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Abstract

The Sao Francisco Craton played a central role in the evolution of the Brasiliano Orogeny, with
significant deformation along its eastern and western margins forming the Araguai and Brasilia
fold-and-thrust belts. This study investigates the timing and conditions of deformation in the upper
crust of these belts using K-Ar illite dating and X-ray diffraction analysis from sedimentary covers
in four regions. Samples were collected from Mesoproterozoic (Espinhago Supergroup and Paranoa
Group) and Ediacaran to Cambrian (Bambui Group) units, in the western Sao Francisco Craton
border (Unai area, Brasilia Belt) and eastern Sao Francisco Craton border (Aracguai Belt). Results
show that inherited detrital components significantly influence the isotopic system in the Unai area,
with deformation under lower temperatures (anchizonal conditions, ca. 250-270°C), and yielded
older, likely mixed, Ediacaran ages that establish a maximum limit age for deformation of ca. 615—
570 Ma. In contrast, K-Ar ages from the eastern Sdo Francisco Craton margin range from ca. 510 to
455 Ma establishing a minimum limit age for cooling in epizonal conditions (ca. 350-250°C). The
development of oppositely-verging, thin-skinned thrust systems is explained by a Coulomb wedge
model, driven by tectonic compression from the Brasiliano Orogeny and gravitational forces from

adjacent orogenic mountain building.
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In spite of the ubiquity of near-surface processes in the geological record, the application of
geochronology to deformation in the upper crust is still an underdeveloped topic. This environment,
characterized by anchimetamorphic to lower greenschist facies temperature conditions and a
dominance of brittle deformation, is traditionally regarded as the domain of thermochronology
(Ault et al., 2019; Gautheron et al., 2022). However, while thermochronology is in many cases able
to reconstruct detailed long-term thermal histories of the analysed samples, establishing absolute
geochronological constraints for discrete deformation is a challenging task, as the link between
structural features and their impact on the involved isotopic systems is often unclear. Among the
many complications are factors such as the heterogeneous localization of strain at different scales,
the outsized influence of fluid percolation, and the superposition of deformation from polyphasic or
progressive deformation (e.g., Oriolo et al., 2018, 2022; Fossen et al., 2019; Bosse & Villa 2019;
Roberts et al., 2021). In order to address these issues, it is necessary to acquire age data that can be
interpreted in terms of syn-deformation crystallization or isotopic re-equilibration, i.e., that can be
described as a petrochronometer (e.g., Engi et al., 2017). The geochronology of illite, i.e., clay-sized
white mica that is stable relative to muscovite under temperatures below ca. 300°C, is currently the
most established method for obtaining crystallization ages associated to deformation in the upper
crust (Hueck et al., 2022). In spite of a relative challenge in interpreting acquired dates that often
rely on case-by-case analysis, the method has been successfully applied over the past decades to
constrain processes such as brittle faulting, anchimetamorphic folding, and the cooling through the
transition of ductile to brittle deformation in reactivated structures in many different settings (van
der Pluijm et al., 2001; Fitz-Diaz and van der Pluijm, 2013; Mora et al., 2013; Ksienzyk et al.,
2016; Viola et al., 2016; Garduno-Martinez et al., 2015; Hueck et al., 2017, 2020; Siissenberger et
al., 2018a; Silva Lara et al., 2021; Moni¢ et al., 2024).

The Sao Francisco craton is a stable piece of continental crust that has remained mostly
undeformed since the Paleoproterozoic. During the Neoproterozoic, the craton was surrounded by
various orogenic belts formed during the Brasiliano Orogeny, which was associated with the closure
of oceanic basins and the collision of continental fragments during the assembly of Western
Gondwana (Almeida, 1977; Heilbron et al., 2017). This process resulted in significant crustal
shortening, leading to the development of fold-and-thrust belts along the craton margins. In our
region of interest in the South-Central Sdo Francisco Craton, these fold-and-thrust belts include the
Brasilia Belt to the west and the Araguai Belt to the east (Fig. 1 and 2).

In order to estimate the deformation ages and metamorphic conditions related to the foreland
covers and marginal fold-and-thrust belts of the Sdo Francisco craton, samples were analysed by K-

Ar dating aided by microstructural observations and detailed XRD characterization.
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Four areas were studied, encompassing Mesoproterozoic (Espinhaco Supergroup and
Paranoa Group), and Ediacaran to Cambrian (Bambui Group) sedimentary covers along the margins
of the Sao Francisco Craton, with the Brasilia (west) and Araguai (east) belts. These areas include,
Unali, located in the Brasilia belt, and the Curimatai-Buendpolis, Rodeador and Serra do Cip¢ areas,

along the Araguai belt (Figs. 1 and 2).

Fig. 1. a) Map of the Western Gondwana at ca. 540 Ma with indications of cratons and orogenic
belts (in pale-yellow: Brasiliano-Pan African Belts- A: Araguai; Ar: Araguaia; B: Brasilia; Bb:
Borborema; DF: Dom Feliciano; P: Paraguai; R: Ribeira. In grey: Cratons- A: Amazon; C: Congo;
K: Kalahari; P: Paranapanema; SF: Sao Francisco; RP: Rio de la Plata; WA: West Africa); (b)
Regional geological map of the Sdo Francisco Craton and surrounding belts (modified from

Alkmim et al., 2006), with the Fig. 2 indicated by a yellow box and the study areas by red boxes.

The selected study areas represent autochthonous to parautochthonous sedimentary covers
of the Sao Francisco Craton involved in two thin-skinned fold-and-thrust belts with opposing
vergences, affected by mostly coeval Neoproterozoic/Cambrian orogens on both sides of the craton.
By applying K-Ar illite dating aided by microstructural observations and detailed XRD
characterization of samples from the sedimentary covers along the craton eastern and western
margins, this study aims to provide new temporal constraints on deformation events and unravel the
thermal history along the Sdo Francisco Craton margins. The results not only enhance our
understanding of the Sao Francisco Craton’s tectonic role as a rigid boundary to the orogenic

advance but also contribute to ectonics and sedimentation during orogenesis.

Fig. 2 — Simplified geologic map of the South-Central portion of the Sdo Francisco craton

(modified from Servigo Geolodgico do Brasil, 2025).

Geological setting

The Sao Francisco Craton is the peninsular portion of the Sdo Francisco-Congo

paleocontinent delimited by Brasiliano/Panafrican orogenic belts evolved during the formation of
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the Western Gondwana supercontinent (Fig. 1) (Almeida, 1966, 1977; Alkmim et al., 1993;
Alkmim, 2004). Collisions to the east rotated the peninsula towards the continent, resulting in the
construction of the Araguai-West Congo orogen (Alkmim, 2006; Pedrosa-Soares et al., 2001), while
to the west the Brasilia Belt was formed during the Edicaran convergence of the Amazonian, Sao
Francisco-Congo, Paranapanema and Rio de La Plata cratons (Fuck et al., 2008; Pimentel, 2016).

The central and southern portion of the S3o Francisco Craton is covered by the
homonymous S3o Francisco Basin (Chang et al., 1988; Campos and Dardenne, 1997), which
accumulated sediments in the Paleo-, Meso- and Neoproterozoic, Carboniferous and Cretaceous
periods (Fig. 2). The tectonic evolution of the basin is polyphasic, with orogenic pulses in the
Paleo- and Neoproterozoic, and taphrogenic pulses in the Statherian, Tonian, and Cretaceous.
(Alkmim and Martins-Neto, 2001; Martins-Neto et al., 2001)

The sedimentary cover includes 1) the Statherian to Stenian Espinhago Supergroup, in the
central and eastern portion of the Sdo Francisco Craton, as well as the Paranoa and Arai groups at
the western border, representing rift to rift-sag basins (Martins-Neto., 1998; Chemale et al., 2011,
2012); (ii) the Tonian to Criogenian Macaubas Group and Jequitai Formation, associated with a
Neoproterozoic rift-passive margin contemporaneous with the Rodinia breakup and a continental
glaciation (Pedrosa-Soares et al., 1992, 1998, 2001, 2007; Pedrosa-Soares and Alkmim, 2011); (iii)
the Ediacaran to Cambrian Bambui Group, related to a foreland system associated with the
Brasiliano/PanAfrican West Gondwana assembly (Dardenne, 1978; Chang et al., 1988); and (iv)
Permo-Carboniferous, Cretaceous and Cenozoic units, a continental extensional system related to
the Pangea breakup and the South Atlantic opening (Campos and Dardenne, 1997) (Fig. 2 and 3).

The classic exposure area of the Espinhaco Supergroup is in the marginal portion of the
Araguai Belt, known as the Southern Espinhaco Range, where its standard lithostratigraphic
subdivision was originally defined (Fig. 4). The unit also crops out in some large brachyanticlines
and seismic sections and well data indicate its continuity at depth in the central portion of the Sao
Francisco Craton (Reis et al., 2017; Martins-Ferreira, 2020).

The Tonian to Cryogenian Macatbas Group and the Jequitai Formation lie unconformably
over the Espinhaco Supergroup. The Jequitai Formation is defined as a glacial-related succession
deposited on the Sao Francisco Craton, whereas the Macatbas Group represents a more complex,
chronocorrelated succession developed within the Aracuai Belt. For the purposes of this study and
within the areas considered, the Macaubas Group is treated as undivided.

The Ediacaran to Cambrian Bambui Group covers the largest area of the Sao Francisco
Basin. It comprises a package of carbonates, pelites, sandstones, and subordinate conglomerates,
subdivided into five main formations (Fig. 4). The term Paraobeba Subgroup is used in areas where

distinguishing the lower formations is not possible.
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Fig. 3 - Chronostratigraphic chart for the Proterozoic to Cambrian major units from the South-

Central Sao Francisco craton and marginal fold-and-thrust belts (modified from Alkmim and

Martins-Neto, 2012; Reis et al., 2017; Medeiros et al., 2024; Dias et al., 2025).

Radiometric ages obtained by Pb/Pb method for the Bambui Group dated the basal
carbonate cap of the Sete Lagoas Formation at 740 + 22 Ma (Babinski et al., 2007). However, a
significant number of U-Pb analysis in detrital zircon for all formations of this Group showed a
strong contribution of material dated to the end of the Neoproterozoic until the Cambrian, spanning
from 635 to 513 Ma (e.g. Rodrigues, 2008; Pimentel et al., 2011; Paula-Santos et al., 2015, 2017;
Pimentel, 2016; Uhlein et al., 2017; Kuchenbecker et al., 2020; Moreira et al., 2020; Tavares et al.,
2020; Caxito et al., 2021), with the largest peak with ages around 620 Ma, and the youngest
reaching 513 Ma. In addition, an Ediacaran fossiliferous assemblage (about 540 Ma) was identified
by Warren et al. (2014). These data demonstrate that the deposition of the Bambui Group occurred
near the end of the Neoproterozoic and beginning of the Cambrian, a short time after the peak of
metamorphism recorded in the Brasilia and Araguai belts, reinforcing the idea that such deposits
represent a foreland basin in relation to the final evolution of the orogen, as previously suggested by
Chang et al. (1988).

Concerning its Proterozoic to Cambrian covers, the Sdo Francisco Basin can be divided into
three structural compartments. While the central zone is practically undisturbed, the edges configure
a dual system of marginal fold-and-thrust belts with opposite tectonic vergences to the Craton
interior and thin-skinned tectonics affecting the sedimentary cover (Alkmim et al., 1996; Alkmim &
Martins-Neto, 2001; Reis et al., 2017; Martins-Ferreira, 2019).

Fig. 4 -Stratigraphic column and main radiometric data for the Espinhaco and Sdo Francisco
supergroups, with emphasis on the studied areas, being the Macatbas Group considered as
undivided. YZG — youngest zircon grain. Citations: (1)-Tavares et al., 2020; (2)-Kuchenbecker et
al., 2020; (3) Rodrigues, 2008; (4) Moreira et al., 2020; (5) Paula-Santos et al., 2017; (6) Chemale
etal., 2012; (7) Lopes 2012; (8) Babinski et al., 2007 (Pb-Pb); 9-Warren et al., 2014 (Cloudina sp.);
10-Machado et al., 1989; (11) Queiroga et al., 2012; (12) Souza, 2016; (13) Brito Neves et al., 1979.
(Modified from Alkmim et al., 2017; Reis et al., 2017).
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Unai area

The Unai area lies on the limit between the Brasilia Belt and the western margin of the Sao
Francisco Craton (Fig. 5). It is dominated by the sedimentary covers of the Mesoproterozic Paranoa
Group and the Ediacaran to Cambrian Bambui Group. The Bambui Group in this area is constituted
by the Sete Lagoas, Serra de Santa Helena and Serra da Saudade formations, as well the undivided
Paraopeba Subgroup, in which metalimestone, metadolomite, metasiltstone and metasandstone are
the predominant lithotypes. Most of the central portion of the studied area is composed by the
undivided Paraopeba Subgroup, while the Paranoa Group is exposed in anticline cores, comprising
mainly sandstones, locally conglomeratic, with intercalations of siltstones. The regional structure is
characterized by NNE-trending thrust zones and east-verging normal-horizontal folds. Regional
seismic sections reveal that the foreland fold-thrust belt involving the Bambui Group rocks is
detached over a subhorizontal basement surface in a thin-skinned tectonic pattern (Coelho et al.
2008; Martins-Ferreira 2019). Beneath this east-verging thin-skinned fold-thrust zone, in surface
exposures, siliciclastic and carbonate rocks of the Bambui and Paranoa groups commonly display
upright chevron and box folds (Fig. 6a), which are progressively superseded by isolated kink bands
towards the central portion of the craton, folding the sedimentary bedding and developing a fine
continuous cleavage in plane-axial position (Reis et al., 2017; Martins-Ferreira, 2019; Esteves and
Faleiros, 2021).

Subhorizontal extensional veins hosted by the low-grade metasedimentary rocks of the
Bambui Group formed under subhorizontal shortening and subvertical extension, supporting vein
development under a fold-thrust regime that formed the regional NW-trending thrusts and

megafolds (Esteves and Faleiros, 2021).

Fig. 5 — Geologic map and cross-section for the Unai area (Modified from Baptista et al, 2015,
Esteves and Faleiros, 2021).

Fig. 6 — Field pictures of the studied: a) chevron folds on metapelites from the Bambui Group,
Paraopeba Subgroup, Unai area; b) moderately-dipping sedimentary bedding crossed by an upright
slate cleavage on metapelites from the Serra de Santa Helena Formation, Bambui Group,
Buenopolis area; c) stretching lineations on metasandstones form the Cérrego Pereira Formation,

Espinhago Supergroup, Rodador area; d) overturned fold on metapelites from the Serra de Santa
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Helena Formation, Bambui Group, near Serra do Cip6 area. €) metadiamictites from the Macaubas
Group, Buendpolis area; f) ripple marks on metasandstones from the lower Espinhago Supergroup,

Serra do Cip¢ area.

Curimatai-Buendpolis area

This area encompasses the eastern limb of the Serra do Cabral anticline to the west, the
Buenopolis syncline in the center, and a brachyanticline of the Serra do Espinhaco range (locally
referred to as "Serra Mineira") to the east (Fig. 7).

The outcropping units are the Espinhaco Supergroup (Galho do Miguel, Santa Rita, and
Corrego dos Borges formations), the Macaubas Group (including the Jequitai Formation) (Fig. 6e),
and the Bambui Group (Serra de Santa Helena, Lagoa do Jacaré, Serra da Saudade, and Trés Marias
formations). The metamorphic grade in all units is very low, with open folds, sometimes with a fine
steep slaty cleavage oriented roughly N-S and dipping eastward (Fig. 6b). The original stratigraphic
stacking and sedimentary features are preserved in all units.

A low-angle angular unconformity between gently dipping layers of the Macatbas Group
and the Espinhaco Supergroup is reported by several authors (e.g., Moraes, 1937; Koster, 1984;
Almeida-Abreu and Renger, 2002) and can be directly observed in the field. The main thrust of the
Espinhago Supergroup over the Neoproterozoic units occurring further south, such as in Rodeador
and Serra do Cip06 areas, considered as the conventional Sdo Francisco Craton /Araguai Belt limit,

does not extend into this area.

Fig. 7 — Geologic map and cross-section for the Curimatai - Buenodpolis area (Modified from

Koster, 1984, Noce, 1997, Fogaca, 1997, Martins et al., 2011, Knauer et al., 2011).

Rodeador area

The region between the districts of Rodeador and Conselheiro Mata is marked by the main
thrust fault of N-S direction dipping to the east, which thrusts units of the Espinhaco Supergroup
over units of the Macatbas and Bambui groups (Fig. 8). The Espinhaco Supergroup is constituted
locally by the Corrego Pereira and Rio Pardo Grande formations (Conselheiro Mata Group), which
are cut by metabasic dikes from the Pedro Lessa Suite. The Macaubas Group, on the other hand, is

constituted by the Duas Barras Formation, and the Bambui Group by the Sete Lagoas and Serra de
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Santa Helena formations. Near the main thrust, the units of the Bambui and Macautbas groups are
strongly deformed with a pervasive schistosity with stretching lineations and kinematic indicators,
such as asymmetric boudins and porphyroclasts, pointing to a west-verging tectonics (Fig. 6¢). To
the east and far from the main thrust, the main structure of the Espinhaco domain is dominated by
large-scale open folding of the sedimentary bedding, with development of an oblique slate cleavage.
Greenschist facies metamorphism is associated with the deformation (Fogaca, 1997; Knauer et al.,

2011, 2014; Araujo et al, 2020).

Fig 8 - Geologic map and cross-section for the Rodeador area (Modified from Fogaca, 1997, Araujo
et al., 2020).

Serra do Cipé area

The Serra do Cip¢ area includes the boundary between the Sao Francisco Craton (west) and
the Aracuai Belt (east), defined by a major thrust putting Mesoproterozoic rocks from the upper
Espinhago Supergroup over Ediacaran-Cambrian rocks of the Bambui Group (Fig. 9).

The macrostructure comprises thrust slices from the Espinhago Supergroup units, recognized
as tectonic repetitions of the Galho do Miguel and Santa Rita formations, thrust over units of the
Bambui Group, (Sete Lagoas, and Serra de Santa Helena formations). The area can be divided in
two tectonic domains, a fold-and-thrust belt to the east, and a foreland domain, to the west, both
characterized by west-verging tectonics. The fold-and-thrust belt domain is essentially made up of
the Espinhago Supergroup, strongly deformed. The same unit is also present in the foreland region
as a rigid basement to the foreland basin represented by the Bambui Group.

Local structures at all scales, such as reverse faults, shear zones, asymmetric folds, tectonic
foliations, stretching lineations and kinematic indicators, are coherent with the regional westward
vergence (Fig. 6d). In the foreland domain, the Espinhaco Supergroup is near undeformed below a
detachment surface separating it from the Bambui Group (Cipd River window) (Fig. 6f), which, in

turn, accommodated most of the orogenic deformation.

Fig. 9 - Geologic map and cross-section for the Serra do Cip6 area (Joncew, 2024; Joncew et al.,

2025).
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Methods

The selected samples were characterized by optical microscopy in thin sections and by
scanning electron microscope in little rock fragments. Sample preparation and analytical work was
performed at the Geoscience Centre of the Georg—August—Universitdt Gottingen. More details
about all analytical procedures are presented in the supplementary material, of which the main
elements are presented below. All samples were gently crushed and sieved, and the resulting <63
pm fraction was separated for further grain size fractionation. Clay fractions <2 um were
concentrated using differential settling velocities in Atterberg cylinders following Stoke’s Law. A
second <2 pum fraction gained the same way was separated for concentrating fractions <0.2 um
following the same principle, and using an ultra-centrifuge to impose higher accelerations and thus
significantly reduce settling time for very small particles. Separating a sample’s clay fraction into
different grain size fractions is desirable as it can be used to investigate whether the analysed
material is homogeneous or a mixture of different populations of clay-sized white mica, by
investigating variations in the resulting K-Ar ages and XRD data of different fractions from a same
fraction (Hueck et al., 2022). Unfortunately, not all samples yielded enough material to perform all
analyses in both fractions, particularly in the case of rocks that experienced slightly higher-
temperatures (see results and discussion), which typically have a smaller clay content due to the
progressive coarsening of crystal sizes with increasing metamorphic degree. XRD analysis was
performed in order to identify and quantify the mineralogy of the clay fractions through Rietveld
refinement using the BGMN-based Profex software (Doebelin & Kleeberg 2015). In addition,
crystallographic features of the dated illite were also determined, namely by estimating illite
“crystallinity” (expressed as CIS-corrected Kiibler Index (KI), Warr & Ferreiro-Mahlmann 2015;
Warr 2018) and the relative proportion of different white mica polytypes (expressed in the % of
2M; Illite), both of which are temperature-dependent. For the dating, K and Ar were measured
independently from multiple aliquots of the same grain-size fractions. More details about all

analytical procedures are presented in the supplementary material.

Results

Sample description
A total of eleven pelitic samples with newly formed cleavage associated to the regional

deformation were collected from different stratigraphic units of the foreland covers of the Sao
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Francisco Craton along its SW and SE borders, near the limits with the Brasilia and Araguai belts,
respectively (Table 1, Figs 5 to 9). The samples were selected as the less weathered ones within our
areas mapped in detail.

From the western side, near the limit with the Brasilia belt, three samples of the Unai area
were selected, UN4 from the Paranoa Group (Mesoproterozoic) and UN14 and UN21 from the
Paraopeba Subgroup, Bambui Group (Ediacaran-Cambrian). All samples comprise metasiltstones
with preserved sedimentary structures such as parallel and cross-stratification and a NW-SE
continuous cleavage composed of preferentially oriented sericite. The cleavage can appear wavy in
the microscale, deflecting along coarser-grained and probably detrital mica crystals (Fig. 10a).

Three samples are from Buendpolis-Curimatai area, at the eastern side near the conventional
border between the Sao Francisco Craton and the Aracuai Belt. All samples are metasiltstone and
preserve sedimentary structures and textures such as a fine sedimentary lamination, as well as a
slaty cleavage oblique to the bedding, consisting predominantly of aligned illite and chlorite grains
(Fig. 10b). Samples N10 and N43A are from the Serra de Santa Helena Formation, Bambui Group
(Ediacaran-Cambrian). Sample N49 is from the Santa Rita Formation (Conselheiro Mata Group,
Espinhago Supergroup) (Mesoproterozoic), at an area in which it is covered in angular
unconformity by the Macaubas Group (Tonian).

Sample N24 from the Rodeador-Conselheiro Mata area is a metasiltstone, belonging to the
Rio Pardo Grande Formation, top unit of the Conselheiro Mata Group, Espinhaco Supergroup
(Mesoproterozoic), with well-preserved sedimentary structures such as ripple marks and fine
sedimentary lamination, and with a slaty cleavage oblique to the bedding.

Four samples are from the Serra do Cip6 area, where a major thrust put the Espinhaco
Supergroup over the Bambui Group. Metasedimentary rocks in this area are stronger deformed
when compared with the former areas, as recognized in much more pervasive cleavages in
microscale, with a predominance of coarser-grained white mica relative to the other samples. This is
also compatible with the small quantity of clay-sized mica that could be extracted from these
samples. Nonetheless, the samples are still on the greenschist facies conditions and have preserved
sedimentary structures (Fig. 10 ¢ and d). Sample HJ 41 was taken from the Santa Rita Formation
(Espinhaco Supergroup) close to the main regional thrust, and corresponds to a fine-grained,
laminated quartz phyllite, with well-developed mylonitic schistosity and stretching lineation.
Sample HJ 98B is a poorly selected, medium-grained foliated quartzite from the Santa Rita
Formation, also close to the main Espinhaco thrust, containing millimetric phyllitic microlithons.
Samples HJ 165 and HJ 169 belong to the Serra de Santa Helena Formation (Bambui Group) and
correspond to foliated gray rhythmitic metapelitic rocks with well-marked slaty cleavage parallel to

the bedding and gently undulated due to crenulation.
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Fig. 10 — Scanning electron microscopy images illustrating microstructural characteristics of
selected sample. Images on the left hand, correspond to back-scattered electron images, whereas
images on the right hand also incorporate energy-dispersive X-ray spectroscopy information; a)
UN21B sample, from Unai area; b) N43A sample, Curimatai — Buenopolis area; ¢c) HI165 sample,
Serra do Cip6 area; d) HI169 sample, Serra do Cip¢ area.

XRD mineralogy

Qualitative and quantitative mineralogical characterizations were performed in the analysed
samples, as not all of them produced enough quantities of <0.2 um material for the confection of
untextured powder preparations for XRD analysis, which is necessary for a quantitative
mineralogical characterization using Rietveld refinement. However, the qualitative analyses
performed in textured preparations are in accordance with the quantitative analyses performed for
the same samples. Furthermore, for the samples for which it was possible to perform a quantitative
mineralogical evaluation in both grain-size fractions (samples N10 and N43A, both from the eastern
margin of the Sdo Francisco Craton), the mineralogy of both fractions is compatible with one
another, with most differences limited to relative changes in the proportion of the minerals, often
with an increase in the proportion of minerals such as goethite, smectite, and chlorite in the finest
fraction (supplementary material). Because of that, Fig. 11 provides an overview of the mineralogy
of all samples based on the results of the <2 pm fraction.

The fine fractions concentrated for analyses are mostly composed of clay minerals, which in
all but one sample (HJ165) comprise more than 80% of the material, and can reach up to >95% in
sample UN4. The dominant clay mineral in most samples is illite (sensu latu, meaning that this can
include also clay-sized muscovite and phengite, as well as illite-like mixtures with small amounts of
smectite, Hueck et al., 2022). Except for sample N49A, which contains ca. 45% of kaolinite, illite
accounts for between 55 and 92% of the mineral concentration in all other samples. Kaolinite and
chlorite are relatively common constituents (Figs. 10, 11), though they do not occur in all samples,
and smectite is only present in one sample (N10), in which it constitutes ca. 20% of the sample. The
presence of smectite may affect the K-Ar dates in this sample, as smectite is commonly associated

with late alteration of illite at very low temperatures (Meunier & Velde, 2004). On the other hand,
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there are virtually no K-bearing mineral phases in addition to illite that could impact the K-Ar dates
(e.g., Viola et al. 2013; Torgersen et al. 2015), except for a trace amount of clay-sized K-feldspar
(<2%) in sample UN-14 (see discussion about possible implications). Clay-sized quartz and
plagioclase are common contaminants in all samples (Fig. 10), as well as trace quantities of Ti-

oxides (rutile and anatase), titanite, hematite, and calcite in individual samples (Fig. 10).

Fig. 11. Summary of the mineralogical composition of all analysed samples determined by Rietveld
refinement. Samples from the SE border of the Sdo Francisco Craton (Sao Francisco Craton) are

organized approximately from South to North.

Illite characterization

Two commonly used temperature-dependent crystallographic parameters of illite were
quantified in the analysed samples, in order to estimate the temperature conditions in which the
dated white mica was crystallized, namely illite crystallinity and polytype composition. Illite
crystallinity is an empiric value corresponding to the width at half maximum height of the 001
reflection peak of white mica in the XRD spectra of textured samples, also known as Kiibler Index,
(KI, Kiibler, 1967). This peak becomes progressively sharper with increasing temperatures, as
crystallographic ordering increases and lattice strain decreases, which also leads to coarser
crystallites. Systematic investigations of KI in pelitic sediments (Kiibler, 1967; Merriman & Frey,
1999) were used to define the transitions between very low-temperature metamorphic facies, which,
in the most recent inter-laboratorial standardization (CIS, Warr, 2018), corresponds to KI values of
0.52 for the transition from diagenesis into anchizone (ca. 200°C), and a KI of 0.32 for the
transition from anchizone to epizone. According to Warr (1996), the diagenetic zone can be
approximately correlated to the zeolite facies, the anchizone to the prehnite-pumpellyite facies and
the pumpelyite-actinolite facies, and the epizone to the beginning of grenschist facies.

The second parameter quantified in the analysed samples is the composition of the different
illite polytypes. Different polytypes result from contrasting degrees of ordering of phyllosilicate
sheets relative to another within illite crystals (Moore & Reynolds, 1997). This parameter is also
temperature-dependent, as more ordered polytypes crystallize with higher temperatures. Whereas
different proposals for more or less transitional series between different polytypes have been
proposed (see Meunier & Velde, 2004), the most useful geothermometric information derived from

the polytypes is the relative proportion of the high-temperature 2M; polytype (Hueck et al., 2022),
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which starts restructuring at temperatures above ca. 200°C (Hunziker et al., 1986; Moore &
Reynolds, 1997; Merriman & Frey, 1999).

As 1n the case of the quantitative mineralogy, polytype quantification requires untextured
powder preparations for XRD analysis, which was only possible for two samples in the typically
smaller <0.2 pm fraction. That said, both KI and polytype composition results of samples for which
both grain sizes are available yield consistent results, with the finest fractions producing values that
are indicative of lower temperature conditions (Fig. 12, see discussion for implications). In addition,
there is a remarkable correlation between KI and %2M; values for samples in which both
parameters are available (Fig. 12). This suggests that the methods are compatible for this set of
samples, and that the differences observed between the samples reflect changes in the temperature
conditions during in-situ illite crystallization. In this sense, it is advisable to analyse the <2 um
fractions for inter-sample comparisons, as this fraction was completely characterized for all
samples. This comparison reveals evident differences in the illite characteristics between the
samples from SE and SW borders of the Sdo Francisco Craton. The former, represented by three
samples from the Unai area, are characterized by KI values between 0.48 and 0.36, and relatively
low contents of the 2M; polytype (13 to 22%). Both parameters indicate anchizonal temperature
conditions. On the other hand, all three sample areas from the SE border of the Sao Francisco
Craton are characterized by lower KI values and more elevated 2M % contents in general,
suggesting higher temperature conditions compatible with the Epizone, i.e., in the lower greenschist
facies. Whereas there is some inter-sample variability in the polytype characterization of the
samples, which can range from ca. 45 to 80%, the KI values for all samples are remarkably
consistent between 0.23 and 0.29, despite differences in the stratigraphic unit and structural position
(e.g., distance to the main Espinhago-Bambui thrust) of the sampling sites. This is relevant because
the KI parameter is better established and, overall, more reliable for illite characterization than
polytype quantification (Hueck et al., 2022), as it follows an inter-laboratorial standardization

(Warr, 2018), and is less sensitive to variations in sample mineralogy (Boles et al., 2018).

Fig. 12. XRD-based illite characterization summarizing CIS-corrected (Warr & Ferreiro-
Mihlmann, 2015; Warr, 2018) Kiibler Indexes (KI) and relative proportions of the 2M; illite
polytype of all analysed samples. In the first diagrams, samples from the SE border of the Sao

Francisco Craton (Sao Francisco Craton) are organized approximately from South to North.
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K-Ar geochronology

As with the illite characterization, K-Ar results from samples for which both the <2 and <0.2
um fractions were analysed are predominantly grain-size dependent (Fig. 13). In other words, in
most cases, the K-Ar dates of different grain-size fractions from a same sample are separated by a
time interval larger than the sum of their uncertainties. This feature is a very common characteristic
of illite geochronology in general (Hower et al., 1963; Clauer & Chaudhuri, 1999; Grathoff &
Moore, 1996; van der Pluijm et al., 2001), and reflects the fact that illite is a relatively
heterogeneous isotopic system (see discussion for implications to the interpretation of the illite
dates). Typically, this grain-size dependency results in the finest fraction yielding the youngest ages,
which is in fact the case in almost all samples in the present dataset, except for two. Sample N43A,
collected in the Curimatai-Buenopolis area, produced essentially the same age (ca. 455 Ma) for both
analysed samples, indicating a more homogeneous illite isotopic system in this sample. On the other
hand, sample UN14, from the Unai area, yields a more unexpected inverse pattern, that is, in which
the <0.2 pm fraction produced a K-Ar date (ca. 613 Ma) that is older than that of the <2 um (ca.
600 Ma), which only barely overlap within uncertainty (Fig. 13, see discussion for interpretation).

Once more, there is a clear difference between the results from the SW and SE border of the
Sao Francisco Craton. Samples from all three areas of the SE border yield Cambrian to Ordovician
ages between ca. 510 and 436 Ma. Considering only the <2 pm fractions, which are more
appropriate for inter-sample comparison as they were analysed in all samples, this interval is only
slightly larger, from ca. 510 to 455 Ma. There is a wide overlap between the date interval obtained
in the southernmost area (Serra do Cipo) and the more northern areas (Rodeador and Curimatai-
Buenopolis), with both yielding essentially indistinguishable results. There is also no apparent
correlation between ages and stratigraphic unit or structural position of the sampling site. In
contrast, results from the Unai area in the SW border of the Sdo Francisco Craton are much older
(Ediacaran), but also extend for a large time interval between ca. 644 and 600 Ma for the <2 um

fractions and ca. 613 to 569 Ma for the <0.2 pm fractions.

Fig. 13. Summary of K-Ar ages of all analysed samples organized according to location and
compared against CIS-corrected Kiibler Index (KI). In the first diagram, samples from the SE
border of the Sao Francisco Craton (Sao Francisco Craton) are organized approximately from South

to North.
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Discussion

Interpretation of illite geothermometry and geochronology

The interpretation of illite K-Ar geochronology is challenging due to the typical isotopic
heterogeneity of the analysed material, best exemplified by its characteristic grain-size dependency
of K-Ar dates, which are usually younger for the finest analysed fractions and older for the coarsest
ones (Hower et al., 1963; Clauer & Chaudhuri, 1999; Grathoff & Moore, 1996; van der Pluijm et
al., 2001). This heterogeneity derives predominantly from two sources (see review in Hueck et al.,
2022): 1- the presence of a physical mixture of different illite generations within a same sample;
and 2- grain-size dependent partial loss of radiogenic argon.

A heterogeneous mixture of different illite populations can be caused by a poly-phase low-
temperature metamorphic history (Nierhoff et al., 2011; Siissenberger et al., 2018a) or, more likely
in the case of low-grade metasedimentary rocks, by the presence of a certain amount of detrital
clay-sized white mica inherited form the rock’s sedimentary sources (Reuter & Dallmeyer, 1989;
Fitz-Diaz & van der Pluijm, 2013; Schomberg et al., 2019). On the other hand, grain-size dependent
argon loss occurs when the rock is exposed to temperatures close to the K-Ar closure temperature in
illite, leading to a partial loss of radiogenic Ar that is controlled by volume diffusion and,
consequently, is dependent on the size of the considered grain (Parry et al., 2001; Zwingmann et al.,
2010; Verdel et al., 2012). The closure temperature of clay-sized illite, determined by the
extrapolation of Ar diffusion parameters for coarse-grained muscovite defined experimentally
(Harrison et al., 2009; Duvall et al., 2011; Rahl et al., 2011), and supported by various empirical
studies (Hunziker et al., 1986; Verdel et al., 2012; Wemmer & Ahrendt, 1997; Siissenberger et al.,
2018b), is estimated to cover a large interval between 250-350 °C, depending on the grain size.

The incorporation of detrital illite, as observed in SEM imaging of these sample (Fig.10), is
likely to be responsible for the grain-size dependency observed in the samples from the Unai Area
(SW Sao Francisco Craton border), as well as for their comparably old ages. Both illite
geothermometry and independent temperature estimates (Esteves & Faleiros, 2021) indicate peak
Anchizonal temperature conditions of ca. 250-270°C during deformation, which is within the lower
range of the partial diffusion zone of Ar in illite (see above). Hence, it is very likely that the detrital
mica population in the sediments retain a significant portion of the radiogenic Ar accumulated since
the original exhumation of their sedimentary source areas. Because the analysed samples come from
the Paranod (Mesoproterozoic) and Bambui (Ediacaran-Cambrian) groups, this means that any
amount of Ar budget inherited from detrital illite grains in these samples should have an outsized
impact in the resulting dates. This is despite the indication from the mineralogical quantification

that no more than ca. 20% of the analysed illite in these samples is of the high-temperature 2M;
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polytype. Because this is the polytype most resistant to sedimentary transport ( Grathoff et al. 2001),
it gives an estimate of the maximum amount of detrital illite in the sample, though the temperatures
experienced by these rocks make it very likely that some of this polytype also crystallized in situ
during deformation. In any case, because of the impact of Ar inheritance in these samples, the best
possible interpretation that can be obtained from the samples in the Unai Area is that the dates from
the finest fractions (<0.2 pum, ca. 615 to 570 Ma), which should have the smallest possible detrital
component (Hueck et al., 2022), provide a maximum age for the deformation and authigenic illite
growth in the analysed samples. Another important observation from the Unai Area is the inverse
age pattern of sample UN14, that is, with the finest fraction yielding slightly older ages than the
coarser fraction (ca. 613 and 600 Ma, respectively). This observation may reflect the presence of
very small quantities of detrital K-feldspar in the <2 pm fraction (ca. 2%), which was not observed
in the qualitative XRD spectra for the <0.2 pm fraction. Because this mineral has a lower closure
temperature than illite (ca. 150 - 300°C, McDougall & Harrison, 1999) it is possible that a more
pronounced loss of Ar in inherited K-feldspar resulted in a younger K-Ar date.

In contrast to the results from the SW border of the Sao Francisco Craton, illite thermometry
from samples of the SE border of the craton indicate significantly higher temperature conditions
within the Epizone. This is in accordance with the much better developed cleavages marked by
coarser-grained mica present in these samples in the microscale (Fig. 10), as well as with
independent temperature estimates extending well into the greenschist facies for the Serra do Cipd
Area (Joncew, in review). These conditions are already above the closure temperature of illite (see
above), and therefore the resulting ages must be interpreted as cooling ages. In this context, the
grain-size dependency of K-Ar dates observed in most samples in which two illite fractions were
dated can be a result of grain-size dependent argon loss, or alternatively due to a mixture of illite
populations resulting from a protracted history of authigenic crystallization, which is common
during deformation in the transition between the ductile and brittle regimes (Kirschner et al. 1996;
Lobens et al. 2011; Nierhoff et al. 2011; Hueck et al., 2017, 2020; Siissenberger et al. 2018a). In
these cases, the best possible strategy is to assume that the ages from the coarsest fractions (<2 pm,
ca. 510 to 455 Ma) establish a minimum (younger) age limit for the cooling through temperature
conditions of ca. 350-250°C. Because the peak temperatures estimated in this area are not much
higher than this temperature range, it is reasonable to assume that this limit age should not be too
distant from the age of deformation itself. This interpretation is in accordance with Hueck et al.,
(2020), which obtained illite K-Ar between ca. 550 and 450 Ma in the Dom Feliciano Belt in South
Brazil that are also strictly cooling ages, but that overlap with the onset of brittle deformation as

constrained by the dating of fault gouges in the same structures.
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Comparison with former geothermometry and geochronology data

Our 1illite geothermometry results for the Unai area are compatible with estimates from
Esteves and Faleiros (2021). Thermodynamic models, fluid inclusion analysis and grain-scale
deformation accommodated by dissolution-precipitation creep and intracrystalline deformation all
indicate metamorphic and deformational conditions of 250—270°C for the sedimentary rocks of the
Unai area.

Conversely, Joncew (2024) and Joncew et al. (in review) estimated the temperature and
pressure during deformation in the Serra do Cip6 area based on mineral assemblages, fluid
inclusions, deformation mechanisms associated with microstructures, quartz c-axis patterns and
illite crystallinity as 300-410 °C and 1.7-6.0 kbar in the foreland (craton) domain, and 385-450 °C
and 2.8-8.0 kbar in the fold-and-thrust (Aracuai belt) domain. This is also in accordance with the
higher temperature estimates from illite geothermometry in this region.

Our new Cambrian to Ordovician illite K-Ar cooling ages around 510—455 Ma at the Sao
Francisco Craton eastern border are consistent with the depositional ages of the Bambui Group,
which range from about 615-513 Ma (e.g., Warren et al. 2014; Paula-Santos et al. 205, 2017;
Pimentel 2016; Pimentel et al. 2011; Kuchenbecker et al., 2020; Moreira et al., 2020; Caxito et al.,
2021; Tavares et al., 2020) but also suggesting some contemporaneity between the orogenic
deformation and the last depositional successions, especially considering that the K-Ar data are
interpreted as providing a minimum (younger) age limit in the region.

Two interesting points can be highlighted. Sample HJ98B also has a (coarse-grained)
muscovite Rb-Sr in situ age of 548 Ma (Joncew, 2024), which, together with the illite -Ar ages
between 476 Ma (fraction <2 um) and 433 Ma (fraction <0.2 um) suggest a protracted cooling
history. Additionally, in the northern portion of the SE border of the Sdo Francisco Craton, sample
N49 belongs to the Santa Rita Formation, in a place where an angular unconformity between the
Upper Espinhago Supergroup with the Macaubas Group is reported (e.g., Moraes, 1937; Koster,
1984; Almeida-Abreu and Renger, 2002), but our K-Ar results point to a same deformation age over
all the area, including the Bambui and Macaubas groups and the upper Espinhago Supergroup.
Thus, this angular unconformity is probably related to non-metamorphic upper crustal level
deformation of the Espinhago Supergroup, prior to the Macaubas deposition, or it was entirely reset
for the sensitivity range of K-Ar in illite (below ca. 250-350 °C) in the late
Neoproterozoic/Cambrian transition.

For the Espinhago Supergroup in the northern portion of the Sao Francisco Craton (Chapada

Diamantina Group), Siissenberger et al. (2014) obtained K-Ar illite dates between 470 and 460 Ma
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for the inversion and reactivation of the Paramirim Aulacogen, interpreted as related to the Aracuai

belt orogenesis, which is consistent with the results presented in this contribution.

Late deformational and metamorphic evolution

The Neoproterozoic to Cambrian foreland fold-and-thrust belts that developed along the
southern margins of the Sao Francisco craton, specifically, the Araguai, Brasilia, and Ribeira belts,
evolved over a long period of time (900 — 500 Ma) involving several episodes associated with
subduction, magmatism and terrane accretion (Valeriano et al. 2008, Pimentel, 2016, Caxito et al.
2021, Heilbron et al., 2017, Campanha et al., 2023).

For the Brasilia Belt in the West, closure of the Goias-Pharusian ocean generated the major
collisional event, constrained at ca. 630—-600 Ma (Valeriano et al. 2008, Pimentel, 2016).
Subsequent collisional and accretionary events followed in the Ribeira—Araguai belt at 585-530 Ma
(Heilbron et al., 2017, Campanha et al., 2023), and the accretion of Cabo Frio Terrane in the Ribeira
Belt at 530 —500 Ma (Schmitt et al. 2004, 2016). Collision of the Amazonian paleocontinent with
closure of the Clymene ocean was proposed by Tohver et al. (2010) as occurred in early and middle
Cambrian, generating the Araguaia-Paraguay-Pampean Orogen, with peak regional metamorphism
at 496-484 Ma given by *°Ar/*°Ar ages in illite.

For the Araguai Belt, several authors (e.g., Queiroga et al, 2016; Peixoto et al. 2018) point
for a collisional stage at ca. 575-565 Ma, followed by a gravitational and extensional collapse stage
from 530 to 490 Ma.

The new illite geochronological data from the southern S3o Francisco Craton marginal
foreland covers suggest, however, that this period from 550 to 430 Ma represents a typical
compressional fold-and-thrust belt regime, with thin-skinned tectonics and a double vergence
towards the craton interior. The best interpretation is that in this post- or late-collisional period the
neighbouring orogenic mountain building causes a compressional push toward the foreland region,
in a Coulomb wedge driven model (Davis et al., 1983; Dahlen et al. 1984; Dahlen, 1990).

In marginal foreland fold-and-thrust belts, the Coulomb wedge model provides insights into
how orogenic wedges grow and deform over time. These belts form in the foreland (outer regions)
of an orogen, where tectonic compression causes the crust to shorten, often through a series of
thrust faults and associated folds.

In the Coulomb wedge model, the stability and behaviour of the wedge are defined by its
critical taper (6¢c) - the angle between the slope of the topographic surface (o) and the basal
detachment slope (B) - that the wedge adopts to maintain a state of mechanical equilibrium (Fig.14).

This taper angle is influenced by several factors, the most important being gravity, the internal
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cohesion and friction of the material in the wedge, the strength of the basal detachment layer and
the applied external (tectonic) forces.

The wedge can become over-steepened if compressional forces are too strong, causing the
surface slope to exceed the critical taper. When the wedge reaches the critical taper, the next
increment in deformation causes the basal detachment to propagate into the foreland, restoring a
lower taper condition where internal deformation causes thickening with development or formation
of new thrusts, folds, duplexes and shear zones. The wedge can become over steepened if
compressional forces are too strong, causing the surface slope to exceed the critical taper. When this
happens, gravity-driven collapse occurs, leading to extensional sliding complementing the
otherwise compressional mechanism.

The Coulomb wedge model provides a robust model for understanding the development of
the Neoproterozoic to Cambrian foreland fold-and-thrust belts along the margins of the Sao
Francisco Craton. The critical taper, basal friction, and external forces shaping these belts during the
Brasiliano Orogeny are consistent with the principles of wedge mechanics, where tectonic
convergence drives the formation and growth of the fold-and-thrust belts. This model helps explain

the geometry, structural styles, and dynamic evolution of these ancient orogenic systems.

Fig. 14. Application of the Coulomb wedge model to the marginal fold-and-thrust belts of the Sao
Francisco Craton. (a) Schematic, not-to-scale cross-section of the central-southern Sdo Francisco
Craton (SFC - Sao Francisco Craton): Bftb — Brasilia belt; Aftb — Araguai belt. Key: (1) eroded
orogen surface; (2) present-day topographic surface; (3) Bambui Group; (4) Macaubas Group and
equivalents; (5) Espinhago Supergroup and equivalents; (6) higher metamorphic internal zones of
the orogens; (7) Sao Francisco Craton basement. (b) Diagram illustrating the geometry of a critical
wedge, where Oc is the critical wedge angle, a represents the topographic slope, and § denotes the

basal detachment (modified from McQuarrie and Ehlers, 2017).

Conclusions

This study focuses on the application of K-Ar illite dating aided by microstructural
observations and detailed XRD characterization to constrain the timing and conditions of
deformation in the Araguai and Brasilia marginal fold-and-thrust belts, by analysing sedimentary
covers of the Sdo Francisco Craton from four distinct areas: Unai, Curimatai-Buendpolis, Rodeador,

and Serra do Cipo.
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Our results indicate anchizonal temperature conditions compatible with previous estimates
of ca. 250-270°C for deformation in the Unai area (Brasilia Belt, SW Sao Francisco Craton border).
This is in contrast with the results from the SE Sao Francisco Craton border areas (Aracuai Belt),
where illite thermometry indicate significantly higher temperature conditions well within the
Epizone, above with the K-Ar closure temperature range in illite, of ca. 350-250°C.

The analysis of different grain sizes showed that K-Ar ages in the finest fractions are
generally younger than in coarser fractions, highlighting isotopic heterogeneity probably caused by
the mixture of detrital illite and authigenic phases in the SW and protracted crystallization and/or
grain-size dependent partial loss of radiogenic argon in the SE. This pattern suggests that detrital
components significantly influence the isotopic system in the Unai area, but set a maximum (older)
estimate for deformation from 615 to 570 Ma at the Sao Francisco Craton western margin, while in
the Curimatai-Buenodpolis, Rodeador and Serra do Cip6 areas, SE Sao Francisco Craton margin, K-
Ar ages are related with the cooling history into upper crust temperature conditions following
deformation at ca. 510 to 455 Ma.

These findings highlight the importance of late to post-collisional compression in shaping
the foreland fold-and-thrust belts around the Sao Francisco Craton. The structural evolution of the
fold-and-thrust belts is consistent with the Coulomb wedge model, in which tectonic compression
from the Brasiliano Orogeny and the gravitational push of the neighbouring orogenic mountain
building resulted in the development of oppositely-verging thin-skinned thrust systems. This model
explains the observed deformation patterns and provides a framework for understanding the late-

stage evolution of the Sdo Francisco cratonic margins.
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Table 1 — Samples context and units. ES- Espinhaco Supergroup; BG - Bambui Group.

Sample |Lithology Context Unit Latitude Longitude
metasandstone Near Espinhago

HJ 41 (mylonitic) main thrust ES, SantaRita F. (*) [-19.34 -43.6
Near Espinhaco

HJ 98b |metasandstone main thrust ES, Santa Rita F. (*) |-19.28 -43.62
Foreland, Araguai

HJ 165 |metapelite side BG, S. Santa Helena F|-19.25 -43.66
Foreland, Araguai

HJ 169 |metapelite side BG, S. Santa Helena F.|-19.28 -43.69
Foreland, Brasilia

UN 04 |siltstone side Paranoa Group (**) -16.21 -46.66
Foreland, Brasilia

UN 14  |siltstone side BG, Paraopeba Subg. |-16.26 -46.81
Foreland, Brasilia

UN 21b |siltstone side BG, Paraopeba Subg. |-16.32 -46.88
Foreland, Aracuai

N10 metasiltstone side BG, S. Santa Helena F/-17.85 -44.17
Top unit of the ES, Rio Pardo Grande

N24 metasiltstone Espinhago Sg. F. -18.3 -44.01
Foreland, Araguai

N43A metasiltstone side BG, S. Santa Helena F|-17.94 -44.06
Near Espinhago /
Macaubas

N49 metasiltstone unconformity ES, Santa Rita F. -17.99 -43.99

(*) In some previous works as Macaubas Group. (**) In some previous works as Bambui Group.
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