ilmenite, were
analyzed as strain markers. Sections AC and BC presented moderate to high shape ratios (R),
while section AB, obtained a lower R, close to 1 (Figure 13). Thin sections microphotographs used
to calculate the SPO are displayed in Fig. 12. The parameters of the best-fit ellipsoid can be seen
in Fig. 14.
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Figure 13: Shape preferred orientation ellipse of Sample CD-01B.

Figure 14: Best-fit ellipsoid parameters from Sample CD-01B. Results direct from the program ELLIPSOID screen.
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CD-03A

Figure 15: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-03A,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-03A, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample
CD-03A.

The CD-03A sample is an extremely foliated metarenite, with deformation of detritic quartz
grains subordinated to the main foliation from the Novo Horizonte Formation. This sample lies
close to the contact between the Basement and the above mentioned Formation, marked by major
thrust faults. Sections present low to intermediate shape ratio values, ranging from 1.2 to 1.4
(Figure 16). The thin sections microphotographs used to calculate the SPO are displayed in Fig.
15. The parameters of the best-fit ellipsoid can be seen in Fig. 17.
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Figure 16: Shape preferred orientation ellipse of sample CD-03A.

Figure 17: Best-fit ellipsoid parameters from Sample CD-03A. Results direct from the program ELLIPSOID screen.
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CD-06A

Figure 18: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-06A,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-06A, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample
CD-06A.

The CD-06A sample is a poorly sorted impure metarenite, from the Ouricuri do Ouro, with sub-
angular to sub-round quartz grains, oriented preferably, parallel to the preferred slaty cleavage. As
well as CD-03A, sample CD-06A lies close to the contact between the Basement and the above
mentioned Formation, marked by major thrust faults. Sections AC and BC have a moderate shape
ratio ranging from 1.4 to 1.5, while section AB has a low R, equals to 1.02 (Figure 19). Thin
sections microphotographs used to calculate the SPO are displayed in Fig. 18. The parameters of
the best-fit ellipsoid can be seen in Fig. 20.
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Figure 19: Shape preferred orientation ellipses of sample CD-06A.

Figure 20: Best-fit ellipsoid parameters from Sample CD-06A. Results direct from the program ELLIPSOID screen.
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CD-11

Figure 21: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-11,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-11, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample CD-11.

The CD-11 sample is a well sorted metarenite, with sub-angular to sub-rounded quartz grains,
from the Açuruá Formation. The sample is at the western limb of the Piatã Brachysincline, in the
northern part of this major structure. Slaty cleavage is well marked and in section A, bedding
is preserved and arranged perpendicularly to the cleavage. Sections AC and BC, present low
to intermediate shape ratios, between 1.2 and 1.35, while section AB, presents a R close to 1.0
(Figure 22). Thin sections microphotographs used to calculate the SPO are displayed in Fig. 21.
The parameters of the best-fit ellipsoid can be seen in Fig. 23.
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Figure 22: Shape preferred orientation ellipse of sample CD-11.

Figure 23: Best-fit ellipsoid parameters from Sample CD-11. Results direct from the program ELLIPSOID screen.
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CD-16

Figure 24: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-16,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-16, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample CD-16.

The CD-16 sample is a very fine metasiltite, with a very well-defined slaty cleavage, from the
Ouricuri do Ouro Formation lyng close to the axial plane trace of an anticline. For this sample, mud
pellets were used as strain markers and, therefore, the rock’s competence must be taken into ac-
count when evaluating the calculated deformation intensity. Sections AB and BC have a very high
strain ratio, ranging from 1.9–2.2, while AB has a moderate R equals to 1.346 (Figure 25). Thin
sections microphotographs used to calculate the SPO are displayed in Fig. 24. The parameters of
the best-fit ellipsoid can be seen in Fig.26.
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Figure 25: Shape preferred orientation ellipse of sample CD-16.

Figure 26: Best-fit ellipsoid parameters from Sample CD-16. Results direct from the program ELLIPSOID screen.
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CD-23

Figure 27: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-23,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-23, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample CD-23.

The CD-23 sample is a fine, well sorted metarenite, with sub-angular to sub-rounded single
quartz grains, from the Açuruá Formation. It lies close to the axial plane trace of a major syncline
in the central portion of the study area. For this sample, more than 900 grains were processed,
and all sections yielded low shape ratios, ranging from 1.1 to 1.2 (Figure 28). Thin sections
microphotographs used to calculate the SPO are displayed in Fig. 27. The parameters of the
best-fit ellipsoid can be seen in Fig. 29.
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Figure 28: Shape preferred orientation ellipse of sample CD-23.

Figure 29: Best-fit ellipsoid parameters from Sample CD-23. Results direct from the program ELLIPSOID screen.
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CD-28

Figure 30: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-28,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-28, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample CD-28.

The CD-28 sample is a fine, well sorted, mature quartz-metarenite from the Açuruá Formation
in the southwestern region of the study area. It lies at the eastern limb of the Érico Cardoso
inverted brachysincline, close to the geological contact defined by a thrust fault, separating a
minor anticline structure to east and the fold structure mentioned above. All the analyzed sections
yielded low shape ratio ranging from 1.07 to 1.14 (Figure 31). Thin sections microphotographs
used to calculate the SPO are displayed in Fig. 30. The parameters of the best-fit ellipsoid can be
seen in Fig.29.
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Figure 31: Shape preferrred orientation ellipses of sample CD-28.

Figure 32: Best-fit ellipsoid parameters from Sample CD-28. Results direct from the program ELLIPSOID screen.
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CD-30A

Figure 33: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-30A,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-30A, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample
CD-30A.

The CD-30A sample is a fine, well sorted quartz-metarenite from the Ouricuri do Ouro Forma-
tion. Just like CD-28, this sample lies close to a tectonic geological contact defined by a major
thrust fault. More than 600 quartz grains were analyzed, with sections AB and BC showing low
shape ratios values, between 1.05 and 1.15, while section AC presents an intermediate R, close
to 1.25 (Figure 34). Thin sections microphotographs used to calculate the SPO are displayed in
Fig. 33. The parameters of the best-fit ellipsoid can be seen in Fig.35.
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Figure 34: Shape preferred orientation ellipses from sample CD-30A.

Figure 35: Best-fit ellipsoid parameters from Sample CD-30A. Results direct from the program ELLIPSOID screen.
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CD-40

Figure 36: A,D,G: Polarized light microphotograph of the thin sections of planes AC, AB and BC of sample CD-40,
respectively. B, E, H: Cross-Polarized light microphotograph of the thin sections of planes AC, AB and BC from sample
CD-40, respectively. C, F, I: Single quartz grain digitized for SPO analysis of planes AC, AB and BC from sample CD-40.

The CD-40 sample is a well-sorted metarenite, with lepid-granoblastic texture, from the Serra
da Gameleira Formation, interpreted as pre-rift phase sedimentation. This sample lies near a ma-
jor thrust fault system, which thrusts the basement units on top of the sedimentary cover in a north-
eastern direction. More than 500 grains of single quartz grains were analyzed, and all sections
show low shape ratio values ranging from 1.11–1.14 (Figure 37). Thin sections microphotographs
used to calculate the SPO are displayed in Fig. 36. The parameters of the best-fit ellipsoid can be
seen in Fig.35.
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Figure 37: Shape preferred orientation ellipses from sample CD-40.

Figure 38: Best-fit ellipsoid parameters from Sample CD-40. Results direct from the program ELLIPSOID screen.
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