Gondwana Research 129 (2024) 36-52

Contents lists available at ScienceDirect

Gondwana Research

journal homepage: www.elsevier.com/locate/gr

The influence of lithospheric inheritance and Cenozoic magmatism on N
Phanerozoic rock cooling in the Sao Francisco Craton and adjacent e
orogens

Edgar do Amaral Santos **, Andréa Ritter Jelinek °, Frederico Antdnio Genezine ¢, Daniel Stockli ¢

2 Programa de Pés-Graduagdo em Geociéncias, Universidade Federal do Rio Grande do Sul, Brazil
b Instituto de Geociéncias, Universidade Federal do Rio Grande do Sul, Brazil

CInstituto de Pesquisas Energéticas e Nucleares, Centro do Reator de Pesquisas, Brazil
dUniversity of Texas at Austin, United States

ARTICLE INFO ABSTRACT

Article history:

Received 8 July 2023

Revised 13 November 2023
Accepted 9 December 2023
Available online 14 December 2023
Handling Editor: A. Festa

The South American Platform encompasses the Sdo Francisco Craton (SFC) and the Araguai-Ribeira oro-
genic system (AROS) located in the eastern Brazil. These geologic domains hold records of differential
exhumation, sedimentation, volcanic activity, and post-rift reactivation of faults and shear zones.
Therefore, these terranes provide outstanding opportunities for studying the dynamics of lithospheric
processes, particularly in their interaction zones, characterized by the transition from cratonic to oro-
genic lithosphere. To investigate the processes involved in the contrasting behavior of the upper crust,
we provide 23 new apatite fission track (AFT) ages and thermal histories from the northern segment
of the AROS and from the eastern area of the SFC. The AFT ages range from 154.4 + 20.1 and 37.1 + 3.0
Ma and the mean track lengths range from 10.9 and 13.2 pm. We compiled thermal information from
previous thermochronological analysis from 357 sites and constructed inverse distance weighted maps
that depict the spatial distribution of AFT ages and the temperature evolution from 360 to 30 Ma. The
results indicate that the SFC experienced its final exhumation within the apatite partial annealing zone
(APAZ) at temperatures ranging from 110 °C to 60 °C during the late Paleozoic. In contrast, the AROS went
through its last cooling within the APAZ during the Mesozoic or even in the Cenozoic. This suggests that
reactivation and reheating, possibly associated with the South Atlantic rift, influenced the orogenic base-
ment of the passive margin. We highlight that the reheating associated to the Abrolhos magmatic pro-
vince in the northern segment of the AROS caused the youngest AFT ages of the study area. Our work
demonstrates the importance of considering contrasting rheology when analyzing regional exhumation
patterns, the structural fabric of orogens through reactivation of crustal discontinuities generating heat-
ing and exhumation, and how volcanism can disrupt the thermal record, inducing crustal reheating.

© 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

A range of mechanisms, spanning from deep within the Earth,
such as mantle dynamics (Davila et al., 2023) and tectonics (Val
et al., 2018), to surface climate conditions (Jepson et al., 2021) gov-
ern lithospheric processes. These mechanisms are further influ-
enced by factors like rheology (Fonseca et al., 2021), the presence
of crustal discontinuities (do Amaral Santos et al., 2022), and vol-
canism (Hueck et al., 2018; do Amaral Santos et al., 2023).

A significant lithospheric discontinuity results from the colli-
sion of various terranes during continental amalgamation. Eastern
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Brazil offers an ideal case study for investigating lithospheric
dynamics due to its composition, featuring the Sdo Francisco Cra-
ton (SFC) and Neoproterozoic-Cambrian orogenic areas. The SFC
is one of the five old and differentiated components of the South
American lithosphere, characterized by a shape resembling a
horse’s head (Fig. 1). It extends deep into the interior of eastern
Brazil and forms the basement of the South Atlantic coast. Along
the southeastern border of the SFC lies the Aracuai and the Ribeira
orogens, together forming the intricate Neoproterozoic-Cambrian
orogenic system known as the Aracguai-Ribeira orogenic system
(AROS; Alkmim et al., 2017; Heilbron et al., 2017b), which was con-
solidated during the amalgamation of West Gondwana (Degler
et al., 2017). Subsequently, during the Cretaceous, the AROS under-
went rifting, and its rocks became integral to the basement of the
continental margin established with the opening of the South
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Fig. 1. a) West gondwana map depicting the cratons, some orogenic systems formed during the west gondwana amalgamation, and the recent orogens (after Oriolo et al.,
2017). SFC: Sdo Francisco Craton; CC: Congo Craton; AROS: Araguai-Ribeira orogenic system. b) Geologic map of the study area in eastern Brazil (after Dalton de Souza et al.,
2003; Perrota et al., 2005; Heilbron et al., 2016; Silva et al., 2020), evidencing the limits of the Sdo Francisco Craton and the adjacent Araguai Orogen (AO), Ribeira Orogen (RO),
Brasilia Orogen (BB), the Borborema Province (BP), and the intracratonic Parana (PaB), Sanfranciscana, Recéncavo-Tucano-Jatobd Basins, as well as the Continental Rift of
Southeastern Brazil (CRSB) (Riccomini et al., 2004) and the Cretaceous/Paleogene kimberlites and alkaline-carbonatitic rocks. The offshore region displays the gravity
anomaly map of the South Atlantic Ocean seafloor (Sandwell et al., 2014) eastward of the study area, evidencing the Abrolhos Magmatic Province (AMP), the Vitéria-Trindade
seamount chain (VTSC), and the Cretaceous/Cenozoic marginal basins (Mohriak and Fainstein, 2012).

Atlantic Ocean (Niirnberg and Miiller, 1991; Chang et al., 1992; apatite fission track method (AFT; Price and Walker, 1963;

Torsvik et al., 2009). Donelick et al., 2005) as our investigative tool. This method effec-
To understand the evolution of these distinct pieces of litho- tively constrains thermal information within a temperature range
spheres, especially after its consolidation, we have selected the of approximately 120 to 60 °C, corresponding to the upper few
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kilometers of the crust at depths ranging from 5 to 2 km (Gleadow
and Duddy, 1981; Gleadow et al., 1986; Green et al., 1986). While
the eastern Brazilian margin has a substantial number of previ-
ously analyzed samples, there still exist data gaps that require
attention. We collected an additional 23 crucial basement samples
in the underinvestigated northern region of the AROS and in the
eastern SFC for subsequent AFT analyses, some of which have been
previously analyzed for apatite and zircon (U-Th)/He ther-
mochronology (do Amaral Santos et al., 2022). The AFT ages avail-
able in the literature and thermal information from 357 samples
were put together with the new data to create inverse distance-
weighted (IDW) maps. One of these maps depicts the spatial distri-
bution of AFT ages, while 12 maps illustrate the temperature evo-
lution from 360 to 30 Ma throughout the region. These maps were
further analyzed and discussed along with geological data avail-
able in the literature, focusing on local and regional lithospheric
processes. Our study aims to understand how the spatial distribu-
tion of AFT ages behaves in this transitional zone, how the thermal
history recorded evolved through time and temperature, and
which cooling and reheating events the area recorded. Then, we
looked for evidence for the control of rheology, reactivation of
crustal discontinuities, and volcanism on crustal exhumation, con-
sidering a regional geodynamic perspective.

2. Geologic framework

The study area extends from southeastern to northeastern Bra-
zil, encompassing cratonic and orogenic terranes known as Sao
Francisco Craton and the Araguai-Ribeira orogenic system, along
with the eastern continental margin of the South America (Fig. 1).

The SFC was formerly a component of a larger cratonic litho-
sphere, alongside the Congo Craton, now situated in the African
continent. These cratons remained connected until their separation
during the opening of the South Atlantic Ocean in the Lower Creta-
ceous (Alkmim and Martins-Neto, 2012; Heilbron et al., 2017a).
The exposed basement units of the SFC are older than 1.8 Ga, while
the cratonic cover consists of sequences younger than 1.8 Ga (de
Almeida, 1977). Archean TTG-gneisses, granitoids, greenstone
belts, Paleoproterozoic plutons, and supracrustal successions char-
acterize the basement units. The cratonic cover encompasses
Proterozoic and Phanerozoic sedimentary sequences (Alkmim
and Marshak, 1998; Alkmim and Martins-Neto, 2012). Surrounding
this craton are the Brasiliano orogens, a series of orogenic systems
formed during the amalgamation of the West Gondwana conti-
nent. This work analyzed the AROS, which is located southeast
and south of the craton, composed by the Araguai and Ribeira oro-
gens (Fig. 1; de Almeida, 1977).

The Aracuai Orogen was formed during the Neoproterozoic to
the Cambrian through the interaction of the SFC and the Congo
Craton in a confined setting, where these cratons formed an
embayment (Alkmim et al, 2006; Heilbron et al, 2017a;
Pedrosa-Soares et al., 2011, 2008). The Aracuai Orogen represents
the Brazilian portion of the larger Araguai-West Congo Orogen
(Alkmim et al., 2017). During the orogeny, parts of the previous
cratonic basement units, such as crystalline rocks older than
1.8 Ga and the Paleo to Mesoproterozoic rift to rift-sag successions
of the Espinhaco Supergroup, were deformed by the collisional
event. The orogen is also composed by Neoproterozoic to Cambrian
passive margin units (Macatbas Group; e.g. Souza et al., 2019),
syn-orogenic sequences, and crustal-derived granitic intrusions.
The syn-metamorphic climax of the granitic plutons dates to ca.
590 to 530 Ma (Pedrosa-Soares and Wiedemann-Leonardos,
2000; Pedrosa-Soares et al., 2001; Alkmim et al., 2017).

Located southward of the SFC, the Ribeira Orogen resulted from
multiple collisional episodes during the Neoproterozoic to Cam-
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brian (Heilbron and Machado, 2003). This orogen consists of four
tectono-stratigraphic terranes, including a reworked cratonic base-
ment of the external sector along with intra-cratonic basins and a
passive margin unit, active margin sequences, continental mag-
matic arcs, and a series of granites that intruded the basement,
and supracrustal units (Heilbron et al.,, 2020). Terrane docking
and reworking have played a significant role in this orogen. At
the same time, the structural fabric of this orogen is characterized
by shear zones and large-scale folds, with metamorphic imprints
ranging from 630 to 510 Ma (Heilbron et al., 2017b).

Several basin depocenters developed within the Gondwana
continent from the Ordovician onwards, such as the Parana and
Sanfranciscana basins (Linol et al., 2015). The Parana Basin, located
southwest of the study area, consists of six supersequences sepa-
rated by regional unconformities. Transgressive-regressive cycles
characterize the first three sequences of Ordovician to Permian/Tri-
assic ages, and the last three sequences comprise continental
volcano-sedimentary units of Triassic to Cretaceous ages (Milani
et al., 1998, 2007a; Scherer et al., 2023). The Sanfranciscana basin,
located within the SFC, developed from the Carboniferous/Permian
to the Cretaceous, comprising glacial-marine and continental
desertic environments associated with volcanic extrusions
(Campos and Dardenne, 1997; Sgarbi and de Sgarbi, 2001; Zalan
and Silva, 2007).

The rifting of the West Gondwana and the subsequent forma-
tion of the continental margin to the east of the SFC and AROS
was followed by the opening of the South Atlantic Ocean during
the Lower Cretaceous (Mohriak et al., 2008). On both segments,
cratonic or non-cratonic basements, lie Cretaceous to Cenozoic
sedimentary deposits that are intruded by Paleocene to Eocene vol-
canic rocks (Mohriak and Fainstein, 2012). The volcanic record in
the region is notable for the significant Abrolhos Magmatic Pro-
vince (Stanton et al., 2021), as well as the Vitéria-Trindade sea-
mount chain. Additionally, a series of kimberlite and alkaline-
carbonatitic plutons intruded both the margin and the interior of
the continent in southeastern Brazil during the Cretaceous and
Paleogene (Takenaka et al., 2023).

The Continental Rift of Southeastern Brazil (CRSB) developed
during the Paleogene, forming an elongated narrow trough nearly
900 km long (Riccomini, 1990; Riccomini et al., 2004; Zalan and
De Oliveira, 2005). This tectonic feature is mainly parallel to the
present-day coastline and the Neoproterozoic shear zones of the
Ribeira Orogen. These shear zones were reactivated as normal
faults, generating sedimentary basins and as strike-slip afterward
(Pinheiro and Cianfarra, 2021). As the rift developed, volcanic alka-
line magmas erupted near the border of the rift (Riccomini et al.,
2004, 2005).

3. Methods
3.1. Apatite fission track thermochronology

For the apatite fission track (AFT) thermochronology, this study
collected 23 basement samples from the SFC and AROS regions.
Our focus was on crystalline lithologies rich in apatite such as
granites and gneisses. Some of these samples had previously
undergone analysis for zircon and apatite (U-Th)/He ther-
mochronology (do Amaral Santos et al., 2022), which this study
integrated (Supplementary Data, Table S1 and S2). Table 1 contains
information regarding the lithology, sample locations, altitudes,
and the methods employed in each sample.

The AFT method relies on the accumulation of fission tracks
resulting from the spontaneous fission of 238U (Price and Walker,
1963; Fleischer and Price, 1964). By analyzing the areal density
of tracks in apatite and in an external detector we can determine
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Table 1
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Details from samples analyzed in this study. Coordinates in decimal degree; AHe and ZHe data published in do Amaral Santos et al. (2022) and available in Supplementary Data,
Table S1 and S2. AFT: Apatite Fission Track; AHe: Apatite (U-Th)-He dating; ZHe: Zircon (U-Th)/He dating.

Sample Lithology Latitude Longitude Elevation Method
(°S) (°W) (m)
BHS-01 Granitoid 17.717500 40.141111 169 AFT
BHS-02 Granitoid 17.615278 40.346667 252 AFT, ZHe, AHe
BHS-03 Granitoid 17.515278 39.650556 24 AFT
BHS-04 Granitoid 17.371667 40.231667 149 AFT
BHS-05 Granitoid 17.188889 40.280556 227 AFT
BHS-06 Granitoid 17.512222 39.705000 86 AFT, ZHe, AHe
BHS-07 Granitoid 17.131667 39.433333 36 AFT
BHS-08 Granitoid 16.957222 39.716111 82 AFT
BHS-09 Granitoid 16.827500 40.056667 197 AFT
BHS-10 Granitoid 16.837222 40.141667 207 AFT, Zhe
BHS-11 Granitoid 10.468889 39.268611 450 AFT
BHS-12 Granitoid 16.571111 40.089167 292 AFT, ZHe
BHS-13 Granitoid 16.575000 39.781667 187 AFT, ZHe, AHe
BHS-14 Granitoid 16.659167 40.175278 293 AFT
BHS-15 Granitoid 16.725278 39.410000 80 AFT, ZHe, AHe
BHS-16 Granitoid 15.968889 39.561944 82 AFT
BHS-17 Granitoid 15.668889 39.691111 119 AFT, ZHe, AHe
BHS-18 Granitoid 15.083333 39.340556 90 AFT
BHS-19 Granitoid 14.493333 40.467222 838 AFT
BHS-20 Granitoid 12.509167 40.449444 305 AFT
BHS-21 Granitoid 12.493333 40.506667 317 AFT
BHS-22 Granitoid 10.489444 39.067778 385 AFT
BHS-23 Granitoid 10.465000 39.146111 449 AFT

the AFT age and by analyzing the length of horizontal confined fis-
sion tracks we can reconstruct the thermal history experienced by
each sample within the range of this thermochronometer (Reiners
et al., 2017). The thermal models derive from AFT data after simu-
lations of a mathematical model that represents time-temperature
dependance of annealing (Gallagher, 2012). These data are com-
posed, among other parameters, of a collection of measured hori-
zontal confined fission tracks (MTL) that experienced a portion of
the thermal history. For the AFT method, the fission tracks remain
preserved below 120 °C over geological timescales, corresponding
to upper crustal temperatures. However, at temperatures between
120 and 60 °C (Green et al., 1989), the tracks undergo shrinkage
due to thermal annealing, with the temperature, chemical compo-
sition, and radiation damage acting as controlling factors (Donelick
et al., 2005; Tagami and O’Sullivan, 2005), defining the Apatite Par-
tial Annealing Zone (APAZ).

Standard crushing, sieving, and hand-picking techniques con-
centrated the apatite crystals (Kohn et al., 2019). This study uti-
lized the external detector method (EDM; Hurford, 1990) and
neutron irradiation in the CNEN-IPEN reactor in Sdo Paulo, Brazil.
The apatite crystals were embedded in epoxy resin, polished, and
subjected to chemical etching with HNOs 5.5 M at 21 °C for 20 s
(Carlson et al., 1999; Donelick et al., 2005) to reveal spontaneous
tracks. Low-U muscovite sheets were affixed to the apatite mounts,
U-doped glass dosimeters (CN5), and Durango age standards. To
expose induced tracks, 48 % HF at 20 °C for 18 min etched the mica
sheets.

AFT dating and track length measurements were conducted at
the Labmodel, a thermochronology facility at the Universidade
Federal do Rio Grande do Sul, Brazil. The analysis was assisted
using a Leica CTR 6000 microscope at a magnification of 1000x
(dry). A minimum of 20 grains were used for AFT age calculation,
with only one sample not meeting this criterion. The ¢ calibration
method was employed to calibrate the AFT ages (Hurford and
Green, 1983), and age homogeneity was evaluated using the chi-
squared test (Galbraith, 1981) in RadialPlotter 9.4 (Vermeesch,
2009). A length-frequency histogram of AFT data (n > 50) was
obtained for 19 representative samples, while less representative
histograms (50 > n > 10) were obtained for three samples.
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3.2. Inverse modeling

Inverse modeling was performed for 22 samples using the QTQt
5.8.0 software (Gallagher, 2012), with Dy, and c-axis projection
(Ketcham et al., 2007) employed as parameters to model AFT data
(Ketcham et al., 2007). For inverse modeling, the radiation damage
accumulation and annealing models for zircon (Guenthner et al.,
2013) and apatite (Flowers et al., 2009) were utilized to model
(U-Th)/He data of zircon and apatite, respectively.

The present-day surface temperature was constrained to
20 = 10 °C. When considering only AFT data, the prior temperature
was set at 70 = 70 °C, whereas it was set at 100 + 100 °C when
including ZHe data. The oldest AFT or ZHe/AHe age of each sample
was used as a prior for time with an uncertainty of t, + t,, and the
maximum gradient (9T/dt) was set at 30 ‘C/m.y. Initial runs of
30,000 iterations were used to define the values for the MCMC
algorithm. Runs of at least 200,000 post-burn-in iterations were
then defined with the appropriate values for inverse modeling. This
work analyzed the expected model defined by curves that repre-
sent the 95% credible interval and the weighted mean path of each
model.

3.3. Data kriging

To evaluate the AFT age of all available samples in the literature
across SFC and AROS and to assess the evolution of basement tem-
perature in this region, we employed inverse distance weighted
(IDW) maps created using ArcGIS 10.3. The map illustrating the
AFT ages was constructed based on the AFT central ages of 728
sites (Supplementary Data, Table S3). The IDW maps depicting
the temperature evolution were generated using temperature data
collected from the weighted mean path of each model at 12 speci-
fic time intervals (360 to 30 Ma) acquired from 357 sites, including
thermal models created in this study and those available in the lit-
erature (Supplementary Data, Table S4). The analysis of thermal
histories predominantly relied on AFT; however, some studies
integrated this thermochronometer with other geochronometers
and thermochronometers, such as (U-Th)/He in zircon and apatite
and U-Pb in zircon (Franco et al., 2005; Hiruma et al., 2010; Cogné
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et al., 2011, 2012; Doranti-Tiritan, 2013; Jelinek et al., 2014, 2020;
Engelmann de Oliveira et al., 2016; Soares et al., 2016; Amaral-
Santos et al., 2019; Krob et al., 2019; Van Ranst et al., 2020;
Fonseca et al., 2021, 2022, 2023; Gezatt et al., 2021; Costa, 2022;
do Amaral Santos et al., 2022). Notably, one study used constraints
to replicate present-day temperature conditions for modeling in
low-temperature environments, which may bias the models to
force low-temperature paths (Krob et al., 2019).

4. Results
4.1. AFT ages and MTL

The new AFT data from 23 analyzed sites in the northern AROS
and SFC are summarized in Table 2 and Fig. 2. The new AFT central
ages vary from 154.4 + 20.1 to 37.1 £ 3.0 Ma, between the Jurassic
and the Eocene (Fig. 2). The AFT ages of samples collected in the
orogenic domain vary from 125.6 to 37.1 Ma and are younger. In
contrast, the cratonic area exhibits older ages, spanning from
154.4 to 103.8 Ma, except for two samples recording 77.0 and
77.2 Ma (Fig. 2). This data set displays a positive correlation
between AFT ages and the distance to the coast as well as a positive
correlation between AFT ages and Dy, (Supplementary Data,
Figs. S1 and S2). Additionally, the samples BHS-02 and BHS-13 dis-
play AFT ages younger than their AHe ones.

Track-length and c-axis angle data were acquired from 22 sam-
ples, while only one sample lacked this information (Table 2).
Nineteen samples have more than 60 horizontal confined fission-
track lengths measured, whereas three samples have yet to reach
40 tracks measured. The MTL falls within the short to intermediate
range (10.9 to 13.2 pum), with most tracks measuring approxi-
mately 11 to 12 pm. This data set displays a negative correlation
between AFT ages and MTL (Supplementary Data, Fig. S3). The
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MTL exhibits a unimodal distribution with narrow standard devia-
tion and negative skewness (Supplementary Data, Fig. S4).

4.2. Thermal history patterns and temperature variations: Insights
from thermal models and data kriging

Based on the new thermal models constructed from samples of
this study, three distinct groups were identified (Fig. 3 and Supple-
mentary Data, Fig. S5):

(i) Slow continuous cooling from the Paleozoic onwards until
present (BHS-01, 09, 14, and 16) or samples recording only
slow continuous cooling lacking thermal signals before
110 Ma (BHS-03, 05, 07, and 15).

(ii) The onset of slow cooling from the Paleozoic to the Upper
Cretaceous within the APAZ, followed by a rapid cooling
event starting in Paleogene-Neogene until present from the
upper portion of the APAZ to surface conditions (BHS-04,
08, 11, and 19 to 23).

(iii) An initial fast cooling episode in the Cretaceous from tem-
peratures higher than the APAZ succeeded by reheating 10
to 25 °C during the Paleogene and, subsequently, a final cool-
ing to present-day surface conditions (BHS-02, 06, 10, 13,17,
and 18).

Considering the new and the compiled AFT data used for con-
structing the IDW map (Fig. 4), the AFT age spatial distribution
depicted in this map reveals older AFT ages in both northern and
southern segments of the SFC. The northern portion displays Per-
mian to Triassic ages, while the southern region primarily encom-
passes ages within the Triassic to Jurassic. Jurassic to Lower
Cretaceous ages characterize the transitional region from the cra-
ton to the adjacent orogens.

Table 2

New Apatite Fission Track data from the Araguai Orogen and the Sdo Francisco Craton, in southeastern to northeastern Brazil.
Sample N ps(Ns) pi (Ni) pd (Nd) P(yx2) U Centr. Age* 16 n MTL Std. Dev. P.MTL P.Std. Dev. Dpar Skewness

# (x10%) (x10°) (x10°) (%) (ng/g)  (Ma) #  (um) (pm) (pm)  (pm) (pm) #

BHS-01 25 10.68 (156) 13.01(190) 21.30(27164) 0.99 7.8 116.5 £ 14.0 100 121 1.71 13.5 1.34 151 -0.14
BHS-02 25 6.04(330) 12.77 (697) 14.54(18586) 0.97 11.1 46.1 + 3.7 100 125 1.58 13.7 1.26 152 -0.13
BHS-03 25 12.65(148) 27.52(322) 21.30(27164) 0.79 16.4 65.5+7.2 11 127 1.92 13.6 1.87 146 -1.09
BHS-04 25 15.99(331) 41.98 (869) 14.54(18586) 1.00 36.7 37.1+£3.0 101 113 1.87 13.1 1.25 143 -0.19
BHS-05 25 5.53(142) 10.82(278) 14.54(18586) 0.95 9.4 49.7 +55 77 127  1.61 14.0 1.14 148 -0.66
BHS-06 25 4.15(164) 5.22(206) 14.54(18586) 0.99 4.6 773 £85 70 132 1.80 14.3 1.26 1.5 -0.61
BHS-07 25 7.09(317) 15.28 (683) 14.54(18586) 0.88 13.3 452 + 3.6 100 12.8 1.59 13.9 1.10 145 -0.65
BHS-08 25 13.84(256) 10.97(203) 14.54(18586) 0.5 9.6 122.1£12.2 100 11.6 197 13.2 141 1.7 -0.12
BHS-09 25 10.68(156) 13.01(190) 21.30(27164) 1.00 7.8 116.5 + 14.0 70 123 193 13.5 1.65 1.61 -0.24
BHS-10 25 16.92(330) 17.54(342) 14.54(18586) 0.89 15.3 93.6 + 84 100 12.0 1.69 13.3 1.32 1.63 -0.03
BHS-11 25 13.29(299) 15.73(354) 21.30(27164) 0.96 9.4 119.8 £ 10.8 100 109 1.68 12.6 1.33 1.59 0.03
BHS-12 14 8.38(88) 8.38 (88) 14.54 (18586) 0.50 7.3 97.0 £15.5 * * * * * * *
BHS-13 25 7.40(290) 9.21(361) 14.54(18586) 0.61 8.0 78.0+7.0 100 124 1.59 13.7 1.10 1.65 -0.53
BHS-14 25 6.94(460) 7.828(519) 21.30(27164) 0.28 4.7 125.6 £ 10.0 66 123 1.88 13.5 1.53 1.65 -0.84
BHS-15 25 14.73(383) 36.31(944) 21.30(27164) 0.72 21.6 57.8 +4.6 100 12,6 1.61 13.9 1.13 1.61 -0.41
BHS-16 25 6.11(113) 6.70(124) 21.30(27164) 1.00 4.0 129.2 +18.1 15 118 1.56 13.2 1.20 1.77 -0.1
BHS-17 25 7.81(225) 736(212) 21.30(27164) 0.97 44 150.2 £ 16.5 101 119 1.75 13.3 1.33 158 -0.16
BHS-18 25 7.26(283) 9.13(356) 14.54(18586) 0.944 8.0 772 £69 72 114 191 13.0 1.36 1.53 0.08
BHS-19 25 22.00(220) 30.10(301) 21.30(27164) 0.95 179 103.8 + 10.4 76 119 1.89 134 1.24 154 -037
BHS-20 25 22.90(229) 42.30(423) 21.30(27164) 1.00 25.2 77.0 £ 6.9 100 115 1.67 129 1.54 146 -0.06
BHS-21 25 20.75(220) 18.02(191) 14.54(18586) 1.00 15.7 111.6 £ 123 100 112 1.67 13.0 1.25 148 0.24
BHS-22 25 24.20(242) 18.80(188) 14.54(18586) 1.00 16.4 124.6 + 13.7 37 11.2  2.07 13.0 1.26 149 034
BHS-23 25 13.08(187) 8.18(117) 14.54(18586) 1.00 7.1 154.4 + 20.1 99 118 1.66 13.1 1.40 148 0.13

N: number of apatite crystals analyzed to determine track densities; ps: measured spontaneous track density; Ns: number of spontaneous tracks counted;

pi: measured

induced track density; Ni: number of induced tracks counted; pd: track density measured in external detector adjacent to glass dosimeter during irradiation; Nd: number of

tracks counted in determining pd; P (2): chi-squared probability; n: number of confined track lengths measured; *

no horizontal confined track length measured; Centr.

Age: Central Age; Std. Dev.: Standard Deviation; P.MTL: Projected mean track length; P.Std. Dev.: Standard Deviation of Projected mean track length.
Apatite ages calculated using a zeta of 134.41 + 6.19 for CN5 glass on Brazil reactor. Analyst: Edgar do Amaral Santos.
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Fig. 2. Distribution of the new AFT ages of this data set along with AFT, AHe, and ZHe ages available in the literature from the northern Araguai Orogen (AO) and the Sdo
Francisco Craton (SFC) (Amaral et al., 1997; Harman et al., 1998; Cupertino, 2000; Turner et al., 2008; Japsen et al., 2012; Jelinek et al., 2014, 2020; do Amaral Santos et al.,
2022; Fonseca et al., 2022, 2023). Results of this study are displayed in bold and is the only work to incorporate both ZHe and AHe data in the area.
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Fig. 3. Chronological chart evidencing the expected model weighted mean trajectories of the new thermal histories provided in this study, along with the leading local and
regional events (sedimentary deposition, tectonism, mantle dynamics, and magmatism).

Portions of the Araguai Orogen that are far from the coast dis-
play Lower to Upper Cretaceous ages. The samples closer to the
margin exhibit Upper Cretaceous to Paleogene ages, and some
samples located to the northwest of latitude 20° S and longitude
40° W record ages varying from the Lower to Upper Cretaceous.

Furthermore, the AROS demonstrate a noticeable trend of
decreasing AFT ages towards the coast, in some areas presenting
Neogene ages close to the ocean. Contrasting to the overall ages
of the Aracguai Orogen, the Ribeira Orogen mainly displays Upper
Cretaceous to Paleogene ages, with some Neogene ages in its
southern portion. Some localized sites within the Ribeira Orogen
display AFT ages from the Lower Cretaceous.

Finally, the intersection between the Ribeira and the southern
Brasilia orogens displays Jurassic to Lower Cretaceous ages, except
its northerly region, which records Paleozoic and Triassic ages, and
a site of Upper Cretaceous ages in the Brasilia Orogen near an alka-
line massif (Fig. 1).

The IDW maps (Figs. 5, 6, and 7), generated from the combined
dataset, provide us with valuable insights into the temperature
evolution within our study area. However, it is important to note
that when it comes to temperature data predating the Mesozoic,
we must acknowledge that some regions have limited available
information, and the existing data may be relatively imprecise.
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The SFC has consistently exhibited temperatures below 120 °C
since the Paleozoic. Its southern segment has experienced temper-
atures lower than 80 °C since at least the Carboniferous, contrast-
ing to the neighboring orogens. On the other hand, the northern
SFC recorded temperatures ranging from 110 to 70 °C during the
Paleozoic. During the Triassic to Jurassic, the temperature of the
northern SFC was between 80 and 50 °C. At the same time, the
transitional region of the craton with the northern Araguai Orogen
near the margin remained at temperatures varying from 120 and
80 °C. From the Cretaceous (150 Ma map) onwards, the craton
slowly cooled until the present-day surface conditions.

On the one hand, the portion of the Araguai Orogen near the
present-day margin lacks thermal information before 180-
150 Ma, resulted from temperatures higher than the range of the
APAZ caused by continuous crustal erosion. On the other hand,
the thermal history of the continent’s interior derived from the
AFT method dates further to the Carboniferous because of the rel-
ative thermal stability of the craton in the Mesozoic and the Ceno-
zoic. Localized sites within the transitional region of the northern
Aracguai Orogen and SFC exhibit temperatures close to 110 °C from
210 to 150 Ma. During the Mesozoic to the Cenozoic, from 150 to
60 Ma, some sites were in higher temperatures, nearly 110 °C,
while others cooled down to 50 °C. Finally, from 60 to 30 Ma, the
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Fig. 4. Inverse distance weighted (IDW) map displaying the spatial distribution of Apatite Fission Track central ages in southeastern to northeastern Brazil. The interpolation
process considered samples from Gallagher et al. (1994), Amaral et al. (1997), Harman et al. (1998), Cupertino (2000), Oliveira et al. (2000), Hadler et al. (2001), Tello Saenz
etal. (2003), Carmo (2005), Franco et al. (2005), Ribeiro et al. (2005, 2011), Silva (2006), Hackspacher et al. (2007), Genaro (2008), Turner et al. (2008), Franco-Magalhaes et al.
(2010, 2014), Hiruma et al. (2010), Gomes (2011), Cogné et al. (2012), Japsen et al. (2012), Doranti-Tiritan (2013), Karl et al. (2013), Jelinek et al. (2014, 2020), Souza et al.
(2014), Engelmann de Oliveira et al. (2016), Soares et al. (2016), Amaral-Santos et al. (2019), Krob et al. (2019), Van Ranst et al. (2020), Fonseca et al. (2020, 2021, 2022, 2023),
Gezatt et al. (2021), and Costa (2022). Samples from the Phanerozoic cover were not considered for interpolation. Abbreviations are: SFC: Sdo Francisco Craton; AO: Araguai
Orogen; RO: Ribeira Orogen; BB: Brasilia Orogen; BP: Borborema Province; PaB: Parana Basin; RJ: Rio de Janeiro City; SA: Salvador City; BH: Belo Horizonte City; After
Engelmann de Oliveira and Jelinek (2017), Hueck et al. (2019), and Novo et al. (2021).

northern Araguai Orogen and the Ribeira Orogen display localized
sites recording high temperatures of approximately 90 °C while the
remaining portions of these orogens and the SFC display tempera-
tures of approximately 50 °C or lower.

The temperature records in the Ribeira Orogen varied from 20 °C
to over 180 °C during the Carboniferous to Triassic periods. The
southern region had near surface temperatures at that time, while
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the northern region had higher temperatures of around 120 °C. Dur-
ing the Mesozoic, the contrasting temperatures between the north-
ern and southern portions of the orogen remained. From 150 Ma
onwards until present, some portions of this orogen display a tem-
perature increment towards the Parana Basin and then cooling to
surface conditions, while some segments kept the temperatures
nearly 90 °C until 90 to 60 Ma, followed by cooling.



E. do Amaral Santos, A. Genezine and D. Stockli Gondwana Research 129 (2024) 36-52

-50° W -40° W -50° W -40°W

-10° S
-10° S

-20° S
-20° S

) Southwestern ‘S __4h RJ Southwestern

a Africa o Africa
0 150 300, W 0 150 300, .,

270 Ma

-10° S
-10° S

-20° S
-20° S

80 s s 80

Southwestern | 50IF T A RJ Southwestern | 50
Africa < Africa

Y 0 150 300, 2ol PR 0 150300, 20

T I
-50° W -40° W -50° W -40° W

Fig. 5. Inverse distance weighted maps created through the interpolation of data collected from thermal models of basement samples across the Sdo Francisco Craton (SFC),
Araguai Orogen (AO), and Ribeira Orogen (RO) from 360 to 270 Ma. The time-temperature points collected from this work and samples available in the literature are
displayed in Supplementary Data, Table S4. Pink stars refer to the state capital city. Abbreviations are: RJ: Rio de Janeiro City; SA: Salvador City; BH: Belo Horizonte City. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Inverse distance weighted maps created through the interpolation of data collected from thermal models of basement samples across the Sdo Francisco Craton (SFC),
Araguai Orogen (AO), and Ribeira Orogen (RO) from 240 to 150 Ma. The time-temperature points collected from this work and samples available in the literature are
displayed in Supplementary Data, Table S4. Pink stars refer to the state capital city. Abbreviations are: R]: Rio de Janeiro City; SA: Salvador City; BH: Belo Horizonte City. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Thermotectonic assessment of the Sao Francisco Craton and
surrounding orogens

5.1. The northern Araguai Orogen and Sdo Francisco Craton: The new
AFT data set

This study presents 23 new AFT central ages distributed across
the northern AROS and the SFC (Tab. 2 and Fig. 2). We also provide
22 inverse thermal models (Fig. 3 and Supplementary Data,
Fig. S5).
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The new samples yield AFT ages from the Mesozoic to the Ceno-
zoic, of which the AROS samples record younger AFT ages, and the
SFC samples yield older AFT ages. This AFT data set negatively cor-
relates to MTL and may represent the left portion of a boomerang
plot (Green, 1986), indicating reset ages. The samples having MTL
larger than 12 pm, i.e., intermediate to long track lengths, have
noticeably young ages, characterizing the samples that were reset.
We attribute the volcanism of the Abrolhos Magmatic Province
during the Paleocene to the Eocene as the cause of the reset, evi-
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Fig. 7. Inverse distance weighted maps created through the interpolation of data collected from thermal models of basement samples across the Sdo Francisco Craton (SFC),
Araguai Orogen (AO), and Ribeira Orogen (RO) from 120 to 30 Ma. The time-temperature points collected from this work and samples available in the literature are displayed
in Supplementary Data, Table S4. Pink stars refer to the state capital city. Abbreviations are: RJ: Rio de Janeiro City; SA: Salvador City; BH: Belo Horizonte City. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

denced by the young AFT data presented here and the AHe ages
obtained by do Amaral Santos et al. (2022).

Additionally, the negative skewing of most samples can corre-
late to a brief reheating event or extended residence within the
APAZ. Considering this information, if reheating occurs, the
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extended residence in the APAZ, and within the range of the AHe
thermochronometer (ca. 70 to 40 °C), leads apatites to be more
retentive for oo particles, causing their retention zone to undergo
a temperature increment (Flowers et al., 2009), driving the AHe
thermochronometer to hold slightly similar temperature bound-
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aries with the AFT method. Therefore, this causes apatites to record
similar ages in both methods and even to invert AHe and AFT ages
(Flowers and Kelley, 2011), which is the case of a few samples in
this study (BHS-02 and BHS-13) and some samples of Van Ranst
et al. (2020) collected in the Araguai Orogen.

The intermediate to long MTL (12.5 to 13.2 pm) of samples of
this study and their narrow standard deviation are indicative of
fast cooling, which the thermal histories of samples BHS-02, 03,
04, 06, 08, 10, 13, and 15 show during the Cenozoic. Some of these
samples, such as BHS-02, 06, 10, and 15, along with BHS-09 and 18,
display accelerated cooling that is compatible with the time of rift-
ing at 120 Ma, causing exhumation and sediment deposition in the
new basins formed (Fig. 4).

Samples BHS-04, 08, 11, and 16 to 23 (Fig. 4), mainly located
within the S3o Francisco Craton or close to its borders, exhibit a
Paleogene-Neogene cooling event, which finds support in
increased sedimentary thickness in the marginal basins (e.g.
Jelinek et al., 2014).

5.2. The Sdo Francisco Craton and Araguai-Ribeira orogenic system:
Regional assessment

In this study, we compiled AFT data from 728 sites to create a
IDW map illustrating the distribution of AFT ages (Fig. 4) in south-
eastern Brazil. Furthermore, for 357 samples, the thermal history
(Fig. 3) allowed the compilation of thermal information to con-
struct 12 IDW maps covering the time range from 360 to 30 Ma
(Figs. 5, 6, and 7). The novel compilation highlighted in this
research facilitates identifying and analyzing regional cooling pat-
terns within the studied area.

5.2.1. Carboniferous to Triassic

During the Carboniferous to the Triassic, the SFC and AROS (e.g.
Jelinek et al., 2014; Amaral-Santos et al., 2019; Fonseca et al., 2021;
do Amaral Santos et al., 2022), along with other segments of West
Gondwana (e.g., Kasanzu et al, 2016; Machado et al, 2019;
Martins-Ferreira et al., 2020; do Amaral Santos et al., 2023), under-
went cooling and erosion due to (1) intraplate stresses of the Gond-
wanic Orogenic Cycle (Fig. 3; Milani and Ramos, 1998) and (2)
uplift caused by mantle dynamics (Davila et al., 2023). During this
time, the Santa Fé Group, the initial unit of the intracontinental
Sanfranciscana Basin (Figs. 1 and 3), was deposited (Campos and
Dardenne, 1997). This unit, dating back to the Carboniferous-
Permian, consists of formations associated with periglacial envi-
ronments (Sgarbi and de Sgarbi, 2001; Zalan and Silva, 2007),
and its sediments were transported from the adjacent Brasiliano
orogens (Linol et al., 2015). The IDW map recording the Paleozoic
thermal signals (Fig. 5) provides supporting evidence that the
majority of the SFC had already reached temperatures below 100
°C, with specific nuclei registering temperatures of 50 °C or below,
indicating shallow portions of the crust or even surface exposure in
the region where these samples were collected. The AFT ages spa-
tial distribution (Fig. 4) within the SFC also sheds light on the cool-
ing, as these ages represent the oldest data in the analyzed data set,
reinforcing that the SFC remained relatively unaffected by rapid
exhumation since at least the Carboniferous. Furthermore, the
new MTL data of this study depict short to intermediate fission
tracks for most of the SFC, suggesting long residence within the
thermal range of the AFT method, thus implying slow cooling
(samples BHS-11 and 16 to 23).

The lithosphere of the Araguai Orogen bordering the SFC exhi-
bits intermediate AFT ages (Jurassic to Lower Cretaceous) com-
pared to the coastal region, which shows younger Upper
Cretaceous to Cenozoic AFT ages (Figs. 2 and 4). This disparity
can be attributed to the gradual and slow continuous cooling
observed in the inland portion of the Araguai Orogen towards the
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SFC, as evidenced by the temperature variations from the Carbonif-
erous to the Permian (Fig. 5). In contrast, the eastern segment of
the orogen, including the northern Ribeira Orogen, displays signif-
icantly younger AFT ages and lacks the thermal signal from the AFT
method. This behavior is attributed to the likelihood that temper-
atures during that period likely exceeded 120 °C in the Aracguai
Orogen rocks. In such cases, thermochronometers with higher clo-
sure temperatures, such as zircon fission track (ZFT), should be uti-
lized to access Paleozoic temperature information. Notably, the
contrasting AFT ages between the SFC and the adjacent orogens
depict a cooling control based on rheology, where the robust cra-
tonic lithosphere tends to erode slowly. In contrast, the warmer
and weaker orogenic lithosphere is rapidly removed (Fonseca
et al,, 2021).

The IDW maps (Fig. 5) also reveal a Paleozoic cooling in the
basement of the Ribeira Orogen during the Carboniferous to the
end of the Permian in a region adjacent to the Parand Basin
(Fig. 3). This basin served as an intracontinental depocenter in
the West Gondwana continent during the Paleozoic to Upper Cre-
taceous (Milani et al., 2007a). The western portion of the Ribeira
Orogen and the central Brasilia Orogen experienced temperatures
comparable to the present-day surface conditions and then under-
went erosion. The sediments from these regions contributed to the
formation of the lower supersequences within the Parana Basin
(Milani et al., 2007a). In contrast, the eastern portion of the Ribeira
Orogen and the southern tip of the Brasilia Orogen were exposed to
higher temperatures, delineating a boundary between the Santos
Block to the north and the Peruibe Block to the south due to the
segmentation of these blocks by transfer zones (Fig. 1; Krob
et al, 2019; Meisling et al.,, 2001). The basement near-surface
exposure of the southern/central Ribeira Orogen can also be attrib-
uted to time-temperature constraints imposed during the inver-
sion process, which compel the models to operate in low
temperatures (Krob et al., 2019), which, in this case, we disregard,
considering the geologic data record mentioned above.

5.2.2. Triassic to Jurassic

During the Triassic to Jurassic (240-180 Ma maps, Fig. 6), cer-
tain sections of the Araguai Orogen still experienced temperatures
higher than the detectable range of the AFT thermochronometer
(Fig. 6). The absence of thermal signals from both the AFT and
AHe methods indicates posterior significant crustal erosion, where
the shallow portion of the crust was continually eroded, along with
the accompanying thermal records it once held. This hypothesis of
deeply eroded lithosphere finds support in the exposure of high-
grade metamorphic rocks, such as amphibolites to granulites,
which form the crystalline core of the Araguai Orogen (Uhlein
et al., 1998).

The thermal records pointed out by do Amaral Santos et al.
(2022) and Hiruma et al. (2010) suggest that the end of the Gond-
wanic cycle may lead to exhumation and cooling in some portions
of the AROS, bringing samples to shallow portions of the crust.
After entering the APAZ, these samples started recording the AFT
method, observed in the 150 Ma-map (Figs. 4 and 6).

Since 240 Ma, an estimated exhumation of 3,000-4,000 m can
be inferred in the transition area of the northern Araguai Orogen
and the SFC considering the temperatures observed in the com-
piled data (Fig. 6), and the geothermal gradient of 25 °C.km~'.
The sediments resulting from this exhumation were deposited in
nearby basin depocenters, including the Sanfranciscana, Parnaiba,
Recdncavo-Tucano-Jatoba basins (Milani et al., 2007b). These esti-
mates align with those provided by Harman et al. (1998), Jelinek
et al. (2014), and do Amaral Santos et al. (2022).
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5.2.3. Late Jurassic-Early Cretaceous and Cenozoic

Starting from 150 Ma onwards, most of the samples examined
in this study detected the thermal signal of the AFT. Samples
BHS-14 and BHS-16 recorded AFT central ages dating from the
Upper Jurassic to Lower Cretaceous (Fig. 2 and Supplementary
Data, Fig. S5), suggesting that some samples were already within
the APAZ. The interpolated maps (Figs. 4, 6, and 7) illustrate a dis-
tinct temperature and AFT age spatial distribution pattern attribu-
ted to the rheological difference between cratonic and non-
cratonic lithosphere, as previously proposed by Fonseca et al.
(2021, 2022) and supported in this study, which evidence differen-
tial cooling and exhumation. This pattern is evident in the con-
trasting temperatures of the Araguai Orogen and the craton: the
northeastern AROS and transitional SFC display higher tempera-
tures (110-80 °C), with localized sites exceeding this temperature
range. In contrast, the inland Aracuai Orogen and most of the SFC
experienced lower temperatures (80-50 °C) (Fig. 3). The Bor-
borema Province and the southern/central Ribeira Orogen exhib-
ited higher temperatures than the SFC, supporting the
assumption of differential exhumation based on rheology, since
they are also composed of orogenic lithosphere. As stated in sec-
tion 4.2, the AFT central age spatial distribution is another source
of validation for the hypothesis of contrasting rheology leading
to differential lithospheric exhumation.

The IDW maps (Figs. 6 and 7) also indicate a temperature incre-
ment from 150 to 120 Ma in the transitional region of the AROS.
This artifact can be attributed to the interpolation process, which
considered only a few samples displaying lower temperatures at
150 Ma for interpolation. However, at 120 Ma, several samples in
the vicinity of this region entered the APAZ recording high temper-
atures (100-110 °C), which induced the interpolation process to
display high temperatures, overwriting the low-temperature
record of a few samples, and exhibiting a generalized reheating
phase in this region, which we disregard and attribute to a soft-
ware artifact.

From 120 to 90 Ma (Fig. 7), the region extending from Rio de
Janeiro city to the north, up to the border with the SFC, underwent
rapid cooling from 120 °C to nearly 70 °C. The new data set displays
AFT ages that correlate to this event, which is the case of samples
BH-01, BHS-08, BHS-09, and BHS-14. This accelerated cooling
event is primarily attributed to the erosion of the rift shoulders
formed in the Araguai Orogen (Jelinek et al., 2014; do Amaral
Santos et al., 2022). The uplifted crystalline rocks, which comprise
the shoulders, contributed sediments that were subsequently
deposited in the adjacent basins - Campos, Espirito Santo, and
Mucuri basins — within the newly opened Atlantic Ocean (Fig. 4).
These sediments formed a sedimentary pile that reached a thick-
ness of up 4,400 m (Franca et al,, 2007a, 2007b; Winter et al,,
2007). It is essential to notice that some samples of the cratonic
domain also display AFT ages that can correlate to the Lower Cre-
taceous cooling event (samples BHS-11 and BHS-21), pointing to
local cooling and erosion of the cratonic lithosphere to a lesser
extent than observed for the orogenic lithosphere.

During the Upper Cretaceous onward, the South American plate
was under a state of compression: at the Pacific margin, the plate
changed its state from extension to compression, inducing short-
ening and exhumation in the Andes (Ramos, 2010); at the South
Atlantic spreading center, the half-spreading rate increased, result-
ing in accentuated ridge-push (Torsvik et al., 2009). Coeval to this
far-field stresses, in southeastern Brazil, numerous high-
temperature intrusions, alkaline bodies, and kimberlites emplaced
and erupted surrounding the Sdo Francisco Craton (Ferreira et al.,
2022; Gernon et al., 2023; Takenaka et al., 2023). Additionally, by
the end of the Paleogene to Neogene, the Vitéria-Trindade Sea-
mount Chain located offshore in the Atlantic Ocean started erupt-
ing. These magmatic records suggest an increased heat flow in the
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area, making the crust thermally weak (Cogné et al., 2012; Japsen
et al., 2012) and promoting surface uplift, which is also attributed
to delamination of deep lithospheric roots (Hu et al., 2018). These
heat sources, along with the combined far-field effects of plate bor-
ders and intraplate tectonism/epeirogeny, lead to deformation
across the continent, driving exhumation, cooling, and sedimen-
tary deposition in the marginal basins (Cogné et al., 2012).

At 60 Ma, the IDW map presented in this study (Fig. 7) shows
temperatures of 70 °C, indicating that mostly the entire study area
was at shallow crust portions. However, certain regions still exhib-
ited higher temperatures, reaching nearly 100 °C (Fig. 7). This is
observed in the Continental Rift of Southeastern Brazil (Riccomini
et al., 2004) and the onshore region near the Abrolhos Magmatic
Province (Stanton et al., 2021) (Figs. 1 and 3).

In the Ribeira Orogen, the CRSB installation zone experienced
tectonic stress, potentially resulting in higher temperatures than
its surroundings. Near the coast, temperatures of 90-100 °C are
indicative of the Paleogene tectonism of the Guaraquecgaba, Cana-
néia, and Sete Barras grabens (Figs. 1 and 7; de Souza et al,
1996; Riccomini et al, 2004; Nascimento, 2013). Moreover,
although the CRSB is primarily controlled by NE-SW shear zones
(Giro et al,, 2021), the Guaraquecaba region exhibits multiple
NW-SE lineaments associated with the Ponta Grossa Arch (dos
Santos et al., 2023) in the southern Ribeira Orogen, which influence
the drainage pattern and exhibit incised river channels
(Nascimento, 2013; Salamuni et al., 2004). Furthermore, Hiruma
et al. (2010) also argue that tectonism and fault reactivation caused
changes in the drainage network and river capture during the Neo-
gene, resulting in progressive denudation in the central Ribeira
Orogen (Riccomini and Grohmann, 2010). In the northern Ribeira
Orogen near the CRSB, reactivation of the shear zones caused the
high-temperature regime observed in the IDW map at 60 Ma
(Fig. 7), which also could be caused by sedimentation of the Ceno-
zoic basins, as argued by Krob et al. (2019) and Salamuni et al.
(2004), and the presence of alkaline intrusions (Fig. 1) heating its
vicinity. Therefore, we propose that both the southern and north-
ern Ribeira Orogen experienced higher temperatures, as indicated
by noticeably young AFT ages (Fig. 3), due to post-rift reactivation
of these lineaments and shear zones during CRSB development and
locally increased temperatures due to the eruption of kimberlitic
and alkaline-carbonatitic rocks nearby.

The onshore region of the northern Araguai Orogen, adjacent to
the Abrolhos Magmatic Province (Fig. 1), depicts higher tempera-
tures at 60 Ma (Fig. 7), evidencing cooling since then, and it con-
tains some of the younger AFT samples of the Aracuai Orogen
(Table 2; samples BHS-02 to BHS-05, BHS-07, and BHS-15 in this
study), ranging from 65 to 37 Ma. These young ages and high tem-
peratures can be attributed to offshore volcanism in the Abrolhos
Magmatic Province, primarily occurring between 56 and 37 Ma
(Stanton et al., 2021) along with the presence of NW-SE lineaments
that may have been reactivated and acted as conduits for heat
transport, keeping the low-temperature thermochronometers
opened, as previously advocated by do Amaral Santos et al.
(2022) and supported by our findings.

At 30 Ma, the continental margin, mainly the interior of the SFC,
and the inland section of the adjacent orogens were exposed at
shallow to near-surface levels (Fig. 7). Using the methods
employed in this study and those documented in the literature,
an estimated exhumation of approximately 1,000 m has occurred
from 30 Ma to the present. However, based on stratigraphic data,
this thickness can vary from 500 m to more than 2,000 m, with
the most significant sedimentary accumulation in the Espirito
Santo Basin (Franca et al., 2007b), located to the east of the Aracuai
Orogen, and more minor accumulations the Camamu and Almada
basins close to Salvador city and to the east of the SFC (Caixeta
et al., 2007; Gontijo et al., 2007). To constrain the basement cooling
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during the last 30 Ma, thus at shallow depths and cool tempera-
tures, a lower-temperature thermochronometer would be
required, such as Monazite Fission Track dating (Jones et al.,
2021), which can lead to potential future studies in the area to con-
strain the time of rapid and slow cooling in the continent.

The results presented in this work, both new and compiled data,
reinforce the importance of studying the transitional region of the
SFC and AROS, considering the effects of differing rheology on the
spatial distribution of AFT ages and exhumation. Specifically, the
SFC’s strong and cold cratonic lithosphere contrasts with the weak
and warm orogenic lithosphere of the orogenic system. It is essen-
tial to highlight that certain regions, such as the southern Ribeira
Orogen and the continental margin of the Araguai Orogen near
the Abrolhos Magmatic Province, may exhibit local rapid exhuma-
tion and reheating episodes (Fig. 7). These phenomena can be
attributed to post-rift tectonism through fault reactivation and
the effects of volcanism and heating transport along faults that
were coevally acting upon the lithosphere.

6. Conclusion

In conclusion, our research has shed light on several critical
aspects of the thermochronological evolution and exhumation his-
tory of the Sdo Francisco Craton (SFC) and the adjacent Araguai-
Ribeira orogenic system (AROS). Through the analysis of apatite fis-
sion track ages (AFT), ranging from 154.4 + 20.1 to 37.1 £ 3.0 Ma,
and temperature data, we have identified significant variations in
the thermal history of these regions, which have been instrumental
in understanding the tectonic processes and geological evolution
that have shaped them.

One key finding is the contrasting behavior between the cra-
tonic lithosphere of the S3o Francisco Craton and the orogenic
lithosphere of the AROS. The strong and cold cratonic lithosphere
erodes slowly, while the weak and warm orogenic lithosphere is
continuously removed. This stark contrast is reflected in the AFT
ages and thermal records, providing valuable insights into the
dynamics of lithospheric processes.

Additionally, volcanic activity and fault reactivation have
played crucial roles in the thermal evolution of specific areas.
Firstly, during the rift phase of the South Atlantic Ocean opening,
the exhumation of elevated rift shoulders caused cooling in the
AROS. Offshore volcanism in the Abrolhos Magmatic Province,
located to the west of the Aracuai Orogen and SFC, between 56
and 37 Ma, has contributed to elevated temperatures in the
onshore region of the northern Aracuai Orogen. Additionally,
post-rift tectonic processes, including fault reactivation and vol-
canism near the Continental Rift of Southeastern Brazil, as well
as eruption of kimberlitic, alkaline-carbonatitic rocks and the
Vitéria-Trindade Seamount Chain have led to local rapid exhuma-
tion and reheating episodes both in the Ribeira Orogen and the
continental margin near the Abrolhos Magmatic Province.

These findings contribute to a better understanding of the geo-
dynamic evolution of the Sdo Francisco Craton and AROS and have
implications for regional tectonic models and the exploration of
natural resources in these areas. The observed variations in ther-
mal history provide valuable insights into the dynamics of litho-
spheric processes, highlighting the need for comprehensive
studies that integrate thermochronological data with other geolog-
ical and geophysical observations.
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